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Abstract

Active galactic nuclei show episodic activity, which can be evident in galaxies
that exhibit restarted radio jets. These restarted jets can interact with their envi-
ronment, leaving signatures in the radio spectral energy distribution. Tracing
these signatures requires resolved spectral index measurements over a broad
frequency range. We present such a study for the radio galaxy 3C 293. Using
the International Low Frequency Array Telescope (ILT), we probe spatial scales
as fine as ~0.2"" at 144 MHz and to constrain the spectrum, we combine these
data with Multi-Element Radio Linked Interferometer Network and Very Large
Array archival data at frequencies up to 8.4 GHz. In the inner lobes (~2 kpc), we
detect the presence of a compact steep spectrum (CSS) source with a spectral
turnover at ~225 MHz, caused by free-free absorption from the rich surrounding
medium. We find evidence of interaction of the lobes with the rich interstel-
lar medium of the host galaxy. The outer lobes (extending up to ~100 kpc)
have a remarkably uniform spatial distribution of spectral index and only mild
spectral curvature (of ~0.2). Overall, it appears that 3C 293 has gone through
multiple (two to three) epochs of activity. This study adds 3C 293 to the new
sub-group of restarted galaxies with short interruption time periods (S1 Myr).
This is the first time a spatially resolved study has been performed that simulta-
neously studies a young CSS source as well as the older outer lobes at such low
frequencies.
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1 | INTRODUCTION 0175

Active galactic nuclei (AGN) have been demonstrated to
show episodic activity and have been identified to have dif-
ferent phases of their life cycle. Lobes of remnant plasma
from a previous phase of activity coexisting with a newly
born pair of radio jets are typical indicators of restarted
or episodic activity in such galaxies. Over the past few
years, a new sub-group of candidate restarted radio galax-
ies have been found, which do not show spatially resolved
spectral properties expected from old remnant plasma,
such as an ultra steep spectrum! (a > 1.2) and a steep
curvature in the radio spectra (Aa > 0.5). Instead, these
sources show bright inner jets and very diffuse outer lobes
with a homogeneous spatial distribution of spectral index,
such as Centaurus A (McKinley et al. 2018), B2 0258+35
(Brienza et al. 2018), and more recently NGC 3998 (Sridhar
et al. 2020). Although the physical mechanism responsi-
ble for these properties is still under debate, some studies
indicate that the older outer lobes could still be fueled at
low levels by the active inner jets (McKinley et al. 2018).
This is different from the model of typical restarted galax-
ies where fueling of the older lobes has stopped. Therefore,
this sub-group poses a new challenge to our understand-
ing of the life-cycle of radio galaxies. We study one such
candidate restarted galaxy—3C 293, located at a redshift of
zZ = 0.045.

2 | DATA

In order to trace the radio emission and characterize
the spectral properties over a broad range of frequen-
cies and on large and small scales, we used data from
different telescopes. We used new observations with the
International Low Frequency Array Telescope (ILT) High
Band Antenna (HBA) at 120-168 MHz. We combine these
with archival Very Large Array (VLA) data at 1.36 GHz
and 4.85GHz (C+ D array) for a low-resolution spectral
study. For the high-resolution complementary data, we
use archival Multi-Element Radio Linked Interferometer
Network (MERLIN) 1.36 GHz data, and VLA 4.85 GHz (A
array) and 8.45 GHz data.

2.1 | LOFAR HBA observations

We performed targeted observations of 3C 293 with the ILT
HBA for a total of 8 hr on July 30, 2020 and August 2, 2020
(Project code—LC14_015). The 60 Dutch stations and 12
international stations were used as a part of the ILT array.

!Throughout the paper we use the notation S « v=2.
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FIGURE 1 LOFAR Dutch array image from LoTSS-DR2 data
showing the large-scale (~250") structure of 3C 293 at 144 MHz
with a resolution of 10.5” x 7”. The contours levels are: (-3, 3, 5, 10,
20, 30, 40, 50, 100, 200) Xogys Where orys =2 mJy beam™! is the
root-mean-square (RMS) noise in the image. The black rectangle in
the center marks the region that is shown in the high-resolution
image. LoTSS, LOFAR two-meter sky survey

The data were averaged and calibrated using the LOFAR
long baseline pipeline? (Morabito et al. 2021), which per-
forms in-field delay calibration using a bright calibrator in
the field of view and cross-matching it with the LOFAR
Long-Baseline Calibrator Survey (Jackson et al. 2016; Jack-
son et al. 2021) and LOFAR Two-meter Sky Survey (LoTSS;
Shimwell et al. 2017). The low-resolution Dutch array and
high-resolution International array images of 3C 293 are
shown in Figures 1 and 2, respectively.

3 | SPECTRAL PROPERTIES

3.1 | Central region

We constructed a two-point spectral index map of the
central region using high-resolution images at 144 and
1400 MHz, shown in Figure 3. We can clearly see two dis-
tinct spectral index populations—the inner lobes with an
index of a!#* < 0.3, and the diffuse emission on either

side with zt%gpectral index of a}j¢, ~ 0.6-0.8. The spec-
tra for the inner lobes are below the theoretical limit for
injection index (@i, =0.5). This suggests that the spec-
tra peak in between 144 and 1360 MHz, which implies
the presence of low-frequency absorption. An absorbed
spectrum is seen in compact steep spectrum (CSS) or giga-

hertz peaked spectrum (GPS) radio galaxies. This peak

Zhttps://github.com/Imorabit/lofar-vlbi .
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FIGURE 2 LOFAR international stations image at 144 MHz
of the central 4.5 kpc region with a resolution of 0.26"” x 0.15”. The
small-scale inner lobes and diffuse emission are visible and contour
levels are: (=3, 3, 5, 10, 25, 40, 100, 250) Xorms Where ogpys = 1.5
mJy beam~! is the RMS noise. The black rectangles mark the
regions used to extract flux densities for the model fits
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FIGURE 3  Spectral index map of the high-resolution central
region of 3C 293 from 144 to 1360 MHz at 0.28" x 0.23” resolution.
The contour levels are: (5, 10, 20, 40, 65, 150) Xorms Where ogms

= 1.4 mJy beam™! is the local RMS noise in the 1360 MHz image

is attributed to the absorption of synchrotron radiation
in the source, which is broadly a manifestation of either
synchrotron self-absorption (SSA) or free-free absorption
(FFA) (Kellermann 1966).

