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ABSTRACT

We present the discovery of a very extended (550 kpc) and low-surface-brightness (3.3 µJy arcsec−2 at 144 MHz) radio emission region
in Abell 1318. These properties are consistent with its characterisation as an active galactic nucleus (AGN) remnant radio plasma,
based on its morphology and radio spectral properties. We performed a broad-band (54–1400 MHz) radio spectral index and curvature
analysis using LOFAR, uGMRT, and WSRT-APERTIF data. We also derived the radiative age of the detected emission, estimating
a maximum age of 250 Myr. The morphology of the source is remarkably intriguing, with two larger, oval-shaped components and
a thinner, elongated, and filamentary structure in between, plausibly reminiscent of two aged lobes and a jet. Based on archival
Swift as well as SDSS data we performed an X-ray and optical characterisation of the system, whose virial mass was estimated to be
∼7.4×1013 M�. This places A1318 in the galaxy group regime. Interestingly, the radio source does not have a clear optical counterpart
embedded in it, thus, we propose that it is most likely an unusual AGN remnant of previous episode(s) of activity of the AGN hosted
by the brightest group galaxy (∼2.6 × 1012 M�), which is located at a projected distance of ∼170 kpc in the current epoch. This
relatively high offset may be a result of IGrM sloshing sourced by a minor merger. The filamentary morphology of the source may
suggest that the remnant plasma has been perturbed by the system dynamics, however, only future deeper X-ray observations will be
able to address this question.

Key words. galaxies: active – radio continuum: galaxies

1. Introduction

Charged particles moving with relativistic velocities in magnetic
fields radiate via the non-thermal, synchrotron radiation mecha-
nism. Astrophysical radio sources are primarily powered in such
a way and by studying them in detail, we can determine their
physical characteristics, such as the energy density of particles
and magnetic field, the time elapsed since the production of the
radiating plasma, and so on. With the passage of time, radiative
losses mostly affect higher energy particles, resulting in a char-
acteristic steepening of the radio spectra1, initially modelled as
a power law by Kardashev (1962) and subsequently by spectral
1 S ∼ να, where S is the flux density, ν the frequency and α the spectral
index.

curvature models (Tribble 1993). The spectral shape can be used
to infer the particle radiative ages and to constrain the acceler-
ation and energising mechanisms, which have given rise to the
emission in question (see e.g. Komissarov & Gubanov 1994).

Large-scale (up to around Mpc) radio-emitting regions can
be related to the activity of active galactic nuclei (AGNs),
mainly belonging to the radio-loud class (i.e. radio galaxies
and quasars). From the region close to their super-massive
black hole, they can eject jets of relativistic particles colli-
mated and accelerated by magnetic fields (Blandford & Znajek
1977; Chatterjee & Narayan 2022), which then form extended
lobes of radio-emitting plasma. The most powerful jetted AGNs
are usually hosted by massive elliptical galaxies, as they are
often harbored in galaxy clusters or groups, also identified as
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brightest cluster or group galaxies (BCG/BGG), respectively
(see e.g. Best et al. 2007). Once the jet activity ceases, the
radio lobes start fading and we observe an AGN radio rem-
nant, often characterised by a prominently curved radio spec-
trum (αlow − αhigh > 0.5), its emission getting weaker at higher
frequencies as time elapses. These remnant lobes lack com-
pact emission regions, namely, jets and hotspots, in contrast
with active radio galaxies (Parma et al. 2007; Murgia et al. 2011;
Saripalli et al. 2012; Brienza et al. 2016; Shulevski et al. 2017;
Jurlin et al. 2021).

During cluster or group mergers, energy is injected into
the intracluster or intragroup medium (Brunetti & Jones 2014;
Vazza et al. 2016; Wittor et al. 2021) in the form of tur-
bulence and shocks. This, in turn, can give rise to vari-
ous kinds of diffuse radio sources, such as radio halos and
relics (van Weeren et al. 2019). In particular, radio halos are
megaparsec-scale sources centered on the cluster core and pow-
ered by turbulence (Vazza et al. 2011). Radio relics instead
are megaparsec-scale elongated sources located at the out-
skirts of clusters and trace (merger) shocks (Feretti et al. 2012;
Stroe et al. 2016; Di Gennaro et al. 2021). In such dynamically
disturbed environments, the evolution of AGN remnants can
also be affected. For example, in the case of shocks, the AGN
remnant plasma can be rejuvenated and start to radiate in the
radio domain again (Mandal et al. 2019). Such sources are called
radio phoenices to distinguish them from passively fading AGN
lobes (Shulevski et al. 2015; de Gasperin et al. 2017). Moreover,
recent simulations clearly show that even minor interactions can
easily affect the AGN remnant lobes and spread their content
across hundreds of kpc, resulting in complex radio morpholo-
gies (Vazza et al. 2021, 2023).

These processes result in radio sources, which due to the
nature of the energy input and loss mechanisms, are brighter
and preferentially detected at low radio frequencies. Hence, the
Low-Frequency Array (LOFAR; van Haarlem et al. 2013) tele-
scope is an ideal instrument to characterise them. It observes
at low frequencies (15–190 MHz) and thanks to its design
(i.e. providing excellent coverage of short UV spacings), it
has very good sensitivity to extended, low-surface-brightness
objects. In addition, using its longer baselines, it can achieve
high spatial resolution (under 1′′ at 150 MHz), which is cru-
cial for cross-matching the radio emission to optical data
in order to identify the AGN host galaxy or de-blend com-
plex source morphologies. Surveys at low frequencies per-
formed with upgraded, as well as new generation, instruments
such as LOFAR and other SKA pathfinders (MWA, MeerKAT,
ASKAP) are rapidly adding to our knowledge. More rem-
nant sources were recently discovered (Hurley-Walker et al.
2015; Tamhane et al. 2015; Duchesne & Johnston-Hollitt 2019;
Randriamanakoto et al. 2020; Lal 2021), finally enabling pop-
ulation analysis studies to be carried out (Godfrey et al. 2017;
Brienza et al. 2017; Mahatma et al. 2018; Jurlin et al. 2021;
Quici et al. 2021; Dutta et al. 2023).

Here, we report on a discovery of a very faint, diffuse region
of radio emission with intriguing morphology in the poorly stud-
ied galaxy cluster Abell 1318 at z = 0.05707 (Fig. 1). The
source was first identified in the LOFAR Two Meter Sky Survey
(LoTSS; Shimwell et al. 2019, 2022) at 144 MHz and later fol-
lowed up at other frequencies to perform a detailed broad-band
radio spectral analysis and investigate its nature.

