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Abstract: We present VLA Low-band Ionosphere and Transient Experiment (VLITE) 338 MHz
observations of the galaxy cluster CL 0838+1948. We combine the VLITE data with Giant Metrewave
Radio Telescope 610 MHz observations and survey data. The central galaxy hosts a 250 kpc source
whose emission is dominated by two large lobes at low frequencies. At higher frequencies, a pair of
smaller lobes (~30 kpc) is detected within the galaxy optical envelope. The observed morphology is
consistent with a restarted radio galaxy. The outer lobes have a spectral index aout = 1.6, indicating
that they are old, whereas the inner lobes have aj,, = 0.6, typical for an active source. Spectral
modeling confirms that the outer emission is a dying source whose nuclear activity switched off
not more than 110 Myr ago. Using archival Chandra X-ray data, we compare the radio and hot gas
emission. We find that the active radio source is contained within the innermost and X-ray brightest
region, possibly a galactic corona. Alternatively, it could be the remnant of a larger cool core whose
outer layers have been heated by the former epoch of activity that has generated the outer lobes.

Keywords: radio galaxies; active galactic nuclei; galaxy clusters

1. Introduction

In a growing number of radio galaxies, the combination of sensitive, high-resolution
images at low (<1 GHz) and higher frequencies provides evidence that the central active
galactic nucleus (AGN) has undergone intermittent episodes of jet activity over the source
lifetime (see review by [1]). Striking examples are the so-called double-double radio galaxies,
in which two distinct pairs of radio lobes are seen on different scales: a pair of inner lobes,
that are currently sustained by the AGN jets, and a pair of outer lobes that have been
inflated during a former episode of activity [2]. More generally, evidence for recurrent
radio outbursts is supported by the co-existence of a small-scale radio source with a spectral
index typical for an active radio galaxy (x~0.6-0.8', e.g., [3]) and larger-scale, extended
emission with a significantly steeper spectrum (x~1.5-2), which is instead typical for dying
or relic radio galaxies (e.g., [4-6]). Although the inner component is presently fed by the AGN,
the outer remnant emission has no jets supporting the radio activity and is therefore rapidly
fading, as reflected by the pronounced steepening of its radio spectrum. Eventually, radiative
and adiabatic expansion losses will cause the remnant emission to fade out of the observable
radio band and disappear completely. The remnant phase is expected to be relatively short
(a few times 107 years), which may explain the rarity of dying and restarted radio sources
among the general population of extended radio galaxies (e.g., [5,7-10]). However, our
current knowledge of the properties, occurrence and environment of dying/restarted radio
galaxies is mostly based on studies of individual objects or small collections (e.g., [4,11-14]),
and only a few investigations have been conducted using samples selected from radio
surveys (e.g., [5,8,10]) or literature [15].

An improved understanding of the statistical properties of remnant sources, and of
radio galaxy evolution in general, requires larger and more representative samples of
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sources. These are now becoming available (e.g., [7,9,16]) thanks to new and upcoming
high-resolution surveys (e.g., LoTSS?, MGCLS?, ASKAP*) with the new generation of radio
telescopes (e.g., LOFAR?, MWA®, uGMRT’, MeerKAT [23], ASKAP®.).

In this paper, we present a study of the restarted radio galaxy in the galaxy cluster
CL 0838+1948 (hereafter CL 0838, also known as MCXC J0838.5+1948), a relaxed cool-core
cluster at z = 0.123 with a bolometric X-ray luminosity of 5.7 x 103 erg s~! [25]. The
interesting morphology of this radio source was noted for follow-up study during routine
visual inspection of the pipeline image archive of the VLA Low-band Ionosphere and
Transient Experiment (VLITE), a commensal system that operates on the Very Large Array
(VLA). Here, we combine the VLITE data at 338 MHz with an archival GMRT observation
at 610 MHz and images from radio surveys at multiple frequencies and angular resolutions.
We analyze the morphological and spectral properties of the radio source and derive its
physical parameters. We use an archival Chandra X-ray observation to measure global
properties of the intracluster medium and compare the radio and X-ray emission. We adopt
ACDM cosmology with Hy = 70 km s~ Mpc~!, Q,, = 0.3 and Q5 = 0.7. At the redshift of
CL 0838, 1" corresponds to 2.2 kpc.

2. Observations and Data Reduction

In this section, we describe the radio and X-ray observations of CL 0838 used in this
paper. In the radio band, we analyze VLITE data at 338 MHz and an archival GMRT
observation at 610 MHz. We also use radio data from the Galactic and Extragalactic All-Sky
MWA (GLEAM) survey [26], the Very Large Array Low-frequency Sky Survey Redux
(VLSSr; [27]), the TIFR GMRT Sky Survey Alternative Data Release (TGSS-ADR; [28]), the
Rapid ASKAP Continuum Survey (RACS; [19]), the NRAO VLA Sky Survey (NVSS; [29]),
the Faint Images of the Radio Sky at Twenty-cm (FIRST; [30]) and the Very Large Array Sky
Survey (VLASS; [31]) Epoch 1.2.

2.1. VLITE 338 MHz Data

VLITE is a commensal system on the VLA that operates in parallel with nearly all
regular observations above 1 GHz [32]. It correlates data from a 64 MHz sub-band centered
on 352 MHz for a subset of VLA antennas (up to 18) using the low-band receiver system [33]
and a dedicated DiFX-based software correlator [34]. Due to strong radio frequency
interference (RFI) in the upper portion of the band, the usable frequency range is limited to
an RFI-free band of ~40 MHz, centered on 338 MHz.

VLITE was operational with 16 working antennas during two VLA 1.5 GHz observa-
tions of the Praesepe open cluster on 2018 January 22 (B configuration) and 2018 January
31 (BnA configuration; VLA project 17B-370; 5.6 hours/day). The galaxy cluster CL 0838 is
located at RAjp00 =8 h 38 m 31.3 s and DECjpp9 = 19°48'17” [35], which is 34" away from
the phase center of the Praesepe observations, and thus well within the VLITE primary
beam (2.5°).

