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ABSTRACT

We present original Giant Metrewave Radio Telescope (GMRT) radio observations of the galaxy cluster Abell 725, at a redshift
(z) of 0.09, along with other archival observations. Our GMRT maps reveal two steep-spectrum diffuse filaments in the cluster,
along with a previously reported arc-like structure, and a wide-angle-tail (WAT) radio source associated with the brightest cluster
galaxy (BCQG) at the periphery of the cluster. The bent morphology of the WAT indicates that its jets have been swept back by the
dynamic pressure resulting from the motion of the BCG through the surrounding intracluster medium. The BCG associated with
the WAT hosts a black hole whose mass we estimate to be 1.4 #+ 0.4 x 10° M. We observe a 2 arcmin (195 kpc in projection)
offset between the BCG and the X-ray centroid of the galaxy cluster, which, along with other dynamic features, indicates the
cluster’s early stage of evolution. The WAT radio galaxy, the arc, and the filaments have spectral indices aé‘l‘g = —0.46 £+ 0.15,
—0.8 £0.3,and (—1.13 £ 0.48, —1.40 £ 0.50), respectively. The WAT and the arc are connected structures, while the filaments
are detached from them, but are found to be along the trail of the WAT. Based on the morphology of the components, and the
progressive steepening of the components from the core of the WAT to the filaments, we propose that this system is a radio

galaxy with trailing antique filaments.

Key words: galaxies: active — galaxies: clusters: individual: ACO725 — galaxies: general — X-rays: galaxies: clusters.

1 INTRODUCTION

Powerful diffuse radio sources are mostly found in major merging
galaxy clusters, indicating that their origin is likely connected to
the process of merger (Cohen & Clarke 2011). Clusters of galaxies
often show extended synchrotron emission in the intracluster medium
(Feretti 2005). These radio sources mostly have very low surface
brightness and steep radio spectrum, with their overall extent growing
to megaparsec scales. Such radio sources, associated with clusters of
galaxies, have been classified as radio haloes and radio vestigials. The
radio haloes, with low polarization, are found to be at the centres of
the galaxy clusters, while radio relics, found towards the periphery of
clusters, with elongated arc-like shapes, have emissions with higher
levels of polarization. The exact physics leading to the formation
of these sources is indeed still a matter of debate, such sources are
clearly associated with particle acceleration processes in the context
of cluster mergers (e.g. van Weeren et al. 2019). Apart from radio
haloes and relics, the only sources growing to Mpc scales are the giant
radio galaxies (sizes > 0.7 Mpc), which are in general not found in
clusters (e.g. Dabhade et al. 2020).

The narrow-angle-tail (NAT) and wide-angle-tail (WAT) radio
galaxies are generally found in the galaxy cluster environment, where
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the radio jets and lobes, in these systems, often appear to be bent in
a common direction (Miley 1980; O’Dea & Owen 1985; Owen &
Ledlow 1997; Patra et al. 2019). In cases where the angle ¢ between
two tails of the radio galaxy is ¢ < 90°, forming a ‘V’ shape, it is
referred to as NAT (e.g. NGC 1262), while if the angle is 90° < ¢
< 180°, it is known as a WAT and is usually found in merging or
not-relaxed clusters (Burns 1990). The relative velocities of these
sources, with respect to the intracluster medium (ICM) of the host
cluster, are thought to be sufficient for the tails to be bent, due to the
action of ram pressure interactions (O’Dea & Owen 1985).

Duty cycles of radio galaxies are a probe of the accretion at the
supermassive black hole. In the cases of powerful double radio
Fanaroff-Riley type II (FR II) sources, two or more phases can
be identified due to the well-defined double structure formed by
the hotspots. However, in FR I type of sources, the separation of
different episodes of activity is difficult (Jamrozy et al. 2007). After
the jets stop, the lobes evolve passively while interacting with the
surrounding medium forming remnant lobes that may or may not
show the connection to the host active galactic nucleus (AGN). This
phase is known to be short lived due to the rapid loss of energy due
to adiabatic expansion and synchrotron radiation. For FR I sources
at the centres of massive galaxy clusters or groups, the episodes
of the activity can be inferred from the detection of cavities in the
X-ray emission from the ICM (Blanton et al. 2001; Birzan et al.
2004; Dong, Rasmussen & Mulchaey 2010; Pandge et al. 2012). The
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Table 1. GMRT observation details.

Central frequency (MHz) Flux Phase  Bandwidth (MHz)Time on source (h) Observation date ~ rms (mJy beam™!)  beam (” X ”, p.a.)
Calibrator

612 3C 286, 3C 147 1034 + 564 33.3 7 2011 Jul 3 0.035 6 x 4,53.1°

240 3C 286, 3C 147 1034 + 564 6 7 2011 Jul 3 1.1 16.0 x 9.9, 29.9°

150 3C 286 0834 + 555 8 0.8 2007 Aug 10 6.0 34.3 x 20.9, 20.2°

remnant radio galaxies in clusters may passively evolve and fade or
could be rejuvenated by compression due to the external medium.
Cluster mergers can induce shocks or disturbances in the ICM that
can compress and lead to detectable emission from such remnant
radio galaxies (Enf3lin & Gopal-Krishna 2001; Kempner et al. 2004;
Pandge et al. 2019). Reacceleration due to turbulence may also play
arole as has been suggested by de Gasperin et al. (2017).

