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ABSTRACT

We report the discovery of two new giant radio galaxies(GRGs) using the MeerKAT
International GHz Tiered Extragalactic Exploration (MIGHTEE) survey. Both GRGs
were found within a ~1 deg? region inside the COSMOS field. They have redshifts of
z = 0.1656 and z = 0.3363 and physical sizes, of 2.4 Mpc and 2.0 Mpc, respectively.
Only the cores of these GRGs were cleatrly visible in previous high resolution VLA
observations, since the diffuse emission of\the'lobes was resolved out. However, the
excellent sensitivity and uv coverage.ofthe new MeerKAT telescope allowed this diffuse
emission to be detected. The GRGs occupy an unpopulated region of radio power —
size parameter space. Based on a recent estimate of the GRG number density, the
probability of finding two ormoré GRGs with such large sizes at z < 0.4 in a ~1 deg?
field is only 2.7 x 1076, assuming”Poisson statistics. This supports the hypothesis
that the prevalence of GRGs has been significantly underestimated in the past due to
limited sensitivity to-lew surface brightness emission. The two GRGs presented here
may be the first ofla new population to be revealed through surveys like MIGHTEE
which provide exquisite sensitivity to diffuse, extended emission.
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1 INTRODUCTION size? of 4.89 Mpc (Machalski et al. 2008), though the ma-
jority of known GRGs are below 2 Mpc in extent (Dabhade
et al. 2020Db).

Several factors have been proposed to explain why the
jets of GRGs are able to extend to such large distances. One
suggestion is that these systems exist in low density envi-
ronments that allow the jets to permeate easily through the
IGM (e.g. Mack et al. 1998; Malarecki et al. 2015). How-
ever, ~10 per cent of GRGs have now been found to reside
in cluster environments (Komberg & Pashchenko 2009; Dab-
hade et al. 2020b; Tang et al. 2020) and Lan & Prochaska
(2020) recently found no difference between the environ-
ments of GRGs and that of galaxy control samples. Another

Some classes of active galactic nuclei (AGN) have jets of rela-
tivistic plasma/particles emanatingArom the central region,
which produce radio synchrotrom emission. In some cases,
these jets propagate toextremely large distances beyond
the host galaxy and“intesthe intergalactic medium (IGM).
When the projected linear size of the jets and lobes exceeds
0.7 Mpc, such systems are referred to as giant radio galaxies
(GRGs; e,g.Schoenmakers et al. 2001; Lara et al. 2001; Dab-
hade et aly2020a)". GRGs are the largest individual objects
in the Universe. The largest known has a projected linear
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1 Adjusted to the modern cosmology of Planck Collaboration
et al. (2016) for consistency with the current literature.

2 Based on a redshift of 2 = 0.3067, an angular size of
17.4 arcmin, and adjusted to our chosen cosmology.
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scenario is that the central engines of GRGs may boast par-
ticularly powerful and/or restarted AGN activity, though
several studies including Komberg & Pashchenko (2009) and
Hardcastle et al. (2019) found little evidence that GRGs are
different to normal radio galaxies in this respect.

A prevailing idea is that these objects represent the
oldest AGN systems, such that the jets have had enough
time to grow to their large sizes (e.g.Ishwara-Chandra &
Saikia 1999). However, we may then expect the existence of
many more GRGs than are currently known (Komberg &
Pashchenko 2009).

Fewer than 1000 GRGs have been found to date. Dab-
hade et al. (2020b) recently compiled a comprehensive cat-
alogue of all 820 GRGs known. At the time of writing, a
further six have been reported by Ishwara-Chandra et al.
(2020) and five by Tang et al. (2020).

The first GRG discovery was made in the 1970s (Willis,
Strom & Wilson 1974) and since then GRGs have primarily
been found via wide-field radio continuum surveys such as
the NRAO VLA Sky Survey (NVSS; Condon et al. 1998),
the Faint Images of the Radio Sky at Twenty-Centimeters
survey (FIRST; Becker, White & Helfand 1995), the Wester-
bork Northern Sky Survey (WENSS; Rengelink et al. 1997)
and the Sydney University Molonglo Sky Survey (SUMSS;
Mauch et al. 2003).

The highly-extended nature of GRGs and the generally
low surface brightness of their lobes, which fade as they age,
make them notoriously difficult to detect and identify. For
example, 162 GRGs have only very recently been discovered
in NVSS data, despite this survey having already existed for
two decades. These were found via the Search and Analy-
sis of Giant radio galaxies with Associated Nuclei (SAGAN)
project, which rigorously combined newly-developed auto-
mated pattern recognition techniques (Proctor 2016) with
careful manual inspection (Dabhade et al. 2017, 2020b).
Despite such efforts, and the existence of many thousands
of ‘normal’ sized (< 0.7 Mpc) radio galaxies (RGs), GRGS
remain scarce (e.g. Kaiser, Dennett-Thorpe & Alexander
1997).