The VLITE data are processed using a dedicated calibration and imaging pipeline,
which is based on a combination of Obit [36] and AIPS [37] software packages. The pipeline
uses standard automated tasks for the removal of RFI, followed by delay, complex gain,
and bandpass calibration (for details see [38]). The flux density scale is set using [39] and
the primary calibrators 3C147, 3C286, 3C48 and 3C138. Residual amplitude errors are
estimated to be less than 15% (Clarke et al., in preparation). The calibrated data are imaged
using wide-frequency imaging algorithms in Obit (task MFImage), by covering the full
primary beam with facets and placing outlier facets on bright sources out to a radius of
20°. Small clean masks are placed on the sources during the imaging process to reduce the
effects of CLEAN bias. The pipeline runs two imaging and phase self-calibration cycles
before a final image is created.

For the Praesepe field, the pipeline produced an image with a beam of 16” x 14"
and 0.9 mJy beam ! rms from the January 22 observation, and an image with a beam of
17" x 16" and rms of 2.7 mJy beam ! from the January 31 data. To improve the image
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quality, the two pipeline-calibrated data sets were jointly re-imaged with wsclean [40] using
a ROBUST Briggs parameter of —0.5 [41]. The final image has a restoring beam of 13" x 9"
and a rms noise level of 1¢ = 0.4 mJy beam~!. The image was corrected for the primary
beam attenuation using factors appropriate for VLITE (Polisensky et al. in preparation).

2.2. GMRT 610 MHz Data

We analyzed an archival GMRT observation at 610 MHz that contains CL 0813 in
its field of view, at 18’ from the phase center (project ISNGAOQ1, observation 4117). The
field was observed for about 15 minutes using the old hardware correlator and both the
upper and lower side bands (USB and LSB), providing a total observing bandwidth of
32 MHz. The default spectral-line mode was used. We calibrated the USB and LSB data sets
individually in AIPS. A combination of RFLAG and manual flagging was used to remove
RFI and bad data. After bandpass calibration and a priori amplitude calibration using the
primary calibrators 3C286, several phase-only self-calibration cycles and imaging were
carried out for each data set. Widefield imaging was implemented in each step of the data
reduction, with 20 facets covering the primary beam area. The calibrated USB and LSB
data sets were then combined together to produce the final image that has a sensitivity of
1o = 0.25 mJy beam ! and resolution of 5”. Flux densities are given on the Perley & Butler
(2017) wide-band scale. Typical residual amplitude errors at this frequency are estimated
to be less than 8% (e.g., [42]), however due to uncertainties in the primary beam model at
large distances from the phase center, we assume a conservative flux uncertainty of 15%.

2.3. Chandra X-ray Data

CL 0838 was observed by Chandra in 2007 (ObsID 9397) with ACIS-I for 20 ks. We
reprocessed the Level-1 ACIS event file from the archive using CIAO 4.8, following the
procedure described in [43] and using the Chandra Calibration Database (CALDB) 4.6.
Following [44], we inspected the data for flares, but found no time intervals with elevated
background. To model the detector and sky background, we used the blank-sky datasets
from the CALDB appropriate for the date of the observation, normalized using the ratio of
the observed to blank-sky count rates in the 9.5-12 keV band. We also subtracted the ACIS
readout artifact [45]. We used images in the 0.5-4 keV and 2-7 keV energy bands to detect
the unrelated X-ray point sources, which we masked for the spectral analysis.

We extracted a spectrum of the diffuse intracluster medium and generated the instru-
ment responses (ARF and RMF). The background spectrum was extracted for the same
region from the corresponding (normalized) blank-sky data set. The cluster X-ray emission
was modeled with an absorbed, single-temperature APEC model in the 0.7-7 keV energy
band, with the metal abundance fixed to 0.3 solar. The absorption column density Ny was
initially left free to vary. Since the best-fit Ny value was found to be consistent with that
from the Leiden/Argentine/Bonn (LAB) radio survey of Galactic HI [46], we fixed it at the
database value for subsequent analysis (Ny = 2.57 x 10?2 cm~2).

3. Results

In this Section we present the radio and X-ray images of CL 0838. We measure the flux
density of the total emission and its components, derive their spectral index and model the
integrated radio spectrum to infer the age of the radio-emitting electrons.

3.1. Radio Images

The VLITE 338 MHz image of CL 0838 is presented in Figure 1a. The image shows
an extended radio source with the largest size of ~250 kpc. The extended emission is
dominated by a pair of large radio lobes, labeled NW and SE outer lobes. These lobes are
also visible in the 888 MHz image from RACS (panel b) and GMRT images at 150 MHz
(TGSS-ADR) and 610 MHz (panel c). The FIRST image at 1.4 GHz and VLASS 1.2 image at
3 GHz (c,d) reveal a pair of smaller-scale (~30 kpc) inner lobes that are roughly co-linear
with the outer lobes and embedded (at least in projection) within the galaxy’s optical
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envelope. The SDSS’ image in (d) suggests the presence of two nuclei at the galaxy center,
which are also seen in infrared images from the UKIDSS!? Galactic Center Survey (GCS;
a J-band image is shown in Figure 2 with VLASS contours overlaid). Their approximate
location is marked by blue crosses in Figure 1d and their projected separation is ~2"
(~4.4 kpc). The resolution of the available radio images is not sufficiently high to identify
the radio source core and resolve the inner jets. Higher-resolution observations, coupled
with an optical/infrared analysis of the galaxy, are thus necessary to investigate the link
between core/jet activity and the possible dual-nuclei system in this source.
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Figure 1. (a) VLITE 338 MHz image of CL0838 at a resolution of 12"”7.7 x 9"”.4 , —88°. Contours are spaced by a factor of
2 starting from +3¢ = 1.2 mJy beam~!. Contours at —3¢ are shown as dashed. The magenta box marks the area covered
by panel (d). (b) VLITE contours on the 888 MHz RACS image with a resolution of 17”.9 x 11”.8 , —26° and sensitivity of
0.25 mJy beam L. (¢) GMRT 610 MHz (white) and FIRST 1.4 GHz (magenta) contours on the 25”-resolution TGSS-ADR
image at 150 MHz. The beam size is 5" at 610 MHz and 1.4 GHz, and contours start at +3¢ = 0.75 mJy beam ! and 0.45 m]Jy
beam ! respectively, and scale by a factor of 2. Negative contours are shown as dashed. (d) 1.4 GHz FIRST (magenta) and
3 GHz VLASS (white) contours on the optical SDSS-r image of the central galaxy. VLASS contours are 0.33 and 0.46 m]Jy
beam ! (the local rms is 1o = 0.12 mJy beam ') and the beam size is 2”4 x 2”.2, —40°. Blue crosses mark the position of