In this paper, we present the detection of steep-spectrum antique
filaments observed from the multifrequency Giant Metrewave Radio
Telescope (GMRT) radio maps of the cluster Abell 725 (hereafter
A725). We also make use of multiwavelength archival data from
(radio), SDSS (optical), and Roentgen Satellite (ROSAT; X-ray)
in our detailed study of the cluster. The structure of this paper
is as follows. In Section 2, we describe the observational and
data-reduction steps of the GMRT observations. Results of the
multifrequency radio data are described in Section 3. Discussion
and conclusions of the study are outlined in Section 4 and Section 5,
respectively. We have used the following cosmological parameters:
Hy =70kms~ ! Mpc™!, Qu = 0.27, and Q, = 0.73. These imply a
scale of 1.625 kpc arcsec™! at the redshift z = 0.09 of A725.

1.1 The poor galaxy cluster A725

A725 is a poor cluster of galaxies (richness class 0), at a redshift
of z = 0.09, with an X-ray luminosity Lx (0.1 —2.4keV) =
0.80 x 10% ergs'and a velocity dispersion of ~534 kms~! which
is consistent with that of a poor galaxy cluster (Boschin et al. 2008).
The total mass of this cluster within Rsyp = 785 kpc is estimated to be
Msgy = 1.14 x 10" M, (Piffaretti et al. 2011). A bright radio source
is associated with the brightest cluster galaxy (BCG) of the cluster
at the same redshift. In addition, diffuse radio emission has been
detected at the core of the cluster in the WENSS survey, classified as
aradio relic (Kempner & Sarazin 2001).

2 OBSERVATIONS

2.1 GMRT observations and data reduction

A725 was observed with the GMRT (Swarup 1991; Swarup et al.
1991) on two occasions, the proposal codes being 12RKA02 (PI:
R. Kale) and 20_.004 (PI: A. Bonafede), at 150 MHz and in dual-
frequency mode (612 and 235 MHz), respectively. The details of
the observations are given in Table 1. The 150 MHz observations
were carried out with the GMRT Hardware Backend (GHB). The
SPAM (Source Peeling and Atmospheric Modelling; Intema 2014)
pipeline was used to analyse this data set. We have also used the
TIFR GMRT Sky Survey alternative data release 1 (TGSS ADRI;
Intemaetal. 2017) 150 MHz image of this field in this study. The flux-
density scale was set according to Scaife & Heald (2012; hereafter
SH12). The weighting scheme used for imaging is Robust -1. For the
purpose of measuring flux, we use the TGSS image (observed with
the newer GMRT Software Backend or GSB) instead of the 150 MHz
observation carried out with GHB.
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The dual-frequency observing mode of the GMRT was used to
record data in the 612 MHz band in RR polarization and 240 MHz
data in LL polarization. The data were recorded in 256 spectral
channels across a bandwidth of 33.3 MHz with the GSB (Roy et al.
2010). The bandwidth used at 240 MHz was 6 MHz. We carried out
the data analysis using the CAPTURE pipeline ! (Kale & Ishwara-
Chandra 2021), which was tailored for the analysis of data recorded
in dual-frequency mode. The pipeline is written in python, using tasks
in Common Astronomy Software Applications (CASA; McMullin
et al. 2007) for the data analysis. The standard steps of flagging,
calibration, imaging, and self-calibration were carried out using
the pipeline. The Perley & Butler (2017, hereafter PB17) scale
was used to set the flux-density calibration for the dual-frequency
data. There is agreement between the PB17 and SH12 scales within
2 per cent (PB17). The images were produced with ‘briggs’ weights
and robust = 0 for the visibilities. The rms noise and beams for the
612 and 240 MHz images are provided in Table 1. The images have
been corrected for the primary beam gain.

2.2 Other radio data

In addition to the GMRT data, we have also used high-frequency radio
data from the Faint Images of the Radio Sky at Twenty-centimeters
(FIRST; Becker, White & Helfand 1995), National Radio Astronomy
Observatory Very Large Array Sky Survey (NVSS; Condon et al.
1998 at 1.4 GHz), and Very Large Array Sky Survey (VLASS; Lacy
et al. 2020) at 3 GHz. These ancillary radio data allowed us to obtain
flux measurements at other frequency as well as check and compare
morphology at higher resolutions.

For estimating the errors in the flux-density measurements, we
have used the method of Klein et al. 2003, where flux-calibration er-
rors of 3, 5, 15, and 20 per cent for the FIRST (and VLASS)Z, GMRT
612MHz, GMRT 240MHz, and TGSS (and GMRT 150 MHz),
respectively, have been used.