3.2 | Outer lobes

We find a lack of spatial gradient in the spectral index
throughout the outer lobe, shown in Figure 1, from 144 to
4850 MHz. The spectral index appears to have a homoge-
neous distribution, at our resolution, which corresponds
to a physical scale of ~10kpc.
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4 | DISCUSSION

4.1 | Interplay of radio plasma and gas
in the central region

We have extracted flux densities from regions of 0.8” x 0.6”
across the inner lobes, shown in Figure 2, and fitted SSA
and FFA absorption models to the spectra. Both models
fit the data reasonably well, and since we do not have the
spectral index information below the turnover, we have
used physical quantities estimated using the model fit
parameters to discriminate between these models.

Using SSA fit parameters we estimate the magnetic
field strength of the source (Callingham et al. 2015; Keller-
mann & Pauliny-Toth 1981). We find a magnetic field of
4.3-49%10% G for the inner lobes, which are unrealis-
tically high for CSS/GPS sources and also significantly
higher than our equipartition estimates, by ~10”. Hence,
it is unlikely that SSA is the dominant absorption mecha-
nism in the inner lobes.

For FFA, we find that the optical depth is systemati-
cally higher for the western inner lobe than the eastern
inner lobe, with a 3¢ significance (see vertical lines in
Figure 4). Over the years, resolved absorption studies of
CSS/GPS sources have found that a difference between
the optical depths of the lobes is due to the larger path
length in the ionized medium along the line of sight for
the emission from the receding lobe, such as OQ 208
(Kameno et al. 2000), 3C 84 (Vermeulen et al. 1994; Walker
et al. 1999), and NGC 4261 (Jones et al. 2000). The asym-
metry in the derived optical depths is consistent with the
orientation of the inner jets (Beswick et al. 2004). Using
FFA fit parameters, we estimate the emission measure and
a path length of =50 pc for eastern and ~80 pc for western
inner lobe. (Emonts et al. 2005) have found evidence for
narrow line region clouds out to a few kpc in the central
region of 3C 293, which is in agreement with our esti-
mated path lengths. We conclude that FFA is the dominant
absorption mechanism in the inner lobes of 3C 293.

Multiple studies of CSS and GPS sources have found a
correlation between the linear size of the source and the
peak frequency of the spectrum (Bicknell et al. 1997; O’Dea
& Baum 1997). Using this correlation, we find a minimum
peak frequency of 34936 MHz, corresponding to the ~2.5

4
kpc size of the inner lobes.

4.2 | Are the outer lobes still alive?

The lack of a spatial gradient in spectral index is con-
trary to the trend expected, as plasma in different regions
would have different ages and would be expected to show
different curvatures in their spectra. This suggests that the
plasma in the lobe is highly turbulent, which reaccelerates
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FIGURE 4  Bestfits of free-free absorption (top panel) and
synchrotron self-absorption (bottom panel) absorption models to
the eastern (E1) and western (W1) inner lobes of 3C 293. The
vertical lines show the v, frequency (a measure of the optical
depth), for eastern (dotted) and western (dashed) lobe

old electrons (due to shock acceleration) and mixes dif-
ferent electron populations. The diffuse morphology of
the north-western lobe also suggests that the flow is not
very well collimated and more turbulent. Overall, the spec-
tral properties of the outer lobes are a result of one or
maybe both of the two scenarios—multiple episodes of jet
activity or turbulent jet flow due to disruption by strong
jet-ISM interaction. Any interruption of jet activity has
happened only a few Myr ago, and the lobe emission does
not show properties of remnant plasma. Shock-powered
turbulence (Lanz et al. 2015) may have kept the spectra
from steepening and the spectral distribution uniform spa-
tially. Overall, also considering the young CSS source in
the center, we conclude that 3C293 has had two to three
epochs of activity.

SUMMARY

Our analysis has revealed that 3C 293 is not a typical
restarted galaxy with a new phase of activity embedded
in lobes of diffuse emission and properties of remnant
plasma. We have observed for the first time, absorption
in the inner lobes of 3C 293 with a peak frequency of
~230-240 MHz. FFA from the narrow line region in the

rich surrounding medium of the host galaxy is likely the
dominant absorption mechanism. From the age, size, and
presence of a turnover in the spectrum of the inner lobes
of 3C 293, we conclude that it is a young CSS source whose
growth is affected by the dense surrounding medium.
Although 3C 293 has outer lobes that show spectral prop-
erties of active fueling (and are hence alive), the presence
of a young CSS source in the center has confirmed that
it is indeed a restarted galaxy. Finding similar sources
and correctly categorizing them separately from typical
restarted galaxies is important, since shorter interruption
time periods would affect the overall understanding of
AGN life cycle timescales, which is a crucial input for AGN
feedback models. This will be possible with the Interna-
tional stations of ILT providing sub-arcsecond resolution
at 144 MHz (HBA), and in the future at 57 MHz (LBA).
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