two possible optical nuclei (see also Figure 2). The radio beams are shown as ellipses/circles in each panel.
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Figure 2. UKIDSS J-band image of the central galaxy in CL 0838 showing a possible dual-nuclei
system at its center (see also Figure 1d). VLASS 3 GHz contours are overlaid at 0.3, 0.4 and
0.5 mJy beam~!. The local rms in the VLASS image is 10 = 0.12 mJy beam ™. The ellipse shows the
size of the radio beam (2" .4 x 2.2, —40°).

A chain of three compact sources is detected North-East of the cluster center in the
VLITE image. They are labeled S1, S2 and S3 in Figure 1a. S2 (RAjp000 = 8 h38m 35.2 s,
DECj000 = 19°50'11") and S3 (8 h 38 m 34.2 s, 19°49'55") are both detected at 610 MHz,
888 MHz and 1.4 GHz, and are identified with two SDSS galaxies with a spectroscopic
redshift of zs, = 0.125, so likely cluster member galaxies. S1 has peak coordinates of
8 h 38 m 37.9 s and 19°50'18” and has no clear optical identification (the closest galaxy is
SDSSJ083838.43+195014.5, which is 8”.5 away from the radio peak and has no available
redshift information). This radio source is also detected by RACS and is undetected in
the other radio images in Figure 1. On the left of Figure 3, we compare lower-resolution
images from NVSS (45”) and RACS (25”) to the VLITE contours and optical r-band image
from Pan-STARRS1!!. On the right, we show a VLITE image at 25" resolution. The figure
suggests that S1 may be a bright peak in a larger-scale diffuse structure that extends
approximately 300 kpc North-East of NW outer lobe. Hereafter, we refer to this possible
further component of emission as diffuse tail.
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Figure 3. Left: NVSS 1.4 GHz contours (black, 45" beam), RACS 888 MHz contours (white, 25" beam), and VLITE 338 MHz
contours (blue, from Figure 1a) overlaid on the optical r-band image from Pan-STARRS1. Contours are spaced by a factor
of 2 starting from +3¢ = 1.4 mJy beam~! (NVSS), 0.9 mJy beam~! (RACS) and 1.2 mJy beam~! (VLITE). Right: VLITE
338 MHz image at 25" resolution. Contours are spaced by a factor of 2 starting from +3¢ = 2 mJy beam™~!. Negative

contours (—3c) are shown as dashed. In both panels, the beam sizes are shown in the bottom-left corner. The green

dashed ellipse marks the region used to measure the flux density of a possible large-scale structure (diffuse tail) extending
North-East of the NW outer lobe (see Section 3.2).

3.2. Radio Flux Densities

We used the radio images in Figure 1 in combination with data from the VLSSr,
GLEAM, RACS, NVSS, FIRST and VLASS surveys to derive the spectral index of the radio
emission in CL 0838. We measured the flux density of compact sources by fitting the sources
with a Gaussian model. For the extended components, we integrated the flux density over
the same regions at all frequencies. Errors were computed including image rms and flux
calibration uncertainty. We note that the GLEAM, VLSSr, TGSS-ADR, RACS, NVSS and
FIRST surveys use a different absolute flux density scale than the [39] scale used for the
VLITE, GMRT and VLASS images. We thus rescaled all flux densities to the [39] scale using
the appropriate factors listed in [39]. Differences between these scales are estimated to be
less than a few % [39].

Our measurements are summarized in Table 1 along with the observed spectral indices,
measured between the lowest and highest frequencies available. The table also reports
catalog fluxes from RACS and FIRST for S1-53 and flux densities for the extended emission
derived from the GLEAM catalog and corrected for source contamination. In fact, because
of the large radio beam of the MWA, the GLEAM catalog fluxes include the contribution
from S1-53. This latter was estimated from their 338-1400 MHz spectral index (Table 1)
and then subtracted from the catalog values.

Finally, we obtained an estimate of the flux density of the possible diffuse tail in Figure 3
by comparing the fluxes measured on the low— and high-resolution images at 1.4 GHz
(N'VSS/FIRST), 888 MHz (RACS 25" /RACS 15”) and 338 MHz (VLITE 25" /VLITE 13"). We
measured a total flux density of ~15 mJy at 1.4 GHz (NVSS) and ~23 m]y at 888 MHz
(RACS 25”) in the region marked by the green dashed ellipse in Figure 3. On the VLITE
low-resolution image, we measured ~43 m]y in the same area. We then subtracted the flux
density of S1, S2 and S3 at these frequencies (Table 1) and found an excess of ~6 m]y at
1.4 GHz, ~10 m]y at 888 MHz, and ~20 m]y at 338 MHz. The corresponding spectral index
is ~0.7 between 338 MHz and 888 MHz and ~1.1 in the 888 MHz-1.4 GHz interval. These
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estimates are very uncertain and deeper, higher-resolution observations are necessary to
confirm the presence of a diffuse tail and constrain its morphology and spectral properties.