2.3 Optical and X-ray data

The earliest systematic multiband photometric (using the WFC
on the Isaac Newton Telescope), followed up by spectroscopic
(using multifibre WYFFOS on WHT) study of A725 (Boschin
et al. 2008) listed 36 member galaxies, with a mean redshift of (
z) = 0.0917 £ 0.0003, corresponding to a line-of-sight velocity
of 27478 4+ 90kms ~! with a line-of-sight velocity dispersion of
oy = 534753 kms~'. The BCG (SDSS J090110.10+623719.6) has
a redshift of ( z) = 0.0900 £ 0.0002. Further spectral information
of the BCG was obtained from the SDSS data base and used for
estimating the black hole mass (see Section 5 for more details).

Uhttps://github.com/ruta-k/uGMRT-pipeline.git
Zhttps://science.nrao.edu/vlass/data-access/vlass-epoch- 1-quick-look-user
s-guide
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Figure 1. Radio image of the core of A725 at 612 MHz (GMRT), with rms noise o ~ 35 uly beam ™!, the size of the beam being (6” X 4”, 53.1°). The contour
levelsare o x [ — 3, 3, 6,...]. The blue contours are positive and green are negative. Colour within contours is used to indicate different components. The discrete
sources are labelled as WAT, S2,...S8. The source S1 is a radio galaxy, with jets bent towards the east, having features labelled as ‘notch’ and ‘arc’. The diffuse
emission to the east is labelled as ‘Fil-N” and ‘Fil-S’, corresponding to the northern and southern filaments.

For the X-ray observations, we obtained broad-band (0.1-2.4keV)
pre-processed data from the ROSAT Position Sensitive Proportional
Counter (PSPC) ROSAT All-Sky Survey Data (RASS) archives (ht
tps://heasarc.gsfc.nasa.gov/), to study the diffuse X-ray large-scale
structure. From these RASS images, Kempner & Sarazin (2001) had
found that the X-ray emitting ICM is elongated in the north-east (NE)
direction, the same orientation of the claimed radio relic.

3 RESULTS

3.1 Radio images

The GMRT 612 MHz image is shown in Fig. 1, where the discrete
and diffuse sources detected in this field are labelled for clarity. The
source S1 is a radio galaxy, exhibiting three interesting features,
which are labelled as “WAT", ‘notch’ and ‘arc’. The diffuse emission
to the east seems to correspond to two filaments, marked as the
northern and southern filaments, as ‘Fil-N’ and ‘Fil-S’.

The GMRT 240 MHz image is shown in Fig. 2 (right-hand panel).
The diffuse filaments, radio galaxy with bent jets, the arc, and the
notch are all also detected at this lower frequency, but at a lower
resolution. Moreover, the radio galaxy and the diffuse filaments are
also detected at 150 MHz in the TGSS (beam = 25" x 25", rms
= 1.9mlJybeam™') image Fig. 2 (left-hand panel), though at the
resolution of the 150 MHz image (beam = 34" x 21"), the notch and
the arc features cannot be resolved; however, the 150 MHz image is
consistent with the features detected at 612 and 240 MHz.

3.2 Discrete and diffuse radio sources

We have detected eight discrete point sources (including the BCG)
in A725 cluster region and their properties are tabulated in Table 2.
The source S1, as mentioned in the previous section, is a radio
galaxy with jets bent towards the east (Fig. 3, left-hand panel). The
eastward lobes have a ‘notch’ and further have a flared morphology
that we have labelled as the ‘arc’. The optical counterpart of the
source S1 has been identified as the bright elliptical galaxy SDSS
J090110.10+623719.6 (z =0.09). The BCG coincides with radio
core detected in the high resolution (2° x 2") VLASS 3 GHz
radio image as seen in Fig. 3, right-hand panel. We have also
examined the 3 GHz VLASS image for correspondence with our
other discrete sources. The source S2 detected at 612 MHz (Fig. 1)
is also detected at 3 GHz (VLASS) and has a flux density of
12.6 £ 0.2 mly.

The radio point sources present around the BCG have optical
counterparts, as can be seen in Fig. 4. For these, we also measured
the radio flux densities using the GMRT 612 and 240 MHz emission
maps. The radio and optical properties (Boschin et al. 2008) of these
sources are listed in Table 2. Sources S7 and S8, which are towards
the north, seem to be non-cluster members and will not be considered
for discussion further.

The flux densities of WAT, arc, and the diffuse structures (fila-
ments) were measured using the 612 and 240 MHz GMRT images
(Table 3). We have used the CASA (McMullin et al. 2007) for
measuring the flux densities at the respective frequencies by selecting
the regions of radio emission above 3¢ . The radio powers of the WAT,

MNRAS 509, 1837-1847 (2022)
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Figure 2. Left-hand panel: The GMRT 150 MHz image is shown in colour, with contours from the TGSS ADRI1 corresponding to [ — 5, 5, 10, 20,...] mJy beam "
Right-hand panel: The GMRT 240 MHz image is shown with contours overlaid. The rms noise in the image is o = 1.1 mJy beam ™! and the contour levels are

ato x [ — 3, 3,6, 12,...]. The red contours are positive and green negative in both the panels.

Table 2. Discrete radio sources in A725 and their optical identification.