We describe the observing setup and source properties in
Sect. 2. In Sect. 3, we discuss the source energetics, including
radio spectral indices between different observing frequencies.
We also present a radiative age map based on the radio data and

we outline an overview of the X-ray environment the proposed
host galaxy is embedded in. Section 4 elaborates on the results
and discusses future prospects. We assume a flat ΛCDM cosmol-
ogy with H0 = 67.8 km s−1 Mpc−1 and Ωm = 0.308, taken from
the cosmological results of the full-mission Planck observations
(Planck Collaboration XIII 2016), unless otherwise stated. Thus,
according to these cosmological parameters, 1′′ corresponds to
a distance of 1.14 kpc at z = 0.057072 which is the Sloan Digital
Sky Survey (SDSS DR14; Abolfathi et al. 2018) spectroscopic
redshift of SDSS J113603.51+550430.9 (cross ids: CGCG 268-
061, CGCG 1133.2+5521, MCG +09-19-131, WBL 340-004)
which is the BGG of Abell 1318.

2. Data and reduction

2.1. Radio

The source was discovered by inspecting the LoTSS second data
release (DR2) image mosaic at 144 MHz of the Hobby-Eberly
Telescope Dark Energy Experiment (HETDEX; Hill et al. 2008)
field. LoTSS aims to cover the entire northern hemisphere at 6′′
resolution and ∼100 µJy PSF−1 sensitivity, offering higher sen-
sitivity and resolution than any other low-frequency radio sur-
vey in existence. For this work, we adopted LoTSS imaging
products. Details on the observing setup, the high-band antenna
(HBA) processing pipeline, and available data products are out-
lined in the LoTSS DR2 paper (Shimwell et al. 2022).

To derive the spectral index properties of the target over a
wide frequency range, we also used LOFAR low-band antenna
(LBA) images at 54 MHz, part of the LOFAR LBA Sky Survey
(LoLSS) first data release (DR1; de Gasperin et al. 2023),
reduced using its dedicated processing pipeline (Pasini et al.
2022; de Gasperin et al. 2021, Pasini, in prep.), including
the w-stacking clean (WSClean; Offringa & McKinley 2014;
Offringa & Smirnov 2017) imager to obtain the final maps.

Also, we observed the source with the upgraded Giant
Metre Wave Radio Telescope (uGMRT; Swarup 1991) in band 3
(300–500 MHz), band 4 (550–950 MHz) and band 5 (1050–
1450 MHz) on 3, 12, and 18 June 2019 (project ID: 36_020).
Data were processed using the Source Peeling and Atmospheric
Modeling pipeline (SPAM; Intema 2014), upgraded for handling
new wide-band uGMRT data. Several nearby bright sources
were subtracted before the final imaging which was performed
using WSClean. We used the full 400 MHz bandwidth for the
final image in band 5, however we did not manage to detect
the source. Hence, we did not include the band 5 data in our
analysis.

We also detected the target in mosaic images from the
Westerbork Synthesis Radio Telescope (WSRT) APERture Tile
In Focus (APERTIF; Adams et al. 2022) survey, performed at
1365 MHz. These were obtained after running the survey cali-
bration and imaging pipeline. They have much lower spatial res-
olution compared to the LoTSS or uGMRT images, and similar
to the LoLSS survey images.

The data and image properties for all of the data sets used
are summarised in Table 1. The listed images are shown in Fig. 2
and images smoothed to a circular PSF3 used for the analysis in
Fig. 5.

2 Wright (2006).
3 Throughout this work, we use PSF as a placeholder for the restoring
beam of the CLEAN-ed maps used.
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Fig. 1. LoTSS survey image (red) overlaid on a Panoramic Survey Telescope & Rapid Response System (Pan-STARRS; Flewelling et al. 2020)
survey color composite (g, r, and i bands) image. The green cross marks the center position of the galaxy cluster Abell 1318 according to Abell et al.
(1989). The magenta triangle marks the position of an X-ray source from the 2RXS catalog (Boller et al. 2016) and the orange plus sign marks
the position of the X-ray point source highlighted in Fig. 3. The dashed white circle marks the R200 radius of A1318 given in Wen et al. (2012)
based on the cluster members found using SDSS DR12 data. The solid green circle marks the aperture in which we have searched for LoTSS
catalog entries around the target; the identified sources are marked by white squares and listed in Table A.1. Yellow circles mark the cosmological
neighbors of the A1318 BGG (SDSS J113603.51+550430.9) identified by the statistical analysis outlined in Sect. 3.4. The BGG is marked with a
solid white circle, while the scalebar in the upper right corner indicates the linear scale for its redshift.

Table 1. Main parameters of the radio images used in this work (see Fig. 2).

Project ID/Survey Telescope νc [MHz] ∆ν [MHz] σ [Jy PSF−1] PSF [′′] LAS [′] Bmax [λ]

LT16_004/LoLSS LOFAR 54 24 1.4 × 10−3 15.0 210 16.1 × 103

LC3_008/LoTSS LOFAR 144 47 57.4 × 10−6 6.0 66 41.2 × 103

36_020 uGMRT 383 200 23.1 × 10−6 8.7 × 6.8 32 31.9 × 103

36_020 uGMRT 650 200 6.6 × 10−6 4.7 × 3.4 17 54.2 × 103

APERTIF WSRT 1365 130 70.4 × 10−6 33.1 × 30.0 10 6.8 × 103

Notes. (3) Central frequency; (4) Bandwidth; (5) Image noise; (6) Image resolution, arc-seconds; (7) Largest angular scale to which the instrument
configuration is sensitive (arc-minutes); and (8) Maximum baseline length (wavelengths).
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Fig. 2. Intensity maps of the radio source. Clockwise from top left: LOFAR LBA (54 MHz), LOFAR HBA (144 MHz), uGMRT band 4 (650 MHz),
APERTIF (1365 MHz) and uGMRT band 3 (383 MHz). One contour drawn at 3σ, image properties listed in Table 1.

2.2. X-ray

The sky region in the direction of A1318 is covered by the
Second ROSAT All-Sky Survey (2RXS; Boller et al. 2016)
and some tentative emission can be observed associated with
the intra-cluster medium. However, a nearby point-like, X-ray
source (most likely not associated with A1318), is located in

the southern side of the radio relic at an angular separation of
∼420′′ from the radio relic (the magenta cross in Fig. 1 indicates
its optical counterpart, while the green arrow in Fig. 3 points its
X-ray position), thus contaminating the X-ray radiation poten-
tially arising from the IGM.