Table 1. Radio flux densities.

Frequenc Flux Density ¢ Spectral
(ISIHZ) y (mJy) y Reference pIn dex
Total 74 876 +118°¢ VLSSr, this work 1.4+0.1
76 1095 + 116 ¢ GLEAM
107 612+ 821 GLEAM
143 376 + 36 1 GLEAM
150 415+ 62 TGSS, this work
174 334+294 GLEAM
212 279 4 36 4 GLEAM
338 144 +£22 VLITE, this work
610 72 £11 GMRT, this work
888 38+2 RACS, this work
1400 13.8+0.6 NVSS, this work
Inner 338 6.7+t1.1 VLITE, this work 0.6£0.1
lobes 610 42+04 GMRT, this work
888 4.0+03 RACS, this work
1400 2.8+02 FIRST, this work
3000 1.8+0.2 VLASS 1.2, this work
Outer 150 404 +61° TGSS-ADR, this work 1.6+0.1
lobes 338 137 £21 VLITE, this work
610 68 £10 GMRT, this work
888 3442 RACS, this work
1400 11+1 NVSS, this work
S1 338 49409 VLITE, this work 0.74+0.2
888 2.6+0.1 RACS
1400 19402/ this work
S2 338 10.3+1.6 VLITE, this work 0.6 +0.1
888 6.44+0.1 RACS
1400 44+0.1 FIRST
S3 338 75+12 VLITE, this work 0.7+0.1
888 3.7+0.1 RACS
1400 28+0.1 FIRST

 all values have been rescaled to the same flux density scale [39]. b observed spectral index, measured between
the lowest and highest frequency available. © measured on the VLSSr image and corrected for the clean bias ([27]).
4 the expected contribution of S1-53 (based on their spectral indices at higher frequency) has been subtracted
from the catalog flux density; ¢ the contribution of inner lobes at this frequency was extrapolated from 338 MHz
using & = 0.56 and then subtracted from the total flux. / extrapolated from lower frequencies using the spectral
index.

3.3. Radio Spectral Analysis and Modeling

The integrated spectrum of the total emission from the radio galaxy is shown in
Figure 4 (left). The flux densities from FIRST and VLASS have not been included in the
plot as neither of these surveys have sufficient uv coverage at short spacings and surface
brightness sensitivity to detect the whole source. Both surveys use the VLA in its B
configuration which allows reliable mapping of angular scales up to 1’ at 3 GHz and 2’ at
1.4 GHz. The source size is ~2' (Figure 1), thus it is considerably larger than the maximum
scale than can be imaged by VLASS. The FIRST survey is potentially able to image the full
source; however, its surface brightness sensitivity (1o = 150 pJy beam ™!, corresponding
to ~4 pJy arcsec2), is not high enough to detect the outer lobe emission, whose average
surface brightness is ~2 Jy arcsec 2 at 1.4 GHz (based on the NVSS flux density, Table 1).

The total spectrum in Figure 4 is steep, with a measured spectral index &gt gbs =
1.4+ 0.1 between 76 MHz and 1400 MHz. A fit with a simple power-law model (dashed
line) gives a slope of 1.4 & 0.1, but it does not describe well the highest-frequency data
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in the spectrum. A power-law model including a high-frequency exponential cutoff
(Sy o« v=%¢ /Y, black solid line) provides a better fit, with Aot it = 1.1 0.1 and a break
frequency Vot b = 1.3 & 0.4 GHz. The spectrum of the inner lobes is shown in magenta
in Figure 4. The shape is consistent with a single power law, at least over the observed
338-3000 MHz interval, with a slope &, gy = 0.57 £ 0.11.

(SLLLL LN LLL) B N R R R B UNLIREALLL B ERLLI B LI
1000 & total = 1000 & -
E Qp=11%0.1 E E Outer lobes E
— F Vigy, 5r=1.3+0.4 GHz] — F E
> r h > H ,
g 100 & = E 100 & =
N E 3 e E ]
< M ] % [ model CI i
E 10 = T~ = 3 10 L OFF -
= E AN & - & Ao 0wy = 0.625% 3
[ inner lobes N 7 r N

S v < 740 MHz
1 E 0 n=0.570.11 \\\; g = E
Bl 0 vl ol 1 Bl v vl Vil 3
100 1000 104 100 1000 104

Frequency (MHz)

Frequency (MHz)

Figure 4. Left: Total radio spectrum of CL0838 between 74 MHz and 1400 MHz (black) and spectrum
of the inner lobes between 338 MHz and 3000 MHz (magenta). Black lines are fits to the total spectrum
data: a simple power law (black, dashed) and a power law with an exponential cutoff (black, solid).
For this latter, which provides a better fit to the data, spectral index (& git) and cutoff frequency
(Viotpr) are reported. The magenta solid line is a power-law fit to the inner lobe measurements.
Right: Radio spectrum of the outer lobes after subtraction of the inner lobes. The solid line is a Clgggp
fit to the fluxes (see text and Table 2).

The morphology and very steep spectral index of the source suggest that we are
observing two emission components associated with two distinct phases of activity of the
galaxy, i.e., fossil emission on the large scale remaining from a past outburst of the central
nuclear source, and restarted activity in the flatter-spectrum inner lobes. To model the
outer (fossil) component, we subtracted the flux of the inner lobes from the total emission
at 338, 610, 888 and 1400 MHz (Table 1). We also estimated the inner lobe flux density
at 150 MHz using their spectral index and subtracted it from the total emission mea-
sured from the TGSS-ADR. Due to the much coarser angular resolution and uncertainties
on source contamination, we did not attempt a similar subtraction at the GLEAM and
VLSSr frequencies.

