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Figure 5. A colour composite of the environment within 1 Mpc (10 arcmin, the radius of the white dashed circle) of RGZ J082312.94-033301. The background
is the rgb image of the SDSS field using the i-band image as red (min = —0.002, max = 0.540), green as the r band (min = —0.006, max = 0.710), and
the g band for blue (min = —0.002, max = 0.280), all using the asinh stretch (Lupton et al. 2004). The NVSS 1.4-GHz radio flux density is shown with the
white contours as displayed in Fig. 2. The orange squares indicate the galaxies with a spectroscopic redshift of 0.08 < z < 0.09 and the red circles indicate the
galaxies with a photometric redshift of 0.05 < z < 0.12. A colour version of the figure is available in the online version.

3.1.2 Velocity dispersion

The velocity dispersion of the environment gives an indication of
its virial mass and therefore of its richness. The radial velocity
distribution of the 14 galaxies with spectroscopic redshifts within
20 arcmin (2 Mpc) of RGZ J082312.94-033301 is strongly peaked
around 25 000 km s~!. We ran these velocities through the ROBUST
software (Beers, Flynn & Gebhardt 1990) to estimate the mean
velocity and velocity dispersion, finding Cp; = 25743 + 100 km s~
and Sg; = 373 £65km s~!. This velocity dispersion would again
be consistent with a rich group or poor cluster of galaxies (e.g.
Becker et al. 2007). Interestingly, with a redshift of z = 0.0897,
RGZ J082312.94-033301 is an outlier in the velocity distribution,
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with a radial velocity of cz = 26900 km s~!, so that it has a relative

(or ‘peculiar’) velocity with respect to the 13 remaining galaxies of
(26900 — 25700)/(1 + z) = +1100 & 100 km s~'. We return to
this point below, Section 3.2.

3.1.3 X-ray emission

RGZ J082312.94-033301 lies at the extreme edge of an archival
XMM-Newton data set (Project ID 0721900101). At 14 arcmin
from the detector centre, the target is out of the field of view of the
two MOS cameras and barely in the pn field of view. The pn data
were moderately affected by soft proton flaring and were filtered to
an exposure time of 13.8 ks before analysis.

9102 ‘v AInc uo 139nb Aq /6.10°Seulnolployxo-seluw//:dny woly papeojumoq



Discovery of a giant WAT

Table 2. The 23 galaxies with a spectroscopic redshift of 0.08 < z < 0.09 within 31 arcmin of RGZ J082312.94+-033301. The table includes the name
of the object, position, SDSS -band magnitude, spectroscopic, and the distance in arcmin between RGZ J082312.94-033301 and the object. The values

are obtained from NED and SDSS DR12 (Alam et al. 2015).

2381

Name RA (J2000) Dec. (J2000) v Zspec Separation
©) ©) (mag) (arcmin)

RGZ J082312.94033301 125.80381 +03.55038 15.66 +0.01 0.08970 4 0.00020 0.0
SDSS J082311.78+033222.1 125.79912 +03.53947 17.24+£0.01 0.08607 &= 0.00002 0.7
SDSS J082306.16+033412.1 125.77570 +03.57004 16.37+£0.01 0.08574 4+ 0.00003 2.1
SDSS J082321.81+033112.4 125.84089 +03.52012 15.96+0.01 0.08390 + 0.00002 2.9
SDSS J082335.54+033207.6 125.89813 +03.53546 16.58 +0.01 0.08693 4 0.00003 5.7
SDSS J082331.46+032844.4 125.88110 +03.47901 16.99 +0.01 0.08762 + 0.00001 6.3
SDSS J082246.34+033416.3 125.69312 +03.57122 19.75+£0.02 0.08430 4 0.00003 6.7
SDSS J082345.00+032855.2 125.93754 +03.48201 16.08 +0.01 0.08710 % 0.00002 9.0
SDSS J082229.09+034341.8 125.62124 +03.72828 16.26+0.01 0.08549 4+ 0.00002 15.3
SDSS J082405.88+034419.0 126.02453 +03.73861 17.74+£0.01 0.08507 + 0.00001 17.4
SDSS J082403.25+034601.9 126.01360 +03.76720 17.60 +£0.01 0.08474 +0.00001 18.1
SDSS J082423.974+033958.7 126.09989 +03.66631 16.42+0.01 0.08583 4 0.00002 19.0
SDSS J082205.11+032332.8 125.52133 +03.39244 17.14+£0.01 0.08589 4 0.00003 19.4
SDSS J082431.704+032859.8 126.13211 +03.48329 17.15+0.01 0.08625 +0.00001 20.1
SDSS J082221.02+035201.4 125.58760 +03.86707 17.81+£0.01 0.08710 4 0.00002 23.0
SDSS J082201.96+031805.8 125.50822 +03.30161 16.25+£0.01 0.08511 4 0.00002 23.2
SDSS J082207.20+031422.1 125.53001 +03.23947 16.75+0.01 0.08471 4 0.00002 24.8
SDSS J082319.914+035915.0 125.83297 +03.98753 16.63 £0.01 0.08530 % 0.00001 26.3
SDSS J082458.64+032903.3 126.24436 +03.48428 15.86+0.01 0.08570 4 0.00002 26.7
SDSS J082432.04+035246.3 126.13351 +03.87955 19.37£0.02 0.08882 4 0.00002 27.9
SDSS J082324.85+040213.9 125.85357 +04.03720 17.76 £0.01 0.08873 +0.00001 29.4
SDSS J082257.82+040227.8 125.74096 +04.04106 16.43£0.01 0.08512 4 0.00002 29.7
SDSS J082450.69+031331.3 126.21122 +03.22538 16.56 +0.01 0.08543 +0.00001 31.2