We searched several X-ray archives to check for presence
of data sets that would allow us to verify the potential X-ray
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Fig. 3. Swift-XRT image of the field around SDSS J113603.51+550430.9, obtained from the merged event file and restricted in the 0.5–10 keV
energy range. The image is smoothed with a Gaussian kernel of 15 pixels (native pixel size of Swift-XRT is 2.357′′) and binned by a factor of 2.
Radio contours obtained at 6′′ at 144 MHz are overlaid in white, while cyan circles mark the location of same optical sources highlighted in Fig. 1.
The dashed yellow circle has a size of 500 kpc at the redshift of SDSS J113603.51+550430.9 while the green arrow indicates the position of a
foreground/background source detected in the X-rays.

counterpart of radio structures in A1318, as well as emis-
sion arising from its intra-group medium. The possible detec-
tion of the X-ray emission could, for example, reveal the
presence of shocks associated with the gas distribution and/or
help confirm the location of the galaxy group center and
the BGG since the IGrM typically shows an intensity gra-
dient outward from its centroid (see e.g. Mulchaey 2000).
We found two X-ray observations of the field around SDSS
J113603.51+550430.9 (within 5′ ), with exposure times longer
than 1 ksec, in the archive of the X-ray Telescope (XRT;
Burrows et al. 2000, 2005) on board the Neil Gehrels Swift
Observatory (Gehrels et al. 2004). Swift-XRT proved to be an
extremely valuable X-ray telescope to detect galaxy clusters
serendipitously (see e.g. Tundo et al. 2012; Liu et al. 2013,
2015; Dai et al. 2015), thus we reduced and analyzed these
X-ray data that could be also useful to plan follow up X-ray
observations. The first Swift-XRT observation was carried out
on 21 August 2018 for a total exposure time of ∼1.6 ksec (obser-
vation ID: 03105292001), while the second one (observation ID:
00011128001) was performed on August 3, 2019 for ∼2 ksec.

We processed the datasets using the same data reduction
procedures described in previous Swift-XRT analyses (see e.g.
Massaro et al. 2008, 2011; Paggi et al. 2013; Marchesini et al.
2019, 2020). We used the Xrtpipeline task, part of the Swift-
XRT Data Analysis Software (XRTDAS; Capalbi et al. 2005),
developed at the ASI Space Science Data Center and distributed
within the HEAsoft package (v. 6.30.1), to obtain clean event
files. These were all calibrated and cleaned with standard filter-
ing criteria using the Xrtpipeline task (v. 0.13.6), combined

with the latest calibration files available in the Swift calibra-
tion database (CALDB) version (v. 20220907) distributed by
HEASARC4. Events in the energy range of 0.5–10 keV with
grades 0–12, in photon counting mode, were used in the analy-
sis (see Hill et al. 2004, for a description of readout modes). No
signatures of pile-up were found in our Swift-XRT observations.

Using Xselect, we excluded time intervals having (i) count
rates higher than 40 photons per second and (ii) the CCD temper-
ature exceeding −50◦, in regions at the edges of the XRT camera
(D’Elia et al. 2013). Clean event files were all merged using the
Xselect task, while corresponding exposure maps were merged
with the XIMAGE software and we obtained a merged event file
of integrated exposure time ∼3.6 ksec. The final image is shown
in Fig. 3.

We measured 85 ± 9 X-ray photons in the 0.5–10 keV
energy range within a circular region of 300′′ centered at
RA 11:36:03.51 Dec +55:04:31 (J2000), on the location of
SDSS J113603.51+550430.9, and excluding those within a
circular region of 120′′centered on the position of the fore-
ground/background X-ray source marked with the green arrow in
Fig. 3 This measurement implies a detection significance above
5σ level of confidence, assuming a Poissonian distribution of
the X-ray background. It is worth noting that the majority of the
X-ray photons, namely, 70 out of 85, are detected in the 0.5–
3 keV energy range, thus suggesting that the spectrum of the
extended emission is rather soft and consistent with being due

4 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/
caldb_supported_missions.html
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to ICM emission. This relatively low number of X-ray photons
prevents us from carrying out a detailed X-ray spectral analysis.
However, it allows us to clearly confirm the presence of extended
X-ray emission around the whole radio structure, potentially due
to the thermal radiation of the hot intra-group medium. The
X-ray diffuse emission is detected in the 0.5–10 keV energy
range over a scale of ∼400′′, well beyond the Swift-XRT point
spread function, corresponding to ∼120′′, according to the lat-
est model released5. Moreover, such X-ray diffuse emission
seems to be extended in the NE-SW direction, rather than having
a circular shape.

Due to the low number of photons, a detailed morpho-
logical investigation of the large-scale X-ray emission around
SDSS J113603.51+550430.9 is not currently possible and will
require deeper observations. We also note that we did not detect
any X-ray emission from SDSS J113603.51+550430.9 itself (as
point-like source) given the (relatively short) integrated exposure
time.

3. Results

3.1. Source properties

The radio source is located at an angular distance of 10.5′ (corre-
sponding to a physical scale of ∼700 kpc) from the center of the
galaxy cluster Abell 1318 reported in Abell et al. (1989; marked
with a green cross in Fig. 1).

The radio emission has a total extension of ∼8′, which corre-
sponds to 550 kpc at the redshift of the system. It has a curi-
ous, diffuse, and complex morphology, characterised by two
extended components with higher surface brightness (marked A
and B in Fig. 5). Component A is located to the east of compo-
nent B, and consists of a region of bright emission, embedded
in a low-surface-brightness (3.3 µJy arcsec−2 ≡ 0.3 mJy PSF−1)
cocoon, which narrows as it extends toward component B.
Component B has an elongated shape with well-defined edges
and encloses a number of peculiar filamentary structures. A
shorter filament to the north-east morphs into two filaments
to the south west, which then continue into an irregular low-
surface-brightness (3.3 µJy arcsec−2) extension to the west
(component C), similar in surface brightness to the cocoon
observed in component A. As best highlighted in the uGMRT
maps at 383 MHz and 650 MHz (see Figs. 2 and 4), the filaments
are very thin going down to the resolution limit of the images
we have, with sizes down to 3.4′′ at 650 MHz, corresponding
to around 4 kpc across. Also, we detect a very faint diffuse emis-
sion region to the south of component B, which seems to connect
components C and A; we label it F. Overall, the morphology of
the source resembles that of a radio galaxy with two lobes of
emission connected with filamentary structures. Therefore, it is
likely to be the result of AGN activity.