The measured 74-1400 MHz total spectral index of the outer lobes is very steep,
Koutobs = 1.6 = 0.8. Their integrated spectrum is shown in Figure 4 (right), where a
steepening at high frequencies is clearly visible. We modeled the spectrum using a Clopp
model that assumes (1) an initial phase of electron injection at a constant rate by the nuclear
source (i.e., the continuous injection or CI phase), (2) a switch-off phase of the nuclear
activity, and (3) a dying phase, during which the radio emission rapidly fades (for details
see [5,8]). In this model, the radiative energy losses are assumed to be dominant with
respect to other processes (e.g., adiabatic losses). It is also assumed that the magnetic
field strength is uniform within the whole source volume and the electron pitch angles
are continually isotropized with respect to the local direction of the magnetic field in a
time that is shorter than the radiative timescale. For CL 0838, we found that the spectrum
can be modeled with an injection spectral index of inj,out = 0.6 and a break frequency
Vbr, out 740 MHz. Our results are summarized in Table 2.
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Table 2. Radio spectral modeling results and radiative ages.

o Vbr trad tcr tOFF
Component Xinj (MHz) (Myn) torr/trad (My?) (Myr)
inner lobes e >3000 <52
outer lobes 0.6192 <740 >122 <0.9 >12 <110

3.4. Equipartition Parameters and Radiative Ages

We calculated the physical parameters of the inner and outer lobes under the as-
sumption that the relativistic particle and magnetic field energy densities are uniformly
distributed over the source volume and are in energy equipartition. We assumed cylindrical
geometry, a filling factor of 1, and k = 1 (i.e., that there is equal energy in relativistic ions
and electrons), and imposed a low—energy cutoff of yyin = 100 in the energy distribu-
tion of the radio-emitting electrons to take into account the contribution from relativistic
electrons with an energy as low as 50 MeV (e.g., [50,51]). We used the measured radio
luminosity at 338 MHz, the injection spectral index ainj, out = 0.6 for the outer lobes and
Xinn fit = 0.6 = 0.1 for the inner lobes. We obtained Beq,out = 2.1 G (outer lobes) and
Beg,inn = 4.3 pG (inner lobes). We also derived the total energy density and minimum
pressure of both components. Results are summarized in Table 3.

Finally, we used the equipartition magnetic field in combination with the break
frequency limits from the spectral modeling to estimate the synchrotron age of the outer
lobes (e.g., from Equation 8 in [5]). We obtained t,q out 2 122 Myr, confirming that the
outer lobe emission is very old. The Clopr model also allows us to estimate the dying-
to-total source age ratio, fopr/t.q [8]. In the case of CL 0838, we find that the duration
of the dying phase is no more than 110 Myr old and that the prior phase of activity had
lasted at least 12 Myr. For the inner lobes, whose spectrum does not show a break at the
observed frequencies, we can derive an upper limit to their radiative lifetime by assuming
that the spectral break is 2 3 GHz. We find t,,q inn S 52 Myr. Our results are summarized
in Table 2.

Table 3. Physical parameters

L33smH: Beq Umin Prin P, gas
Component (WHz™) (1G) (erg cm™3) (erg cm™3) (erg cm™3)
inner lobes 2.6 x 108 43 1.7 x 10712 57 x 10713 ~2 x 10711
outer lobes 54 x 10 2.1 41x 10718 14 x 10713 ~1x 10710

3.5. Chandra X-ray Analysis

Ref. [25] used Chandra X-ray data to investigate scaling relations between X-ray lu-
minosity and temperature in a statistically complete subset of the 400 deg? survey [35]
that includes CL 0838. Using dynamical properties estimators (e.g., cuspiness of the gas
density profile, core flux ratio, and a visual classification of the X-ray morphology) they
characterized CL 0838 as a relaxed, cool-core cluster. Here, we use the same Chandra data
to obtain images of the thermal gas distribution and compare them to the radio emission.
We also derive the average intracluster medium temperature and gas density profile.

3.5.1. X-ray Images

Figure 5a shows the Chandra X-ray image of CL 0838 in the 0.5-4.0 keV band, smoothed
with a 5” Gaussian. The X-ray emission appears regular and symmetrical on the large scale,
with a bright and peaked central core, consistent with the classification of CL 0838 as a
relaxed cluster [25]. The 338 MHz extended emission, shown in contours in Figure 5a, is
centrally located with the outer lobes extending well beyond the central, brightest X-ray
region. In the center (Figure 5b), the inner lobes are contained within a very bright and
compact region with a radius of ¥~15 kpc, which is co-spatial with the galaxy stellar
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envelope (cyan contours). Two X-ray point sources are associated with the compact radio
galaxies S2 and S3. A third bright point source is detected west of S3 and is associated with
an optical SDSS object classified as a star (SDSS J083831.34+194957.9).
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Figure 5. (a) VLITE 338 MHz contours overlaid on the Chandra X-ray image of CL 0838 in the 0.5-4.0 keV band. The Chandra
image is binned by 2 pixels (1”), background-subtracted, divided by the exposure map, and smoothed by a 5 Gaussian.
The radio beam is shown in the bottom-left corner. The magenta box marks the area covered by the inner radio lobes
(panel b). (b) Chandra image of the central cluster region smoothed by a 2" Gaussian. White contours are the 1.4 GHz
emission from FIRST and in cyan are optical contours from the SDSS-r image in Figure 1d. The white circle shows the size
of the radio beam.

3.5.2. Global Cluster Temperature and Mass

We measured the average cluster temperature as described in Section 2.3. We used a
region with a radius of r = 340" = 750 kpc, which corresponds approximately to Rspg'?.
We found kTt = 3.43J_r8:gi keV. We also measured the core-excised global temperature
using a spectrum extracted from an annulus with 0.15Rs500 < # < Rsp9. We obtained

kTiot,ce = 3.28f8:§2 keV, consistent with the temperature measured by [25]. Using kTiot, ce

and the Msoy — T relation in [52], we estimate a total cluster mass of M5y = 2.1 x 101 M.