Source RA, Dec S612 MHz S240 MHz Optical R mag B mag |4
hh mm ss, dd mm ss (mJy) (mJy) Id kms™!
WAT 09 01 09.99, +623720.0 383 + 40 592 + 56 24 15.12 16.41 27104 + 048
S2 09 00 55.68, +623749.5 2277 £ 22 21.1 £ 1.1 19 15.57 17.64 29360 4 048
S3 09 00 58.85, +623831.9 0.51 + 0.06 - 22 16.09 16.87 27739 4+ 049
S4 09 01 03.51, +623653.9 0.62 + 0.07 - 23 15.62 17.67 28023 + 045
S5 09 01 28.33, +6238 13.8 0.60 + 0.07 - 27 16.99 19.14 27616 4 103
S6 09 01 36.99, +62 38 38.3 1.26 + 0.13 - - - - -
S7 09 01 32.80, +624013.0 0.70 + 0.08 - - - - -
S8 09 01 06.52, +624010.9 0.40 + 0.06 - - - - -
18.0"1 3 GHz VLASS g
38'00.0”
36.0”f 7
40.0”
g 24.0" 1 8
g g
¥ 3 20.0"”
[=] (=]
12.0”F 7
37'00.0”
+62°37/00.0" 7
+62°36740.0”
O 50 kpc .
16.00° 12.00° 12.00° 10.00° 9R01708.00° 18.00° 15.00° 12.00° 09.00°  9"01™06.00°
RA (J2000) RA (J2000)

Figure 3. Left-hand panel: 3 GHz VLASS image (3.5"x 2.2, 84°; rms ~ 0.13 mJybeam™!) of the central BCG of A725 galaxy cluster showing WAT radio
galaxy. The cross indicates the location of the BCG. Right-hand panel: GMRT 612 MHz (yellow) contours and VLASS (white) contours overlaid on SDSS
r-band optical image of the BCG and surrounding region.

arc, and filaments associated with A725 were calculated using the
relation

where Dy, S, z, and « represent the luminosity distance, flux density
at observed frequency vy, over the integrated area of the source,
redshift, and the radio spectral index (S, o v*), respectively (e. g.

_ 2 —(1+a)
Pug = 4m DSy (1 +2) ’ Novak et al. 2017). The radio power of WAT is the highest among

()]
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X-ray centre

Figure 4. Composite image of galaxy cluster A725, with blue representing X-ray emission (ROSAT PSPC), and red denoting radio emission (GMRT 612 MHz).
These are overplotted on an optical colour composite (g, r, and i bands) image from SDSS.

Table 3. Radio properties of WAT, arc, and the diffuse structures (filaments)
were measured from the 612 and 240 MHz GMRT images.

Source Frequency M o P612MHz
(MHz) (mJy) (10** WHz™1)

WAT 612 383+40 —0.46+£0.15 5.26 +0.57
240 592 £+ 56

Arc 612 234+3 —0.80 + 0.30 0.32 £0.04
240 49 + 10

Fil-S 612 20+ 3 —1.13+£0.438 0.29 +0.04
240 58+7

Fil-N 612 17+3 —1.40+0.5 0.25 £ 0.04
240 62+7

these sources (Table 3). We also note that the discrete sources S5 and
S6 detected at 612 MHz are located in the region where the diffuse

filaments are detected, but they do not show any obvious connection
to the filaments.

At 150 MHz, due to the limitation of the resolution, we can separate
the filaments and the WAT (Fig. 2, left-hand panel) but not the notch
and the arc. In the images with better resolutions (3000, 612, and
240 MHz), we measure the flux density of WAT until the notch and
the flux density of the region after the notch is considered that of the
arc. Within the filaments, we separately measure the flux densities
of the Fil-N and Fil-S.

3.3 Spectral index map and integrated spectra

In order to make a spectral index map, the ultraviolet coverage at
the two frequencies needs to sample the extended source adequately.
The GMRT at 612 and 240 MHz can sample sources up to angular
scales of 17 and 44 arcmin, respectively. The total extent of the
system is less than 4 arcmin and is consistently sampled at the two

MNRAS 509, 1837-1847 (2022)
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Figure 5. Left-hand panel A: Spectral index map of the S1 and the filaments, created using the GMRT 240 and 612 MHz images. The red open ellipse at the
bottom left of the image represents the beam of the spectral index map: 22.92" x 15.55", BPA: 14.52°. Contours representing the GMRT 612 MHz image are
also plotted over the map. The black cross indicates the location of the BCG. Right-hand panel B: The spectral index of the WAT, arc, and filaments is plotted

with vertical error bars representing 12 circular regions of 10 kpc diameter.

frequencies. The final calibrated image of 612 MHz was convolved
t022.92" x 15.55", BPA: 14.52° to match the resolution of 240 MHz.
In Fig. 5 (left-hand panel) and Fig. A1, we have shown the spectral
index and spectral index error map of A725 created using the GMRT
240-612 MHz images. The red open ellipse at the bottom-left panel
of the image represents the beam: 22.92" x 15.55", BPA: 14.52°. The
contours correspond to the GMRT 612 MHz image. The black cross
mark indicates the location of the BCG. To study the trends of spectral
indices in the S1 and the filaments, discrete regions labelled in Fig. 5
(right-hand panel) of 10 kpc diameter each were chosen. The spectral
index as a function of distance is plotted in the same panel. The
regions 1-6 show the trend across the S1 from the core to the arc, in
the direction west to east, the regions 7-9 across the Fil-S from south
to north and the regions 10—12 across Fil-N from the west to east.
The flux densities measured at 150 MHz (TGSS) and 1400 MHz
are used to create the spectra shown in Fig. 6, along with the flux
densities at 240 and 612 MHz. In order to look for spectral breaks,
we constructed the integrated spectra of the radio galaxy and the fila-
ments separately. The flux densities measured from the radio images
for the S1 and the filaments are reported in Table 4. The integrated
spectra for both the filaments and the S1 are plotted in Fig. 6.