The source has several point radio sources embedded in it, as
well as many optical galaxies, as clearly shown in Fig. 4. How-
ever, none of them seem to plausibly represent a radio core or
an obvious optical counterpart for it. There is only one optical
galaxy located within the radio emission at RA 11:35:59 Dec
+55:07:12 (J2000) and at the same redshift as Abell 1318, not
showing any compact radio emission. Most of the radio point
sources in the source vicinity have optical counterparts as shown
in Fig. 1. For example, embedded in the diffuse emission at the
eastern edge of component A there is a bright quasar.

5 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/
swift/docs/xrt/SWIFT-XRT-CALDB-10_v01.pdf

The imaging resolution of LOFAR enables us to perform
a robust radio-optical matching. Table A.1 lists all the radio
sources and their optical matches listed in the LoTSS DR2
catalog contained within a circular aperture centered on RA
11:35:51.57 Dec +55:05:30.9 (J2000) with a radius of 4.5′
shown in Fig. 1. Most of these sources though are not associ-
ated with Abell 1318.

To the south (and unrelated from the main extended radio
source), there is also what appears to be a lobed radio galaxy
(marked as D, ∼170 kpc away in projection) associated with the
galaxy host MCG +09-19-131, the system BGG, which does
not show any discernible radio core. Interestingly, the optical
galaxy host center appears to be shifted with respect to the
center-point of the two lobes by around 15′′ (17 kpc). Further
to the south-west, there is an unrelated (tailed) radio galaxy
(marked as E, ∼190 kpc away in projection). The total (spec-
tral) radio luminosity of the extended radio source (components
A+B+C) is ∼4.6 × 1024 W Hz−1, and of component D, associ-
ated with the BGG ∼1.9 × 1023 W Hz−1 (Table 3). In Fig. 4 we
can also observe that the BGG has a companion elliptical galaxy,
located at approximately 48′′ (55 kpc) away towards the south,
and showing radio emission as well, corresponding to a lumi-
nosity of ∼3.0 × 1021 W Hz−1at 144 MHz consistent with low
power AGN activity (e.g. Capetti et al. 2022). In addition, its
SDSS optical spectrum clearly resembles that of an elliptical
galaxy, lacking [OII], [OIII], and Hα emission lines, supporting
the inference that no significant star formation is occurring.

3.2. Spectral index

The integrated radio spectrum of the different components of the
source across the full range of frequencies (54–1365 MHz) is
very curved, as it is shown in Fig. 7. The flux densities used in the
plot are reported in Table 2 and were measured off of the images
shown in Fig. 2 using the polygons marked with red dashed lines
shown in Fig. 4.

To explore this trend further, we derived spectral index maps
of the source across the full band (see Fig. 6). We also created
color-color plots and mapped its radiative age. To that end, we
smoothed all the input images in the set to the resolution of the
lowest frequency one using the CASA (McMullin et al. 2007) task
imsmooth, then registered them using one image as a common
template with the imregrid task. We also verified that after reg-
istering the images in a given set do not have appreciable sub-
pixel position shifts among them. Only pixels above 3σ in all
maps were considered in the spectral analysis. The correspond-
ing spectral index error maps are presented in Appendix B. The
spectral index was computed as α =

log(S 1/S 2)
log(ν1/ν2) , while the spectral

index error according to ∆α = 1
ln(ν1/ν2)

√(σ1
S 1

)2
+

(σ2
S 2

)2.
The top-left panel in Fig. 6 shows the derived spectral index

map between the LOFAR 54 MHz and 144 MHz images. The
resulting map has 15′′resolution, which corresponds to the high-
est resolution of the LBA image, and it shows clear systematic
flattening of the spectral index in components A, B, and C to
around α = −0.8, especially over the southern sections of com-
ponent A, closer to component D. Component D itself has the
flattest spectral index of around α = −0.7.

In the top-right panel, we present the 144 MHz–1365 MHz
spectral index map at the resolution of the APERTIF image (33′′)
with overlaid contours according to the lower frequency image.
Disregarding background sources with flat spectral indices (α ∼
−0.6), we detected two areas of interest, associated with the
highest surface brightness areas within components A and B,
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Fig. 4. PANSTARRS g band optical image centered on the target using an inverted grayscale mapping and linear stretch between levels of 10−3

and 250 × 10−3. Top panel: ten positive LOFAR radio contours at 144 MHz are overlaid in solid gray lines with levels at
(√

2
)n

3σ, where n goes
from 0 to 9 in increments of 1. One negative contour level at −3σ is overlaid in a dashed gray line. Bottom panel: same as in the top panel, using
the uGMRT band 4 image at 650 MHz. The radio images rms noise and resolution are listed in Table 1.

having a steep spectral index of α = −1.5 to α = −1.8. We
also detect component D (barely noticeable as an extension to
component A in the map discussed above). We stress that
despite including higher frequency data, the spectral index
observed between LOFAR-APERTIF is flatter than what is
observed with the uGMRT maps between 383-650 MHz, as

it includes a larger frequency baseline. Due to the high noise
level of the APERTIF image no useful spectral index limit can
be obtained for the source components where no emission is
detected.

In the bottom-left panel of Fig. 6, we show the LOFAR/HBA
– uGMRT spectral index map between 144–383 MHz and in the
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companion are outlined with dashed blue and full black circles respectively and source features of interest are labeled.

Table 2. Measured flux densities at different frequencies for the target source components marked in Fig. 5 and plotted in Fig. 7.

Component S [mJy] at ν [MHz]

54 144 383 650 1365

A 764.39 ± 9.57 256.68 ± 0.68 50.78 ± 0.38 17.62 ± 0.20 3.42 ± 0.50
B 322.93 ± 12.36 120.27 ± 0.77 26.85 ± 0.41 9.44 ± 0.14 2.28 ± 0.34
C 493.46 ± 4.27 175.03 ± 0.23 24.15 ± 0.09 8.1 ± 0.04 0.66 ± 0.10
D 40.55 ± 7.26 22.89 ± 0.72 7.08 ± 0.52 2.96 ± 0.22 0.80 ± 0.56

bottom-right panel, the uGMRT 383–650 MHz spectral index
map. Both have a PSF size of 9′′ and they map most of the source
components seen at 144 MHz reasonably well. They even show,
via the flatter (α = −0.6) spectral index of the point source asso-
ciated with it, that the companion galaxy of the BGG appears to
host an AGN active at the present epoch.