RGZJ082312.94-033301 is clearly detected as a point-like source
in the pn data coincident with the radio core (C). In the 0.3-8.0 keV
range there are approximately 40 counts after background subtrac-
tion in a 30-arcsec radius centred on the detection, just enough to
fit a rough spectrum on the assumption of a power-law model with
a fixed photon index of 1.8 and Galactic absorption (Ny = 3.77
x 10% cm™2, from coLpen). This gives a background subtracted
2-10 keV luminosity of (3 £ 1) x 10* erg s~!, which is entirely
consistent with what we might expect from jet-related emission
from the unresolved core, given its 1.4-GHz flux density (Hardcas-
tle, Evans & Croston 2009).

There is no visual evidence for additional thermal X-ray emis-
sion directly surrounding RGZ J082312.94033301, which in itself
rules out a rich cluster environment at this redshift. To make this
quantitative we measured counts in a 60° pie-slice to the north-east
of RGZ J082312.94033301, excluding the AGN and extending
out to an AGN-centric radius of 280 arcsec (480 kpc). We find a
30 upper limit on the 0.3-8.0 keV counts in this region of 195,
leading to a limit on the counts from an assumed circularly sym-
metric X-ray environment of <1170 counts. The temperature of
the non-detected environment is unknown but we convert this limit
to a luminosity on the assumption of various temperatures in the
range kT = 1.0 (appropriate for a reasonably rich group) to 5.0 keV
(a rich cluster), assuming 0.3 solar abundance and the redshift of
RGZ J082312.94-033301. The bolometric luminosity upper limits
implied by this are between 1.2 x 10** erg s~! for kT = 1.0 keV
and 2.6 x 10 erg s~! for kT = 5.0 keV, which is certainly not
consistent with a rich cluster environment given the well-known
temperature—luminosity relation for groups and clusters. It is, how-
ever, consistent with the measured velocity dispersion: Helsdon &
Ponman (2000) find that one may expect a luminosity ~10* erg s~
for Sg; &~ 400 km s~'. We note that this is also the typical luminos-

ity for a low-excitation radio galaxy of this luminosity found in the
study of Ineson et al. (2015).

It is worth noting that there is a marginally significant detection of
extended emission with 90 = 30 background subtracted 0.3—-8.0 keV
counts in a 1-arcmin source circle centred at RA = 08"23™07°0,
Dec. = +03°33'53”, 1.7 arcmin (170 kpc) to the north-west of
RGZ J082312.9+033301. Given the signal-to-noise ratio it is im-
possible to confirm that this is thermal emission, but it is perfectly
possible that it represents the peak of the thermal emission from a
group of galaxies with the properties estimated above from the
optical data, possibly associated with the bright nearby galaxy
SDSS J082306.164-033412.1. The limits we describe above on
emission from around RGZ J082312.9+033301 would clearly be
consistent with a detection at this level. If so, this would reinforce
the idea that the radio galaxy host is somewhat dynamically and
physically offset from the rest of the environment. Deeper X-ray
data are required to investigate this further.

We can conclude, based on the optical and X-ray constraints we
have, that the environment of RGZ J082312.9+033301 is consis-
tent with being a rich group or poor cluster of galaxies. We des-
ignate this poor cluster as the “Matorny—Terentev Cluster” RGZ-
CL J0823.2+0333. Indications of such a cluster have appeared only
indirectly in a few references that refer to some of its members as
galaxy pairs (Merchdn & Zandivarez 2005; Berlind et al. 2006;
Wen, Han & Liu 2009; Keel et al. 2013) or to galaxy groups (Tago
et al. 2006; Tempel, Tago & Liivamagi 2012).