3.4 Black hole mass and accretion state

The black hole mass of the host galaxy of the BCG is computed using
the M —o relation where o represents the effective stellar velocity
dispersion (Giiltekin et al. 2009). The value of o of the central host
galaxy is 342 4 6.5kms~! which translates into a black hole mass
of (1.4 £ 0.4) x 10° Mg. Based on the relation from Heckman
et al. (2004), we have estimated the bolometric luminosity (Lyo) of
the central engine to be 2.26 x 10¥ ergs™! using the luminosity
of the [O111] emission line. It results into an Eddington ratio (Agqq)
of 1.24 x 107* from the relation Aggq = Ifé’;‘l where Lgyq is the
Eddington luminosity of the black hole. The lower value of Aggq
indicates that the BCG is a low-excitation radio galaxy (LERG)
with a very low accretion rate (Heckman & Best 2014). In addition,

MNRAS 509, 1837-1847 (2022)
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Figure 6. Integrated radio spectra of filaments (combined and considered
as a single source) and S1 (upper points) from our GMRT observations are
shown here. The FIRST survey 1400 MHz measurement is only used for the
S1; the filaments were not detected in this survey. The red and blue dotted
lines represent the best fits for respective spectral index values. The flux and
spectral index values are presented in Table 4. For the S1, the break in the
spectrum can be seen at ~ 600 MHz.

the Wide-field Infrared Survey Explorer (Wright et al. 2010) mid-
infrared colour magnitudes (W1 — W2 = 0.065; W2 — W3 =0.667)
indicate the BCG to be a LERG (Giirkan, Hardcastle & Jarvis 2014).

4 EQUIPARTITION MAGNETIC FIELDS

The minimum energy density (ergcm™>) of a radio source is
expressed as (Govoni & Feretti 2004)

min = E(at, v1, v2)(1 A+ Y Tug (1 4 )T o [37g=47 ()
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Table 4. Flux densities of the S1 and filaments separately and together at
150 (TGSS), 240, and 612 MHz from GMRT observations. All the radio
maps were convolved to be of the same resolution of 25" % 25" Fi g. 6 shows
the best-fitting spectral index plots of the filaments and the S1. *The « for
filaments is between 150 to 612MHz on account of non-detection in the
FIRST survey. The total flux at 1400 MHz for filaments and S1 is from NVSS
where its unresolved emission is detected.

Region Sisomiz  Spaomuz  SeloMHz  StaooMHz )50
(mly) (mJy) (mJy) (mJy)

S1 775+27 6354+22 408+12 182+6 —0.63

Filaments (N + S) 248 £23 122+16 38+1.4 - —1.30*

S1 + filaments 970 £33 714 +28 4414+13 222+7 —-0.64

where z is the redshift of the object, « the radio spectral index.?,v,
and v, are the lower and upper frequency limits in MHz, and the
corresponding values are 10 MHz and 10 GHz, respectively. I is
the surface brightness in mJy arcsec™2 of the object at the break
frequency vy (or vy, as mentioned in Table 5), d the source depth
in kpc, and &(«, vy, vy) are constants whose values are obtained
from table 1 of Govoni & Feretti (2004) for the frequency range
10MHz to 10 GHz. This formula accounts for K-correction with
an assumed value of 1. The parameter k is the ratio of the number
density of cosmic ray protons and electrons. The magnetic field can
be estimated using

247 12
Beq(CD = (?umin) . (3)

The equipartition energy density ( u,;,) and the corresponding
magnetic field [ B,,(cl)] are calculated by employing classical
formalism (Miley 1980). But the limitation of classical formalism
is that it is based on a hardly known parameter i.e. the ratio of the
total energy of cosmic ray protons and electrons. Also, in classical
formalism, the spectrum of cosmic ray electrons is traced over a
small range in the observable radio spectrum. As a result, the total
energy ratios differ from the energy ratios in the observable range.
And in the case of energy losses, this difference is more. Therefore, to
overcome the limitations of the classical formalism, we also use the
revised formalism of Beck & Krause (2005) to determine magnetic
field strength [ B, (rev)]. Itis based on the number density ratio of the
particles in the energy range where losses are small and is given as

1-2a 7
Beg(tev) ~ L1yain® % [Beg(cD] T @

where y is the Lorentz factor and y,,;, is 100.

Using the above relations, we have calculated the magnetic fields
(expressed in G) of the S1 and the filaments, as shown in Table 5.
The spectral indices used in the calculation are derived using the
integrated spectra shown in Fig. 6.