3.5.3. Gas Density Profile

We used a background-subtracted, exposure-corrected image in the 0.7-2 keV band
to extract a radial surface brightness profile within Rsgg, centered on the cluster X-ray
centroid. Because of the presence of a bright central core, we fit the brightness profiles by
projecting a spherically symmetric double f-model (that better describes the gas density
profile of clusters with a central cool core, e.g., [53])

3 3
- 2 —32h1 2 —32h2

cl

where ng (central density for the sum of the two components), 7.1, r» (core radius of first
and second component), 81, B2 (index of first and second component), and f (normalization)
were free parameters. The resulting gas density profile and best-fit model are shown in
Figure 6. The best-fit values are ny = 0.03 em =3, rq =203 kpc, rep = 38.9 kpc, 1 = 3.0,
B2 = 0.5, and f = 0.03. A single B-model (not shown here) provides a good description
of the profile at > 15 kpc, but fails to fit the profile at smaller radii, where a central
compact region encloses the brightest extended X-ray emission seen in the Chandra image
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(Figure 5b). This component appears to be contained within the optical extended envelope
of the central galaxy, shown as cyan contours.
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Figure 6. Chandra X-ray density profile of CL 0838. Blue solid line shows the best-fit double f-model.

4. Discussion

Our morphological and spectral study of the extended radio emission in CL 0838
indicates that its central galaxy hosts a young radio source, but it has undergone a former
episode of activity in the past. The young source consists of a pair of small lobes (~30 kpc)
contained within the optical envelope of the galaxy. Their spectral index (&jnn it = 0.6)
is typical for an active radio source, suggesting that the emission is presently sustained
by the nuclear activity. However, neither the radio core nor the jets are resolved in the
available radio images and higher-resolution observations are necessary to confirm that the
source is currently active. Steep-spectrum (ot obs = 1.6) fossil plasma, left by the former
radio outburst, is seen on the larger scale (~250 kpc), where a pair of unfed radio lobes
dominates the emission at low frequencies. This configuration makes CL 0838 another
example of a restarted radio galaxy. Its size is within the range typically observed for other
known restarted radio galaxies, which can span from a total of ~100 kpc to Mpc scale, with
the inner doubles ranging from tens of pc to several hundred kpc (e.g., [1,54]). The total
radio power (Pt 150MHz = 1.6 X 10?° W Hz ') and spectral indices of the inner and outer
lobes are also within the observed distributions (e.g., [7,54]).

Modeling of the integrated spectra of the outer lobes indicates that the remnant radio
plasma is no more than f,4~110 Myr old and that the prior active phase had lasted at
least 12 Myr. For the inner lobes, we derived an upper limit of 52 Myr to their radiative
lifetime. We caution that these estimates are upper limits to the real ages, as we assumed
that radiative losses dominate over expansion losses, and that the magnetic field intensity
remains constant over the source lifetime.

4.1. A Diffuse Radio Tail Hinting at Jet Precession?

In addition to the lobe emission, low-resolution images of CL 0838 suggest the presence
of a further component of extended emission in the form of a ~300 kpc diffuse tail North-
East of the cluster center. This emission might be associated with one of the two (or both)
optically identified cluster radio sources located in this region (S2 and S3). Alternatively, it
may be connected to the restarted radio galaxy itself (i.e., it could be part of a large-scale
S-shaped structure beyond the 250 kpc scale of the outer lobes). Deeper, higher-resolution
radio data are needed to confirm this diffuse tail and to elucidate its possible relation to the
restarted radio galaxy.



Galaxies 2021, 9, 108

12 of 19

If the tail is part of the restarted radio galaxy, the total source size would almost double
(~550 kpc). Furthermore, the lobe axis would be largely misaligned (by ~90°) with respect
to the tail. Such misalignment could hint at precession of the jet axis (e.g., [55]). Among
the mechanisms that may lead to a reorientation of the radio jets, the presence of a binary
supermassive black hole has been proposed as a possible driver of jet misalignment in
some double-double radio galaxies (e.g., [56]) and of jet reorientation in X-shaped radio
sources ([57]). More generally, the presence of a black-hole binary may be responsible
for the recurrent activity itself in double-double sources (e.g., [58]). In this regard, it is
noteworthy that the optical and infrared images of the central galaxy in CL 0838 suggest
the presence of a kpc-scale binary nuclei system at its center. However, the current radio
images do not allow us to identify the position of the radio core and resolve the inner jets,
and higher-resolution observations, coupled with an optical/infrared analysis, are needed
to investigate in detail the link between the radio activity and the two possible nuclei.

4.2. Radio/X-ray Interaction

The effects of the propagation of radio jets and lobes through the surrounding thermal
medium can often be seen directly in the X-ray images in the form of surface brightness
depressions (cavities), rims and shocks created by the radio plasma as it displaces and
pushes away the X-ray emitting gas (e.g., [59,60]). X-ray cavities are commonly detected in
the densest, innermost regions of cool-core clusters and groups (e.g., [61-63]), where the
X-ray surface brightness contrast is high. Outside the cores, the brightness contrast is much
lower and for this reason large-scale cavities have been detected only in a few systems with
sufficiently deep X-ray exposures (e.g., [64—66]). There is general consensus that the energy
released by the AGN jets as they evacuate cavities can suppress catastrophic cooling of
thermal gas in the cores of clusters and groups as well as in isolated giant elliptical galaxies
(e.g., reviews by [67,68]).