In the frequency range of 144–383 MHz, the diffuse emis-
sion has a very steep spectral index up to α = −2, which is con-
sistent with aged plasma. The spectrum steepens further in the
frequency range 383–650 MHz. The filaments in component B
and a southern patch of component A clearly have a flatter spec-
tral index of around α383

144 = −1.5. Component D shows a spectral
index of around −1.2; however, we note that there is an indica-
tion of a somewhat flatter spectral index emission (α = −0.8) in
correspondence to the larger elliptical galaxy, which is slightly
offset to the east with respect to the center-point between the two
lobes of component D.

Taken together, the spectral index mapping shows that the
components of the source in which the radiating particles have
undergone the most energy loss are the northern parts of com-
ponents A and B, and especially component C. This discrep-
ancy can possibly be accounted for by the observed morphology:
components A and B seem to be more confined, indicating that
adiabatic energy loss may prevail in component C.

To further investigate the spectral curvature through-
out the source we also performed a color-color analysis
(Katz-Stone et al. 1993; Katz-Stone & Rudnick 1997) as shown
in Fig. 8. For this we used the four images at the lowest fre-
quencies with a PSF of 15′′: 54 MHz, 144 MHz, 383 MHz, and

650 MHz. The gray dashed line in the plot represents the region
where αlow = αhigh (i.e. the power-law line). The regions used
to perform the measurements have the same size as the PSF and
are shown in the left panel of the figure, color-coded according to
their position. As we can see from plot, most points lie below the
bisector line, in agreement with an aged, curved radio spectrum
in all components: A, B, and C (see e.g. Brienza et al. 2020) as
well as consistent with the inferences drawn from the spectral
index mapping.

3.3. Spectral age estimates

Finally, we derived the spectral age of the plasma across the
source, based on the assumption of purely radiative energy loss.
We used the PySynch6 Python package for calculating the source
properties needed as input for the age analysis. We calculated the
values of the magnetic field, particle energy density, and pres-
sure for each of the source components shown in Fig. 5, assum-
ing each component is circumscribed with cylinder of a given
radius and height. The adopted parameters and obtained results
are reported in Table 3.

We then used the BRATS package (Harwood et al. 2013,
2015) to estimate the radiative spectral age of the target source.
For the magnetic field across the source, we took the average
of the values found for the different components (0.13 nT) and
we searched for the best fit injection spectral index using the
Findinject task. It fits spectral ageing models by varying the

6 https://github.com/mhardcastle/pysynch
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Fig. 6. Spectral index maps between different frequencies. Top-left panel: α144
54 (LOFAR/LBA – LOFAR/HBA) spectral index map. Shown are LBA

contours at levels of [−5, 5, 9, 12, 15]σ and only pixels with values above 5σ in both maps are taken into account. LBA: σ = 1.32 mJy PSF−1,
HBA: σ = 0.13 mJy PSF−1. Assumed flux scale accuracy is 20%. PSF size: 15′′. Top-right panel: α1365

144 (LOFAR/HBA – APERTIF) spectral index
map for pixels with values above 3σ. Shown are HBA contours at [−5, 5, 9, 12, 15]σ. HBA: σ = 0.6 mJy PSF−1, WSRT: σ = 0.1 mJy PSF−1.
Assumed flux scale accuracy: HBA – 20%, WSRT – 5%. PSF: 33′′. Bottom-left panel: α383

144 (LOFAR/HBA – GMRT) spectral index map. Shown
are HBA contours at [−5, 5, 9, 12, 15, 27, 36.]σ. for pixels with values above 3 σ in both maps. Bottom-right panel: α650

383 (GMRT) spec-
tral index map for pixels above 3σ. Shown are GMRT 385 MHz contours at [−5, 5, 9, 12, 15]σ. HBA: σ = 64.5 µJy PSF−1, GMRT: σ =
26.7 µJy PSF−1and 15 µJy PSF−1. Assumed flux scale accuracy: HBA – 20%, GMRT – 5%. PSF size: 9′′. The corresponding error maps are shown
in Fig. B.1.

injection index over a fixed range. The minimum of the good-
ness of fit gives the injection index that we use in the subsequent
analysis. The injection index best fit to the data was found to
be α = −0.72. The data set used for this operation consisted
of the LOFAR (LBA + HBA) and uGMRT (band 3 and band 4)
data smoothed to the 54 MHz PSF size. Taking the above val-
ues for the magnetic field and injection index, we fit a Jaffe-
Perola (JP; Jaffe & Perola 1973) ageing model to the data set
(using the Fitjpmodel task) thus deriving a spectral age map
of the source, which is shown in Fig. 9. We used the JP model
since it is the simplest one describing the physics when mod-
eling old remnants; the activity episode is assumed to be short,
compared to the plasma age, and the pitch angle of the radiat-
ing particles relative to the magnetic field direction is assumed
to be isotropised on timescales shorter than the radiation
timescale.

Overall, the age of the plasma ranges between 100 and
250 Myr (discounting the area around the embedded back-
ground QSO on the western edge), with the diffuse compo-
nents A and C having the highest age values. The youngest
plasma is found in component D, especially towards the BGG,
with values of around 100 Myr. We remark that radiative ages
derived here are based on the assumption that radiative cool-
ing is the dominant process for particle energy losses, adia-
batic energy loss (if any) is ignored, and no re-acceleration is
occurring.

3.4. Large-scale environment analysis

To better understand the nature of the radio source, we inves-
tigated its surrounding environment in optical wavelengths in
addition to radio. We considered the center position of A1318
as reported in the Abell catalog (Abell et al. 1989) indicated
at a redshift of z = 0.0566 and then we selected the bright-
est SDSS sources (brighter than mR < 17.8) in the R band
within a circular region of 500′′ from this position identified
with SDSS J113603.51+550430.9 (MCG +09-19-131), located
at a redshift of z = 0.05707.