4.1 Spectral and dynamical ages

The spectral age of a radio source in Myr can be calculated using

BO.S 1
(B2 + Bic) [(1 +2) vy

7y =503 )

where z is the redshift and v, is the break frequency in GHz
(Miley 1980). The value of B;¢ = 0.318 (1 + z)? is magnetic

3In the formula the spectral index is defined as S, oc v™%. We have used «
with the appropriate sign in the calculations.
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field strength equivalent to cosmic microwave background radiation,
and is expressed in nT.

The magnetic field strength B, in uG, is expressed as B, (cl)
or B,,(rev), depending on whether equation (3) or equation (4) is
used to evaluate the spectral ages. We will denote these as either
the classical age tp(cl) or the revised version 7y, (rev) of the spectral
ages, respectively.

From the spectrum of the S1 measured between 150 and
1400 MHz, a break is expected at a frequency in the range 612—
1400 MHz (Fig. 6). Using the lowest possible break frequency of
612MHz and the magnetic fields described above, we obtain a
classical spectral age of 46.7Myr and a revised spectral age of
37.1 Myr for the S1 (Table 5).

For the filaments, the spectrum is a single power law between 150
and 612 MHz and the spectral index is —1.31 (Fig. 6). For a popu-
lation of relativistic electron population ageing due to synchrotron
emission and no new acceleration, the spectral index at injection
(~—0.7) is expected to steepen by —0.5, making the spectral index
~—1.2 (Pacholczyk 1973). This indicates that the spectral break for
the filaments is below 150 MHz. If we assume the break frequency
to be 150 MHz, then we obtain lower limits of classical and revised
spectral ages to be 189.7 and 93.1 Myr, respectively, for the filaments.
The filaments are at least a factor 3 older than the currently active part
of the WAT. Since we do not have access to the injection spectral
index, we note that by using the measured spectral index, we are
likely overestimating the energy of the electrons contributing to the
low-energy part of the spectrum.

We now calculate the time taken by the BCG to move from the
location of the filaments to its current location. The projected distance
from the radio core (09:01:06, +62:37:22.0) of the BCG to the Fil-N
is 267 kpc and that to the Fil-S is 204 kpc. Assuming that the BCG
moved from the NE to south-west (SW) with the same speed as the
velocity dispersion of the cluster of 534kms~!, we obtain the times
to traverse the distances from Fil-N and Fil-S to the current location
to be 489 and 374 Myr, respectively.

The arc at the eastern end of the WAT is striking in Fig. 5 as having
a steeper spectrum than that of the remaining part of the WAT towards
the core. The notch feature separates the arc from the remaining WAT
and may indicate another break in the radio jet activity of the BCG.
The distance between the core of the BCG to the arc is ~85 kpc,
and that between the arc and the filaments is 92kpc (Fil-S) and
204 kpc (Fil-N). The time required to travel 85kpc by the BCG is
155 Myr.

The spectral age of the filaments is shorter by a factor ~2.5,
compared to the dynamical time-scale for the motion of the galaxy.
The spectral age can be underestimated due to the overestimation
of the magnetic field using the equipartition assumption, the mixing
of young and old populations of relativistic electrons and by any
processes of reacceleration that may be at work (Hardcastle &
Croston 2020). If we were to assume that indeed the dynamical
age and spectral age be matched, then the factor by which we
overestimate the magnetic field can be calculated. However, due
to continuous evolution in the magnetic field as the lobes expand and
possible changes in the motion of the galaxy as it crosses the ICM,
the two time-scales can be expected to be discrepant.

Further, in order to understand the effect of ram pressure on radio
jets, its orbital motion around the SW subcluster, and dynamics of SW
cluster, needs high resolutions deeper X-ray telescope observations
such as Chandra and XMM-Newton. Unfortunately, high resolution
and deeper X-ray data are not available for the A725 cluster in public
archives except the ROSAT shallower sky survey observation. The
ROSAT X-ray data used in this study is inadequate to study the
dynamics of S1 and its interplay with the [CM.
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Table 5. Values of equipartition magnetic field and spectral age estimated for the S1 and the filaments. The break frequency is denoted
by (v). The surface brightness I is expressed in mJy arcsec™2. Note that the convention S, oc v~ has been used for the calculations.

Region  k-value &(«, vy, v2) Iy o d Umin Beg(cl) Beg(rev) — (wp) Tep(cl)  Tgp(rev)
(kpe) x 107" (ergem™)  (uG)  (uG)  (MHz) (Myr) (Myr)
S1 1 155 x 10712 392 0.63 177 1.2 11.2 13.3 612 46.7 37.1
Filaments 1 279 x 1073 11.1 131 281 0.34 6.1 11.3 150  189.7  93.1
425 42.0
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Figure 7. Left-hand panel: Plot of host absolute magnitude (M,) versus radio luminosity from NVSS at 1.4 GHz, for the WAT, FRICAT, and FRIICAT sources
(green diamonds, black dots, and red squares, respectively). The dashed blue line shows the separation between FR I and FR II (Ledlow & Owen 1996). The
WAT source in this paper lies below the boundary between FR I and FR II radio galaxies. Right-hand panel: The radio luminosity (NVSS at 1.4 GHz) versus
estimated black hole mass for the WAT, FRICAT, and FRIICAT sources (green diamonds, black dots, and red squares, respectively). WAT and FR Is have similar

black holes masses, but WATSs are more radioluminous.