To search for X-ray cavities and other features associated with the inner and outer lobes
of CL 0838, we inspected the Chandra images in Figure 5 as well as X-ray residual maps
obtained after subtraction of a best-fit surface brightness model to the cluster emission
(images not shown here). We found no evidence for cavities at the inner and outer lobes
(Figure 5); however, the current Chandra image is too shallow to reliably identify any
potential cavities. Even if we assume the presence of cavities entirely void of thermal gas at
the lobe locations, the expected surface brightness decrement would be undetectable given
the statistical errors on the flux in the presumed cavity regions (1o = 20% in the inner lobe
region and 1o = 13% in the region occupied by the outer lobes). Deeper X-ray observations
(of the order of about 10 times deeper) are needed to shed light on the presence or absence
of X-ray cavities in this cluster. A non-detection of clear cavities (if not explained by
projection effects, e.g., [69]) may have important implications for the content of the radio
lobes. In particular, it could suggest that the lobes are only partially filled by relativistic
plasma and contain significant amount of hot thermal material, for instance entrained by
the radio jets and transported into the lobes (e.g., [70]).

4.3. Outburst Energy

The total energy output of a radio source is known to be dominated by the mechanical
work done by the AGN jets on the surrounding thermal gas. In systems with X-ray cavities,
it is possible to directly infer the mechanical power of the radio jets that have evacuated
the X-ray cavities (e.g., [67]). If the system has multiple pairs of cavities, generated during
different outbursts of the central galaxy, then it is possible to compare the energy output
associated with the different cycles of activity. In some clusters, it is found that the new
activity is more energetic than the past one, implying that the mean jet power must have
increased significantly with time (e.g., [12]). In other systems, on the contrary, the past
activity is found to be the most energetic (e.g., [66,71]), although the current epoch of
activity is still ongoing, and the jet power may increase.



Galaxies 2021, 9, 108

13 of 19

Due to the lack of X-ray cavities associated with the lobes in CL 0838, we cannot
compare the jet mechanical energy during the two phases of activities. Even though it
accounts for only a small part of the radio source total energy, we can compare the energy
released via synchrotron radiation during the two epochs of activity. Based on the radiative
age limits (Section 3.3) and bolometric (10 MHz-100 GHz) luminosities of ~2 x 1041 erg s1
and ~2 x 1040 erg s~ for the outer and inner lobes respectively (calculated as in [72]),
we find that the past outburst has radiated >7.7 x 10° erg over its lifetime of at least
122 Myr (i.e., 26.3 x 10°* erg Myr~! on average), of which >7.6 x 10% during its active
phase (=12 Myr); the younger source has instead released no more than ~3.3 x 10> erg in
<52 Myr (i.e., <6.3 x 10°® erg Myr~1). This may indicate that the AGN total energy output
has decreased with time, if the mean jet mechanical power has not changed significantly
over the source history. However, if the AGN is currently active, its mechanical power may
increase with time.

4.4. Cluster Environment

Dying (including restarted) radio galaxies are found to account for only a small
fraction of the radio galaxy population (<10-15%, e.g., [7,9,16]). This is believed to be a
consequence of the short fading timescales (a few 10 years) of the remnant phase caused
by radiative and adiabatic expansion losses. However, there is indication that the fraction
of dying radio sources may increase when considering only sources in galaxy clusters [8],
with a probability for a dying source to be found in a cluster as high as ~86% [5]. However,
these studies were based on a small number of objects and other recent investigations
(e.g., [7]) found that most of the remnant and restarted radio sources do not seem to reside
in rich clusters. A larger and more systematic study of dying/restarted radio sources is
needed to draw firm conclusions on the effect of the environment on their evolution. If a
preference for denser environment is confirmed, this would suggest that the lifetime of a
radio source may be affected by the medium in which the galaxy resides, especially after
the cessation of the nuclear activity. One possibility is that the high pressure exerted by the
dense intracluster medium on the radio lobes may reduce the expansion losses and thus
extend their lifetime (and, consequently, their detectability at low radio frequencies). In
this regard, the restarted radio source studied here may fit this scenario, as it is embedded
in a very dense thermal environment such as the center of a cool-core cluster.

4.5. Thermal/Non-Thermal Pressure Comparison

Using our best-fit double f-model to the density gas profile and cluster core-excised
temperature, we obtained an order-of-magnitude estimate of the thermal gas pressure at the
average radius of the outer lobes (r~100 kpc) as Pgas =~ 2.25n3kT, where the proton density
ny is related to the electron density as ne = 1.17ny. We obtained Pgas~2 x 10-1 erg cm 3,
which is two orders of magnitude larger than the radio plasma pressure estimated under
the minimum energy condition hypothesis (Section 3.4, Table 2). Similarly, we found a
large pressure unbalance for the inner lobes ( ~ 15 kpc), where Pgas~1 x 10710 erg em ™3,
while the non-thermal pressure is only Pmin inn = 5.7 X 10-13 erg cm 2 (Table 2).

A similar lack of pressure balance has been reported for other cluster and group
central radio galaxies (e.g., [73]), including dying/restarted radio galaxies (e.g., [4,74,75]).
It suggests a departure from the minimum energy condition within the radio-emitting
plasma, i.e., a higher relativistic particle or magnetic field energy density within the radio
lobes. Alternatively, the pressure equilibrium may be restored if the volume filling factor
of the radio plasma is <1 (for instance in the presence of a highly filamentary magnetic
fields within the lobes) and/or k >> 1, i.e., the lobes may contain a population of non-
radiating relativistic particles (protons) that are energetically dominant and contribute to
the internal pressure. For CL 0838, achieving pressure balance would require a proton—to—
electron energy ratio k > 1000 in the outer lobes, which is very large. We note, however,
that similar values have been reported also for other cluster radio sources (e.g., [61]).
Finally, entrainment of hot thermal plasma by the jets during their propagation through
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the surrounding medium (e.g., [76]) might also provide additional pressure support in the
lobes to counterbalance the external pressure.