3.2 Dynamics of RGZ J082312.9+033301

We want to determine if there is a plausible set of jet and medium
parameters that could explain the large size and bent radio morphol-
ogy of RGZ J082312.94-033301. The parameters include the radius
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of curvature r., the radio jet radius r;, density ratios of the radio jets
pr to that of the cluster environment picy, the velocity of the radio
jets v, and the velocity of the galaxy with respect to the cluster’s
barycentre v,.

The high ratio of the velocity of the WAT host to the velocity dis-
persion of the cluster discussed above (1100 km s~!/373 km s™! =
2.9, for the galaxies within 20 arcmin) raises the question of whether
it could be a background object, and not bound to the cluster. How-
ever, as a background object it would not have a significant local
thermal plasma to bend the radio structure. Some perspective on this
issue comes from the study of the dynamical distribution of X-ray
AGN in 26 Local Cluster Substructure Survey (LoCuSS) clusters
(Haines et al. 2012). They show that AGN have velocities between
one and three times the velocity dispersion of their clusters, with a
mean velocity dispersion 1.5 times that of the non-active galaxies.
This distribution is indicative of an infalling population, rather than
avirialized one. The WAT host is consistent with this behaviour, and
might thus be recently encountering the cluster. The spatial offset
between the AGN host and the peak of the X-ray emission, if real,
would also be consistent with such a picture.

Fig. 2 allows us to place an upper limit on the radius of the radio
jets of r, < 15kpc (9 arcsec) if we use the projected size of the knots
or hotspots in the FIRST image. We can also estimate the radius
of curvature of the entire WAT to r. = 345 kpc by fitting a circle
to connect N3 to S2. In order to determine the densities required
to produce the observed bending we use a range of density ratios
o:/piem = 1076-1072 (e.g. Douglass et al. 2011) based on our
observation of RGZ J082312.94-033301 living in a cluster (Section
3.1). Using Euler’s equation (Begelman, Rees & Blandford 1979;
Jones & Owen 1979),

2
prv? Picm Uy

=8 M
rC rl'

and the values above we find that the velocity of the radio jets is
in the range 0.005¢ < v, < 0.5¢. While this could be suggestive
of explaining its bent shape, we note that these are only radial
velocities, and to see a significant bend, an appreciable transverse
(plane-of-sky) velocity is required. In addition, if the equation of
state is relativistic, then the relativistic enthalpy density is more
relevant. The bending depends on the ratio of the jet momentum flux
and the ram pressure in the putative cross flow (or, more properly,
the pressure change across the jet). If we know or can estimate
the ratio of the pressures in the jet and the ambient medium, we
can write the bending formula (equation 1) in terms of that ratio
and the ratio of the jet and cross flow Mach numbers. In this form
one finds that NAT's require a relatively small Mach number for the
jet flow, of typically only a few if the jet and ambient pressures are
comparable. In a WAT the jet Mach number would be higher relative
to the cross flow Mach number. Future radio and X-ray observations
will provide the necessary data to constrain these parameters.

3.3 Possible re-ignition of RGZ J082312.9+033301

We find that RGZ J082312.9+033301 displays an unusual radio
structure extending over a large linear size. Typical features of
WAT radio galaxies are regions brightening along the jet trails,
especially around the bends. The brightening regions extend farther
into bright diffuse components that slowly fade away in brightness.
However, RGZ J082312.94033301 shows tightly collimated radio
structure throughout its extent (Fig. 2). Here, we speculate if it is
possible that the observed bright regions are hotspots typical of
FR II radio galaxies rather than knots along the jet paths (Fig. 1).
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Table 3. The estimated time-scale for the possible three
episodes of formation. We use the estimated jet velocity
vy = 0.05¢ for these calculations.

Comp. Separation Imin
(kpe) (Myr)

C-NI 79 5

C-s1 126 8

C-N2 294 19
C-S2 312 20
C-N3 592 38
C-S3 538 35

The existence of hotspots could suggest that the WAT is a restarted
(double—double) radio galaxy having had two or three episodes of
activity during its lifetime.

Assuming the head jet speed is v = 0.05¢ from the velocity range
in Section 3.2, we evaluate the minimum age of the observed radio
structures simply as f,in = d/v;. In Table 3 we list the separation be-
tween components and the estimated time-scale for z = 0.0897. We
calculate the minimum age of the northern arm (C-N2) as 19 Myr
and of the southern arm (C-S2) as 20 Myr. It typically takes be-
tween 0.1 and 100 Myr for the radio structures to dissipate once
the central AGN engine switches off (e.g. Komissarov & Gubanov
1994; Kaiser, Schoenmakers & Rottgering 2000; Kapiriska et al.
2015). With these time-scales one would expect hotspots from pre-
vious activity to almost entirely fade away leaving behind diffuse
emission of the remnant lobes (N2, S2). Component N2 appears to
have features consistent with FR II hotspots while component S2
does not, suggesting that the AGN engine has switched off and the
hotspots are beginning to dissipate.