Using this optical source as a proxy, we computed all envi-
ronmental parameters according to the procedure (Massaro et al.
2019, 2020a,b) and Capetti et al. (2020). We found that the num-
ber of so-called cosmological neighbors, defined as all optical
sources with SDSS magnitude flags indicating a galaxy-type
object and having a spectroscopic z with δ z = | zsrc − z |< 0.005,
lying within 500 kpc, 1 Mpc and 2 Mpc is 18, 36, and 54, respec-
tively. SDSS J113603.51+550430.9 is actually the brightest
galaxy lying at a projected distance of 34 kpc from the centroid
of the positions of all cosmological neighbors within 2 Mpc,
computed at its source redshift. The redshift dispersion of all
cosmological neighbors allowed us also to compute the velocity
dispersion of the system, which is found to be σv ∼ 400 km s−1

corresponding to a virial mass of Mvir ∼
Rvir σ

2
v

G ∼ 7.4×1013 Msun,
assuming a virial radius Rvir = 2 Mpc. Thus, using the LX − σv
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Fig. 7. Integrated flux densities of the source components listed in
Table 2. Lines show second-order polynomial fits to the data points to
highlight the spectrum shape.

correlation (Popesso et al. 2005) we derived the result that the
expected X-ray luminosity in the 0.1–2.4 keV range for the
galaxy cluster is LX = 0.2−6 × 1036 W, when considering
the uncertainties on the correlation parameters. Then, adopting
a luminosity distance of 256.6 Mpc and a Galactic column den-
sity NH = 8.35 × 1019 cm−2 (Kalberla et al. 2005), we converted
the Swift-XRT count rate, measured in 0.5–2 keV energy range,
into an X-ray luminosity of LX = 5.3 ± 0.2 × 1035 W in the
0.1–2.4 keV energy range, assuming a thermal model with a tem-
perature of T = 2 keV. This is consistent with the expected value
within a 3σ level of confidence. We conclude that Abell 1318
can be described as a relatively high mass galaxy group rather
than a cluster.

We also note that the magnitude difference between the
BGG and its companion elliptical galaxy in the south is only
∆m = 0.64, which is unexpected for a relaxed system domi-
nated by a single massive galaxy. The mass of the two galax-
ies (as computed from the 2MASS k-band magnitude and using
the relation found by Cappellari 2013) is logM� = 11.91 and
logM� = 11.98, respectively.

This, together with the spatial distribution of the system
member galaxies, which tentatively appears to be elongated in
north-south direction, and the complex morphology of the X-ray
emission as detected by Swift, suggests that the system is likely
not in a relaxed state.

Overall, our statistical analysis certainly confirms the loca-
tion of the group centroid from an optical perspective. However,
to obtain a full overview of the system, it will be necessary to
compare it with deeper X-ray observations.

4. Discussion and conclusions

Based on the analysis presented here, we interpret that the
observed extended radio source is an old AGN remnant. The
morphology of the radio emission, relative vicinity of a plausible

AGN host, and the group environment support this conclusion,
in addition to the spectral index and spectral age properties in
relation to the source structure. In this scenario, components A
and C would represent two fading lobes, and component B would
represent the old plasma associated with a past jet. However, the
identification of an optical host remains challenging. As we dis-
cuss in Sect. 3.1, we did not find any association of flatter spec-
trum patches (indicating a radio core) within the radio source
with any optical galaxies.

One possibility is that the host is the galaxy at RA
11:35:59 Dec +55:07:12 (J2000), which is the only mem-
ber of Abell 1318 located within the extended radio emission
(within component B). However, the galaxy is not very massive
(logM� = 10.8 based on the 2MASS magnitude MK = −23.55
and using the relation in Cappellari 2013) making it less likely
associated with such an extended radio AGN. Moreover, it does
not show any compact radio emission and it is very much off-
set with respect to the radio source barycenter. Also, large-size
radio galaxies in clusters/groups are generally hosted in elliptical
galaxies (see e.g. Banfield et al. 2015, and references therein).

All other radio point sources embedded in the extended emis-
sion, or in its immediate vicinity, are background objects and,
thus, not associated with it. One interesting possibility that we
would like to put forward is that the old radio plasma was orig-
inally associated with the system’s BGG or its companion to
the south.

A curious point, which also hints at our hypothesis, is that the
spectral index of component D is, on average, flatter (indicating a
particle population that was energised more recently) compared
to the larger emission to the north (components A+B+C). It also
contains a distinct flatter-spectrum (α ∼ −0.8; see bottom panels
of Fig. 6) patch of emission spatially associated with the position
of the BGG, which could be evidence of the last parts of this
component of the source to be energised as the AGN activity
was terminating. Component D could then represent a second,
more recent phase of activity of the AGN hosted by the BGG.
The radio emission of component D is slightly offset from the
galaxy barycenter, its spectrum reaches very steep values at high
frequencies (up to −1.8), and there is no evidence of a radio core.
All this suggests that, similarly to the components of the source
to the north it is also an AGN remnant.

If this interpretation is correct, it would mean that the BGG
was active around 250 Myr ago (its activity lasting around
80 Myr based on the age gradient across source components A,
B, and C) and it had another activity episode around 100 Myr
ago (Fig. 9), of which component D is the remnant. We note
that these numbers are valid under the assumption the plasma
is evolving passively, namely, in the absence of particle com-
pression or re-acceleration, which is possibly not the case in this
system, as further discussed below.

Notably, the BGG companion galaxy to the south shows
some compact radio emission as well (noticeable in the bottom
panels of Fig. 6) and it could, in principle, also be considered a
potential host of the large-scale emission (components A+B+C)
and of component D as well. If so, we would be observing a third
epoch of activity for this source. However, this would require a
very precise spatial alignment between the trajectory of motion
and remnant or active regions; hence, we favor the proposed rem-
nant(s) association with the BGG rather than with its companion.
We note that both the BGG and its companion show SDSS spec-
tra devoid of emission lines, hinting that there is no AGN activity
at the present epoch.
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Fig. 8. Color-color plot for different regions in the source obtained using images at 54 MHz, 144 MHz, 383 MHz and 650 MHz with a PSF size
of 15′′. The gray dashed line represents the place where α144 MHz

54 MHz = α650 MHz
383 MHz. The regions used to extract the values are shown in the left panel,

overlaid on the spectral index map in the range 383–650 MHz.

Table 3. Measured and derived physical parameters for the components
shown in Fig. 5.