4.6. Galactic Corona or Cool-Core Remnant?

The Chandra X-ray image and density profile reveal the presence of a very compact
inner region (v < 15 kpc) that encloses the brightest X-ray emission and is co-spatial with
the extended optical envelope of the central galaxy. This suggests that this component
could be thermal emission from a galactic corona, as seen in several cluster and group
elliptical galaxies (e.g., [77]). An alternative possibility is that this component is the remnant
of a pre-existing, larger-scale cool core whose outermost layers have been heated by the
central AGN activity (as it was suggested for the cluster associated with the radio source
PKS 1353-341, [78]; see also [79]). In such a scenario, this AGN activity could be the same
past episode that has inflated the outer radio lobes, whose location is in fact well beyond the
inner compact core. Spatially resolved brightness and spectral analysis at small radii would
provide details on size and thermodynamic properties of this component, and thus help
to distinguish between an interstellar medium vs. intracluster medium nature. However,
photon statistics from the current Chandra data are insufficient to reliably measure the gas
temperature in this region and verify that it is a physically distinct emission component.

5. Conclusions

We presented VLITE observations at 338 MHz of the central radio galaxy in the cluster
CL 0838. Combining the VLITE data with an archival GMRT observation at 610 MHz and
survey data, we studied the morphological and spectral properties of the radio source
and its components and derived their physical parameters. We used an archival Chandra
X-ray observation to measure global properties of the intracluster medium (temperature
and density profile) and compare the radio and X-ray emission. Our main results are
summarized below:

¢ the cluster central galaxy hosts an extended radio source (250 kpc), whose radio
emission is composed of a pair of large and steep-spectrum (&t obs = 1.6) outer lobes
and two smaller-scale (30 kpc) inner lobes characterized by a much flatter spectral
index (&jpn fit = 0.6). The combination of morphology and different spectral indices
suggests that the source is a restarted radio galaxy: the inner lobes are associated with
a young radio source, whereas the outer lobes are fossil emission remaining from a
former episode of activity;

¢ modeling of the integrated spectrum using a dying radio source (Clggg; e.g., [8]) model
supports a scenario in which the outer lobes are the remnant of a past AGN outburst.
Under equipartition assumptions, we estimated that their synchrotron emission is no
more than 110 Myr old and that the prior phase of activity had lasted at least 12 Myr.
For the inner lobes, whose spectral shape is typical for an active radio source, we
estimated that they are younger than 52 Myr;

* apossible tail of diffuse emission, misaligned with respect to the lobe axis, is detected
North-East of the cluster center. If associated with the restarted radio galaxy, this mis-
aligned tail may hint at jet precession. The optical and infrared images of the central
galaxy suggests the presence of two distinct nuclei, ~4 kpc apart. The precession of
the jet axis may be linked to this candidate binary system. However, more radio data
are needed to confirm the diffuse tail and resolve the core and inner jets in the center
to determine their relation to the dual-nuclei system;

¢ the Chandra images show that the cluster is relaxed. The radio galaxy is centrally
located, and its outer lobes extend beyond the central core, while the inner lobes are
contained within the innermost and brightest X-ray region;

¢ we measured a cluster average temperature (core-excised) of 3.28 keV and estimated
amass of Mspy = 2.1 x 10'* M, from the M5q-T relation;

* the intracluster gas density profile is well described by a double f-model, while a
single B-model is not able to reproduce the observed profile at < 15 kpc. This region
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is associated with a compact component in the X-ray images, which encloses the
brightest X-ray emission, and is contained within the optical extended envelope of the
central galaxy. It is possible that this component is thermal emission arising from a
galactic corona. Alternatively, it could be a cool-core remnant left after the outermost
regions of a pre-existing, larger-scale cool core have been heated up by the AGN
activity. This activity could be the same past outburst that has generated the radio
lobes outside the compact core. The current Chandra exposure provides insufficient
photon statistics to reliably image the small-scale structure of this central compact core
and measure its temperature. Deeper observations are needed to examine in detail
the structure and thermodynamic properties of this component and shed light on its
interstellar vs intracluster medium origin;

¢ the Chandra images show no X-ray cavities or other substructures associated with the
radio source. The possible lack of cavities may suggest that the radio lobes contain
a significant amount of hot thermal gas (for instance, entrained and transported by
the radio jets). However, deeper X-ray observations are needed to confirm the lack of
cavities in this system;

*  due to the lack of X-ray cavities, we were not able to investigate the evolution of
the mean jet mechanical energy between the two epochs of AGN activity that have
created the inner and outer lobes. We were able to compare the energy radiated
as synchrotron emission, which is believed to be only a small fraction of the total
energy of a radio source. We found that the past outburst has radiated an energy
of at least ~1.6 x 10%” erg, whereas the younger activity has released no more than
~3.3 x 10% erg. If the mean jet mechanical power has not changed significantly over
the source history, this may indicate that the AGN total energy output has decreased
between the two epochs of activity. However, if the current epoch of activity is still
ongoing, it is possible that the mechanical power may become larger.

® the restarted radio galaxy studied here resides in the center of a cool-core cluster [25],
which is a very dense thermal environment. Other dying/restarted sources have
been found at cluster or group centers (e.g., [75]); however, it is still unclear whether
these sources preferentially reside in dense environments [7]. In the dense cores of
groups and clusters, such as CL 0838, the high thermal pressure of the external gas
may be able to confine the lobes and reduce the energy losses caused by adiabatic
expansion, thus extending the lobes lifetime compared to a dying source in a less
dense environment;

e comparison of the lobe internal pressure, computed under the assumption of min-
imum energy conditions, to a rough order-of-magnitude estimate of thermal gas
pressure indicates a pressure unbalance of two orders of magnitude for both pairs
of lobes. This implies that an additional contribution to the lobe pressure, for in-
stance from non-radiating relativistic particles or hot thermal material in the lobes,
is needed to maintain pressure balance (assuming that the source is not significantly
far from equipartition conditions between relativistic particle and magnetic field
energy densities).

Looking forward, high-sensitivity ongoing and future radio surveys with instruments
such as LOFAR, ASKAP, MeerKAT, uGMRT, VLITE, and MWA will provide new opportu-
nities to build larger samples of restarted radio galaxies to improve our understanding of
these systems and of their environment.
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