5 DISCUSSION

The bent jets associated with the radio galaxy associated with the
BCG of the galaxy cluster A725 are resolved in the multifrequency
GMRT radio observations and unveil the steep-spectrum emission
further in the direction of the trailing jets towards the NE. The
emission consists of an arc connected to the trailing jets of the radio
galaxy and two filamentary structures further to the east of the arc
at distances of 204 and 267 kpc from the core. The filaments do not
have obvious peaks indicative of a core — the filaments get completely
resolved out at 3 GHz. The sources S5 and S6 are collocated but do
not show obvious connections to the filaments.

5.1 The BCG of A725

The optical and X-ray observations indicate that A725 is a merging
cluster. From the distribution of cluster member galaxies in optical
images, Boschin et al. (2008) found that the cluster is elongated along
the east—west (EW) direction and the position of the density peak lies
2 arcmin (195 kpc) away from the BCG towards the north. They also
found a secondary peak in the galaxy distribution NE of the cluster
centre, while the cluster itself has an elongated morphology in the
NE-SW direction (see fig. 15; Boschin et al. 2008). The BCG in
the cluster is offset from the X-ray emission from the cluster in the
ROSAT PSPC image (Fig. 4).

The radio morphology of the BCG is consistent with it being a
WAT radio galaxy. The jets are bent towards the NE-SW direction,
nearly parallel to the elongation of the X-ray emission. The BCG
appears to be moving, relative to the cluster from east to west.
It is inferred from the jet bending and we considered that BCG

MNRAS 509, 1837-1847 (2022)

may be a part of the NE subcluster before moving to the current
position.

The upper jet of WAT radio galaxy seems to be longer and is
bent more than that of the lower jet. The projected linear extent of
the upper jet measured using high-resolution VLASS image (from
the core 09:01:06, 462:37:22.0 to the most outer edges of the jets
as identified from the 30 contours shown in Fig. 3) is ~32arcsec
(~52kpc) and that of the lower jet is ~27 arcsec (~48 kpc).

Since the difference in the radial velocity of the BCG and the mean
cluster velocity is 223 £ 18 kms~' (Boschin et al. 2008), together
with the unknown transverse velocity, the net relative velocity would
be much higher. BCGs with high velocities with respect to the cluster
can occur mainly in merging clusters (Barbosa et al. 2018; De Propris
et al. 2021). The morphology of the radio jets here is indicative of
ram pressure acting on them from the inter-galactic medium (IGM),
caused by the high relative velocity, which in this case is likely to
be also due to a merger. New observations from GMRT and VLASS
suggest that the diffuse emission observed in this system is not a
relic but is more likely to be a remnant structure connected with the
central AGN activity.

5.2 Diffuse filaments: past activity of the WAT?

Some radio galaxies have a duty cycle of repeated activity (Saikia &
Jamrozy 2009; Shabala et al. 2020), with a mean lifetime of a
few times 10% yr, with a variable period between active periods.
The evidence for this can be found in the morphology of the radio
emission and in the spectral index distribution. The emission from the
older activity is expected to have a steeper spectrum, due to radiative
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losses, and to the lack of injection of fresh relativistic plasma.
However, sometimes the emission from the previous activity can
be detectable while the subsequent activity starts. The morphology
is expected to carry signatures of multiple activities in the form of
regions of low surface brightness between two activities. If the time
of low or no activity is long enough to deplete the relativistic electron
population, a discontinuity in the surface brightness may be found.

At the core of the BCG in A725, the bent jets can be seen to form
trailing lobes and at a distance of 50 kpc from the centre, a ‘notch’
is observed (see Fig. 1). The notch is followed by a structure marked
as the ‘arc’. Beyond the arc, there is no detected continuum emission
till about 92 kpc from the centre of the BCG, where there are two
filamentary structures marked in Fig. 1 as Fil-S and Fil-N.

The spectral index distribution across the WAT shows an overall
flat (—0.5) to steep (—0.9 in the arc) trend from the west to east, with
the spectral indices in the filaments in the range —1.5 to —2.2. The
constant and flat spectral index values (a2fs = —0.46 £ 0.15) from
the WAT core (region 1) to the end of the tail (region 5) indicate that
AGN has been recently active and detected only in the approximately
GHz frequency domain (Fig. 5, right-hand panel). The spectral index
value at the position of region 6 (belonging to the arc) is steeper
than that in the core-jet system, and flatter than that in the diffuse
filaments, with the notch feature standing out in the spectral index
maps (Fig. 5).

We propose that while the BCG has moved from the NE to SW,
along the path joining the filaments, to the current location of the
BCG, it has undergone two (possibly three) separate bursts of activity,
seen in our low-frequency radio observations. The oldest of these
bursts of activity is now seen as the steep-spectrum filaments, the next
younger one being that in the arc and beyond. It is possible that the
currently active core and the jets constitute the third phase of activity.