ID l × h [′′] LR[1024 W Hz−1] B [nT] (∗) e [fJ/m3] p [nPa]

A 210× 77 2.13 0.10 7.82 330.54
B 217× 25 1.00 0.15 18.70 500.44
C 290× 77 1.45 0.08 5.23 270.27
D 67× 13 0.19 0.19 28.81 634.25

Notes. The flux density values were measured using the 144 MHz map.
(∗)1T = 104 G. (1) Component ID; (2) Radius and height of the cylin-
der circumscribing the component; (3) Computed radio luminosity;
(4) Magnetic field in nano-Tesla; (5) Derived particle energy density;
and (6) Derived pressure.

The fact that both remnants are offset from the current posi-
tion of the BGG can be explained by the movement of the BGG
through the intra-group medium (IGrM) of Abell 1318. This
appears consistent with the idea of a dynamically active sys-
tem, as tentatively suggested by both its observed X-ray (com-
plex morphology) and optical properties (see Sect. 3.4). In this
context, the BGG would be still moving with a substantial veloc-
ity in the group gravitational potential and the relatively large
distance (in projection) between it and the radio remnant(s) is
not all that unexpected. If we assume an average speed equal
to 400 km s−1 (equal to the dispersion velocity of the system)
and a distance (in projection) between the BGG and the center
of component B of 2′ (∼140 kpc) we get, as a lower limit, that it
takes ∼340 Myr to displace the BGG from region B to its present
position.

We note that this timescale is larger than the minimum value
of the radiative age computed throughout the source equal to
∼150 Myr, which should represent the age of the particles last
accelerated by the jet. This inconsistency could partially be rec-
onciled if the true BGG velocity was higher than what assumed.
However, to match the timescales, a higher velocity by a fac-
tor of 2 would be needed, which is probably too high for this
kind of system. At the same time if the system is dynamically
active, it is reasonable to believe that the AGN remnant plasma
itself (component A+B+C) might have been transported away
by the IGrM motions, even in opposite direction with respect

Fig. 9. Spectral age map of the target based on a JP model fit. 54 MHz
map contours are overlaid, and the color indicates the associated age in
Myr. Older regions have redder colors.

to the BGG movement direction. This occurrence, for exam-
ple, has been clearly observed in the galaxy group NGC 507
(Brienza et al. 2022). Finally, it is fully possible that the source
plasma is not passively ageing but that it has instead been re-
energised (or that the thermal component evident in X-rays is con-
fining the radio-emitting regions) and so, the timescales derived
through the radiative ageing analysis are a lower limit to the actual
plasma age.

The radio emission observed in A1318 is very much rem-
iniscent of the morphology seen in 3C 338 (Burns et al. 1983)
associated with the BCG of Abell 2199, where a bright ridge
is detected connecting two old radio lobes but displaced to
the south with respect to the nucleus of the parent galaxy.
Nulsen et al. (2013) also studied that system and proposed that
the ridge and the old lobes were produced by a previous AGN
outburst associated with the BCG and later got displaced as a
consequence of the ICM sloshing motion initiated by a minor
merger event. The separation between the ridge and the currently
active AGN in A2129 is much smaller (∼6 kpc) with respect
to what observed in A1318 (∼170 kpc). However, this scenario
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might also hold for A1318 and should be taken into account in
our interpretation of the source kinematics and morphology. We
recall that, for example, in NGC 507 (Brienza et al. 2022) the old
remnant plasma, which is likely to be transported by sloshing as
well, was found at a distance of ∼80 kpc from the BGG.

Unfortunately, the available X-ray image is not deep enough
to allow a detailed analysis of the IGrM morphology. However, a
hint to the fact that the IGrM is not uniformly distributed around
the remnant source in A1318 comes from the morphology of the
two lobes. In particular, components A and B have more sharply
delineated boundaries than component C, which appears more
diffuse, suggesting confinement in the former (component A
seems to be in a cavity defined X-ray emission around it). Most
importantly, the filaments observed in component B are not at
all typical of a passively evolving remnant plasma; instead, they
are more similar to what has been observed in Phoenix sources,
again consistent with the idea of a dynamically disturbed system
(e.g. Mandal et al. 2019). They have curved radio spectra and
overall flatter spectral indices with respect to the surrounding
plasma (Fig. 6), suggesting that particles are being compressed
or re-energised there.

Similar filamentary ridges possibly related to AGN remnant
plasma are observed in other systems as well, for example in
Nest 200047 (Brienza et al. 2021), in 3C 442 (Hardcastle et al.
2007), in the ‘kite’-like source reported on by Ignesti et al.
(2020), in NGC 507 (Brienza et al. 2022), and are all consid-
ered to arise from the interaction between the AGN radio plasma
and the surrounding thermal medium. Simulations also support
the creation of such structures as a consequence of the evolution
of the old AGN plasma, combined with minor dynamical inter-
actions of the system (e.g. Vazza et al. 2021, 2023).

If the filaments are being observed (in projection) to be part
of component B (while in reality they are standalone structures)
or if component B itself can be considered a large filament
(note its sharp brightness cutoff at the north and south edge)
with substructures, then they are very much resembling lobe-
connected filaments in an active AGN, reported by Rudnick et al.
(2022) and Knowles et al. (2022), for instance, where compo-
nents A and C are the (remnant) lobes it connects. The study of
Knowles et al. (2022) may indicate that companion galaxies to
the AGN host galaxy (present in our case as well) may induce
filament formation by influencing the host dynamics and jet col-
limation. The caveat here is that the dynamical and emission
timescales of A1318 are substantially different.

In conclusion, we report the discovery of a spatially extended
AGN remnant associated with the galaxy group Abell 1318. We
performed an radio morphological, spectral, and ageing analysis
and we conclude that we are seeing a multi-epoch AGN activ-
ity spanning (at least) 120 Myr. The radio morphology is indica-
tive of filamentary structure reported recently in the literature
as a distinct and yet unexplained phenomenon. This may pos-
sibly arise as the consequence of a complex ‘group-weather’ in
this system.

New deep X-ray observations are now crucial to investigate
the possible interaction between the X-ray emitting baryons and
their interaction with the observed non-thermal radio plasma,
as well as more thorough optical spectroscopy to characterise
the surrounding galaxies. In addition, deep high-resolution radio
images at frequencies of >1.4 GHz will also be crucial to
probe the radio spectrum of the source over a broader frequency
range, as well as to investigate the polarisation properties of the
observed filaments and understand their origin.
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Appendix A: LoTSS DR2 catalog sources

Table A.1. LoTSS DR2 catalog sources and their associated optical identification (where applicable) for the aperture marked with a green circle
shown in Figure 1.