Radio galaxies have been shown to undergo multiple active
phases separated by periods of quiescence time when the jet produc-
tion is shutdown (e.g. Kaiser et al. 2000; Schoenmakers et al. 2000;
Saikia & Jamrozy 2009). The dormant/quiescent phase for the AGN
may last between 1000 yr and 100 Myr (e.g. Shabala et al. 2008;
Kunert-Bajraszewska et al. 2011; Shulevski et al. 2015). The inner
components (second phase of AGN activity) may be as young as 5
(C-N1) and 8 Myr (C-S1). The implied dormant phase of the order
of 10 Myr would be consistent with typical time-scales for the qui-
escent phase of radio activity. Therefore, RGZ J082312.9+033301
could have had two episodes of AGN activity.

However, the speculative N3 and S3 components would only
work in such a scenario if one considers a much rarer case of an
inverted triple—double source. A triple—double is a radio galaxy that
displays three episodes of activity; at least one such example is
known (Brocksopp et al. 2007). An inverted double—double is a
restarted radio galaxy in which the hotspots from the new activ-
ity episode were formed farther away from the radio core than the
previous activity older material. This may happen if the density of
the previous activity plasma has decreased enough for the restarted
jets to pass easily through. This scenario would require the dormant
stage of the order of 100 Myr and no hotspots formed within compo-
nents N1, S1, N2, and S2 (Kaiser et al. 2000; Marecki & Szablewski
2009, and references therein). We find no evidence of extended relic
radio emission around components N3 and S3, but instead rather
compact emission. Therefore, RGZ J082312.9+033301 does not
show characteristics of an inverted triple—double source.

All previously discovered double—-double radio galaxies dis-
play classical straight radio structures (FR II morphology). If
RGZJ082312.94-033301 is indeed a restarted radio source, it would
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pose significant questions as well as constraints on the evolutionary
models of restarted radio galaxies (cf. Brocksopp et al. 2007, 2011).
To resolve this issue both high resolution high radio frequency, and
low radio frequency observations are required, which will allow one
to investigate the existence of hotspots and determine the spectral
ages of the components. We are currently pursuing observations to
address these issues and results will be presented in forthcoming
publications.

4 CONCLUSIONS

We presented evidence for a previously unreported poor cluster of
galaxies (Matorny—Terentev Cluster, or RGZ-CL J0823.24-0333)
discovered through an unusual giant WAT radio galaxy found
with the citizen science project Radio Galaxy Zoo (Banfield et al.
2015). The host of RGZ J082312.9+033301 is also known as
2MASX J08231289+0333016 and has been classified by volun-
teers of Galaxy Zoo 2 (Willett et al. 2013) to be of Hubble type
EO. We estimate the 1.4 GHz luminosity density to be L;4 = 5.5
x 10**W Hz~!. Using the Oxford Swift IFU spectrograph on the
Palomar 5-m telescope we found RGZ J082312.94+-033301 to have
aredshift z = 0.0897 £ 0.0001. At this redshift, we find the largest
linear size of RGZ J082312.9+033301 to be 0.8 Mpc, measuring
1.1 Mpc along its curved tails making this giant WAT comparable
in size to the largest known WAT 4C+47.51.

Investigation of the surround environment through the
N7o° measurement by Wing & Blanton (2011) indicates that
RGZ J082312.94-033301 is located in a cluster near the poor end
of the cluster richness spectrum, consistent with Abell’s cluster
richness classification (Abell, Corwin & Olowin 1989). However,
RGZ-CL J0823.24-0333 was not found in the redMaPPer cata-
logue (Rykoff et al. 2014) and our X-ray analysis indicates that
RGZ J082312.9+033301 lives within a rich group rather than a
cluster. Thus, combining the radio, optical, and X-ray data we con-
clude that RGZ J082312.9+033301 lives in an unreported poor
cluster of galaxies.

In order to wunderstand the radio morphology of
RGZ J082312.94-033301, we have placed limits on the dynamics
of the system. We estimate the velocity of RGZ J082312.94033301
to be v, > 1100km s~! with a jet velocity of 0.005¢ < v, < 0.5c¢.
Using these values we have shown that RGZ J082312.9+033301
could have multiple retriggering episodes of active phases with a
dormant phase on the order of 10 Myr.

The discovery of RGZ J082312.9+033301 shows the benefit
of using bent-tail radio sources as beacons of clusters of galax-
ies. However, the difficulty lies in detecting them in the data of
the upcoming radio surveys like EMU, WODAN, and MeerKAT
MIGHTEE. Expanding on further citizen science projects building
on Radio Galaxy Zoo, or on the future development of machine-
learning techniques will be key to locating these bent-tail radio
sources to find and study clusters of galaxies.
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