5.3 Comparison with other WATSs

The optical host of the WAT radio galaxy in this cluster is a first-rank
bright elliptical galaxy (SDSS J090110.104+623719), with absolute
magnitude M, = —22.96, its 1.4 GHz radio power being L, =
5.03 x 10* ergs~!. We compare this WAT source with those in the
WATCAT (Missagliaetal. 2019), FRICAT (Capetti, Massaro & Baldi
2017a), and FRIICAT (Capetti, Massaro & Baldi 2017b) catalogues
and shown in Fig. 7 (left-hand panel). In the same figure the absolute
magnitudes (M, ) of the host galaxies are plotted against the radio
luminosity (NVSS at 1.4 GHz), for the WATCAT, FRICAT, and
FRIICAT sources (green diamonds, black dots, and red squares,
respectively). The dashed blue line separates the FR I and FR II
sources (Ledlow & Owen 1996). The WAT source described in this
work is shown as a blue circle and it lies well within the presented
distribution (FR I, FR II, and WATs). From this figure, it is evident
that the absolute magnitude (M, ) of the WAT radio source, in the
optical R band, is similar to that of other similar WATSs, which are
generally associated with the BCG when they are found within a
cluster. This fact strengthens our argument that the WAT could be
the brightest member of the NE subcluster, and now it is in process
of merging with the SW subcluster.

In the right-hand panel of Fig. 7, we plot the mass of the
supermassive black hole at the heart of the WAT in A725, as a blue
circle, along with the black hole masses associated with the other
WATs, FR Is, and FR IIs, against the radio luminosity (NVSS) at
1.4 GHz, from the same sample as above, using the same symbols.
This plot shows that the WAT radio source has a host, whose central
supermassive black hole has a mass whose value is among the highest,
even though its radio luminosity is close to the median value. The
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higher black hole mass also points to the formation of WAT in the
NE subcluster environment, rather than as an isolated galaxy (e.g.
Lakhchaura, Truong & Werner 2019). Moreover, the median value of
radio luminosity and lower value of Eddington ratio (see Section 3.4)
indicates that the BCG is as a radio galaxy is in a low-excitation state
(LERG).

6 CONCLUSIONS

(i) We have found diffuse radio structures in the cluster A725,
comprising of a WAT radio galaxy, and features resembling an
arc, a notch, and two filaments, from low-frequency GMRT radio
observations at frequencies of 150-612 MHz. We argue that some of
these features could be from the past activity of the nucleus of the
BCG.

(i) The WAT radio galaxy is hosted by the BCG (SDSS
J090110.104-623719.6), based on our images at 612 MHz and 3 GHz,
using the GMRT and VLASS radio data, respectively. The EW
orientation of the WAT radio galaxy suggests a peculiar motion of
the BCG in line with the merger scenario.

(iii) The BCG that hosts the WAT appears to be significantly
displaced, offset by 2 arcmin (195 kpc), as projected in the sky plane,
from the X-ray centroid of the cluster, indicating that the cluster is
at an early stage of the merger.

(iv) The BCG is at a distance of ~ 85 kpc from the arc, while the
filamentary structures are displaced from the arc by 92 kpc (Fil-S)
and 204 kpc (Fil-N). We suggest that these structures result from
different stages of radio activity along the path of the WAT, and these
distances are typical values for such a scenario.

(v) The spectral indices of the WAT and arc are o2y = —0.46 =+
0.15 and a2y = —0.80 £ 0.30, respectively. The filaments have
two main parts, Fil-N and Fil-S with the spectral indices a2}9 =
—1.13 £ 0.48 and o2}9 = —1.40 £ 0.5, respectively.

(vi) The spectral index maps show that the WAT has a flat spectrum
at the core that steepens gradually up to the arc, and continues to
steepen into the filaments.

(vii) Based on the morphology of the components, and the
progressive steepening of the components from the core of the WAT
to the filaments, we propose that this system is a radio galaxy with
trailing antique filaments.

(viii) The radio spectral ageing analysis shows that the spectral
ages of the WAT and filaments are 37.1 and 93.1 Myr, respectively.
This supports the inference that the filaments and the arc are features
of the older activities of the BCG that have been left behind in the
wake of its motion.

(ix) The radio properties of the WAT radio galaxy resemble that of
typical FR I radio galaxies, as seen in the values of radio luminosity
plotted against r-band magnitude. We estimate the mass of the
black hole at the core of the WAT, scaling from the stellar velocity
dispersion (342 £ 6.6 km s~ ') of the BCG, tobe 1.4 4 0.4 x 10° M,
which turns out to be rather high compared to that of similar WATs
elsewhere. The combination of high BH mass and median radio
luminosity indicates a source of low Eddington ratio, and that the
radio galaxy is a LERG.
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APPENDIX A: SPECTRAL INDEX ERROR
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Figure A1. The figure shows the spectral index error map of Fig. 5.

This paper has been typeset from a TEX/I&TEX file prepared by the author.

Abell 725 1847

MNRAS 509, 1837-1847 (2022)

€20z udy 1 uo sasn SYND Aq 0Z1.00+9/2€81/2/605/3101HE/SEIUW/WOD dNno"dlWapedE//:sdiy Woly papeojumoq