LoTSS ID Optical ID mR RA [hh:mm:ss.ss] DEC [dd:mm:ss.ss] S144
int [mJy] z

ILTJ113525.17+550438.5 1737p550_0003133 17.17 11:35:25.16 55:04:38.55 2.27 ± 0.28 0.10508
ILTJ113527.19+550816.7 1736p552_0000233 21.65 11:35:27.19 55:08:16.72 0.58 ± 0.26
ILTJ113527.26+550502.2 11:35:27.26 55:05:02.23 2.57 ± 0.33
ILTJ113527.50+550538.1 1737p550_0003433 18.66 11:35:27.50 55:05:38.11 3.11 ± 0.49 0.11745
ILTJ113529.20+550457.4 1737p550_0003265 20.62 11:35:29.20 55:04:57.47 1.50 ± 0.34 0.48930
ILTJ113541.08+550734.5 1741p552_0000050 20.47 11:35:41.08 55:07:34.56 0.57 ± 0.50
ILTJ113541.27+550334.4 a 1737p550_0002937 21.74 11:35:41.27 55:03:34.42 13.00 ± 0.55 0.65936
ILTJ113541.75+550925.5 1741p552_0000501 16.66 11:35:41.75 55:09:25.51 1.09 ± 0.11 0.05808
ILTJ113542.91+550500.4 11:35:42.91 55:05:00.45 1.18 ± 0.75
ILTJ113545.14+550924.7 11:35:45.14 55:09:24.78 0.88 ± 0.22
ILTJ113548.47+550714.4 11:35:48.47 55:07:14.40 0.59 ± 0.33
ILTJ113548.98+550123.9 11:35:48.98 55:01:23.95 0.80 ± 0.13
ILTJ113551.02+550357.4 1741p550_0002869 16.43 11:35:51.02 55:03:57.49 0.44 ± 0.12 0.05843
ILTJ113552.68+550124.6 1741p550_0002308 20.58 11:35:52.68 55:01:24.62 0.34 ± 0.14
ILTJ113554.02+550849.9 1741p552_0000387 24.61 11:35:54.02 55:08:49.95 2.98 ± 0.25 1.13452
ILTJ113554.26+550927.3 1741p552_0000516 19.17 11:35:54.26 55:09:27.31 0.81 ± 0.17 0.42365
ILTJ113554.64+550239.5 11:35:54.63 55:02:39.52 1.46 ± 0.11
ILTJ113556.61+550211.7 1741p550_0002407 22.39 11:35:56.61 55:02:11.77 0.43 ± 0.13
ILTJ113558.29+550200.2 1741p550_0002406 17.19 11:35:58.29 55:02:00.28 1.51 ± 0.16 0.09554
ILTJ113559.40+550621.7 b 1741p550_0002727 14.11 11:35:59.40 55:06:21.76 623.55 ± 13.89 0.05707
ILTJ113601.88+550246.7 c 1741p550_0002598 19.74 11:36:01.88 55:02:46.79 1.23 ± 0.18 0.69200
ILTJ113602.60+550630.1 1741p550_0003469 19.40 11:36:02.60 55:06:30.13 1.89 ± 0.83
ILTJ113603.86+550350.2 f 1741p550_0002726 14.75 11:36:03.86 55:03:50.20 0.57 ± 0.13 0.05463
ILTJ113605.28+550856.1 1741p552_0000406 21.57 11:36:05.28 55:08:56.15 2.12 ± 0.31 0.61926
ILTJ113614.68+550443.0 1741p550_0003093 23.06 11:36:14.68 55:04:43.08 0.51 ± 0.15 1.12066
ILTJ113616.15+550322.0 11:36:16.15 55:03:22.02 4.26 ± 0.39
ILTJ113618.55+550447.4 1741p550_0003088 19.84 11:36:18.55 55:04:47.44 0.84 ± 0.25 0.32570
ILTJ113618.57+550316.6 1741p550_0002767 20.90 11:36:18.57 55:03:16.69 0.34 ± 0.10
ILTJ113618.96+550700.1 d 1741p550_0003598 20.36 11:36:18.96 55:07:00.13 9.46 ± 0.36 0.50105
ILTJ113620.24+550701.6 11:36:20.24 55:07:01.60 0.91 ± 0.44
ILTJ113622.26+550453.4 11:36:22.26 55:04:53.47 0.65 ± 0.11

Notes. Optical identifications are made using the DESI Legacy Imaging Surveys. (1) LoTSS catalog ID; (2) Legacy ID; (3) r band magnitude of
the optical association; (4) and (5) right ascension and declination of the radio source (mean position, J2000); (6) Flux density at 144 MHz; and
(7) Photometric or spectroscopic (SDSS, if available) redshift. aRadio source marked E in Figure 1. bTarget source (components A, B, C, D, and
F) associated with the BGG. cQSO, X-ray source 2RXS J113600.3+550210 dQSO f Elliptical galaxy companion of BGG
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Appendix B: Spectral index and spectral age error
maps

Below, we present the spectral index error maps associated with
the corresponding figures in the main text.

11h36m15s 00s 35m45s 30s

55°09'

08'

07'

06'

05'

04'

RA (J2000)

De
c 

(J2
00

0) 0.1

0.2

0.3
0.4
0.5

14
4

54
11h36m15s 00s 35m45s 30s

55°09'

08'

07'

06'

05'

04'

RA (J2000)
De

c 
(J2

00
0) 0.1

0.2

0.3
0.4
0.5

13
65

14
4

11h36m15s 00s 35m45s 30s

55°09'

08'

07'

06'

05'

04'

RA (J2000)

De
c 

(J2
00

0) 0.1

0.2

0.3
0.4
0.5

38
3

14
4

11h36m15s 00s 35m45s 30s

55°09'

08'

07'

06'

05'

04'

RA (J2000)

De
c 

(J2
00

0) 0.1

0.2

0.3
0.4
0.5

65
0

38
3

Fig. B.1. α144
54 (LOFAR/LBA - LOFAR/HBA) spectral index error (top left panel) and α1365

54 (LOFAR/HBA - APERTIF) spectral index limits error
map (top right panel). α383

144 (bottom left) and α650
383 (bottom right) LOFAR/HBA/GMRT spectral index error maps. Map parameters identical to those

reported in Figure 6.

Fig. B.2. Spectral age error (left) and goodness of model fit (right) maps.
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