However, the new generation of deep and widé-field,ra+
dio surveys, with sensitivity to a range of spatial scales, \may
provide a much clearer understanding of the number‘dénsity
and physics of such sources. In particular,“loew=frequency
surveys with new-generation instrumentsilike,the Low Fre-
quency Array (LOFAR; van Haarlem et)al. 2013), the
Murchison Widefield Array (MWA; Tingay’et al. 2013) and
the upgraded Giant Metre-wavé Radio Telescope (uGMRT;
Gupta et al. 2017) are provinglexcellent resources for de-
tecting and characterising GRGs (e.g. Hurley-Walker et al.
2015; Hardcastle et alf 2016; Clarke et al. 2017; Seymour
et al. 2020; Cantwell et aln2020). This is due, in part, to the
increasing brightness, towards lower radio frequencies often
displayed by radio‘galaxies. Indeed, Dabhade et al. (2020a)
recently reportedsthe highest sky density of consistently-
sampled«GRGs using Data Release 1 of the LOFAR Two-
metresSky Survey (LoTSS; Shimwell et al. 2019). They found
2394GRGs over a 424 deg? region at 120-168 MHz.

In‘the GHz regime, the newly-commissioned MeerKAT
telescope in South Africa (Jonas & MeerKAT Team 2016) is
proving to be an excellent instrument for GRG studies (e.g.
Cotton et al. 2020). Although it operates at higher frequen-
cies than LOFAR, MWA and uGMRT (though there is some

overlap in observing frequency with the latter), MeerKAT
has the excellent sensitivity and uv coverage ideal for such
work, including the simultaneous availability of long and
short baselines.

The MeerKAT International GHz Tiered Extragalac-
tic Exploration survey (MIGHTEE; Jarvis et al. 2016) is a
galaxy evolution survey underway with MeerKAT. Among
its data products will be high-quality radio continuum data
over a relatively wide field (20 deg?). In this paper, we report
the discovery of two newly-identified GRGs in 1 deg? MIGH-
TEE Early Science observations of the COSMOS field. The
discovery of these objects within such a small sky area hints
at the presence of a ‘hidden’ population of GRGs, hitherto
undetected due to observational limitations. If GRGs prove
to be more common than previously thought, this may alter
our understanding of the AGN duty cycle and the impact of
AGN-induced jets on the evolution of galaxies and the IGM.

Throughout this paper we assume a ACDM cosmology
with Ho= 67.8kms~! Mpc™!, Qa = 0.692¢and, On"= 0.308
(Planck Collaboration et al. 2016). We/assume & Chabrier
(2003) initial mass function, unless etherwise stated.

2 RADIO CONTINUUMSURVEYS
2.1 MIGHTEE L-band-data

The MIGHTEE survey. targets four extragalactic deep fields,
namely the European” Large Area ISO Survey - South
1 (ELAIS-S1), COSMOS, the XMM-Newton Large Scale
Structure (XMM-LSS) field, and the Extended Chandra
Deep Field South (E-CDFS), for a total sky area of approx-
imately 20.deg?. The survey uses total intensity, polarised
inténsity and spectral line data products to achieve a range
of science/goals. It has components using MeerKAT’s L-band
(900 -»1670 MHz) and S-band (1.75 — 3.5 GHz) receivers,
and’a primary design requirement is to reach the L-band
classical confusion limit in total intensity at about 2 uJy
beam™' (for a resolution of ~ 8arcsec).

The initial release of total intensity continuum within
the MIGHTEE consortium included a single pointing in the
COSMOS field (J2000 10h00m28.6s +02d12m?21s; see Table
1). The two GRGs we present in this paper were discovered
in this pointing. Since one of the GRGs was towards the edge
of the field, we have also imaged an extra MIGHTEE point-
ing (COSMOS _8; J2000 10h00m29.0s +02d33m33.79s) for
which this object was closer to the centre of the primary
beam.

Full details of the initial MIGHTEE continuum data
release and the data processing method® will be presented
in Heywood et al. (in prep.), however we provide a brief
overview here.

e The data were converted from their native format into
a MeasurementSet format by the South African Radio As-
tronomy Observatory (SARAO) archive®, and averaged from
their original L-band frequency resolution to 1024 channels

3 The calibration and imaging scripts are available online
here: https://www.github.com/IanHeywood/oxkat and through
the Astrophysics Source Code Library record ascl:2009.003 (Hey-
wood 2020)

4 https://archive.sarao.ac.za/
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Table 1. Summary of the MeerKAT MIGHTEE observations used for this study. The COSMOS field centre is J2000 10h00m28.6s
+02d12m21s, and the COSMOS _ 8 pointing is at J2000 10h00m29.0s +02d33m33.79s. The primary calibrator for all observations
was PKS B1934-638, and the secondary was 3C 237. The observations used MeerKAT’s L-band system, 900 — 1670 MHz.

Date Block ID Field Antennas  Track (h)  On-source (h) Channels
2018-04-19 1524147354 COSMOS 64 8.65 6.1 4096
2018-05-06 1525613583 COSMOS 62 8.39 5.1 4096
2020-04-02 1585844155 COSMOS_8 60 8 6.25 32768
2020-04-26 1587911796 COSMOS 59 8 6.25 32768

in the process. Flags generated by the telescope control and
monitoring system were applied.

e Basic flagging commands were applied to all fields using
CASA (McMullin et al. 2007). Frequency ranges containing
persistent radio frequency interference (RFI) were flagged on
spacings shorter than 600 m. The auto-flagging algorithms
TFCROP and RFLAG were used on the calibrator fields.

e The standard calibrator PKS B1934-638 was used to de-
rive delay and bandpass solutions using the relevant CASA
tasks. This was an iterative process, with rounds of autoflag-
ging on residual visibilities in each iteration.

e The gain solutions derived from the primary were ap-
plied to the secondary calibrator (3C 237), and an intrinsic
spectral model was derived for the latter. Time-dependent
complex gains were then derived from the observations of
the secondary using this intrinsic model with the GAINCAL
task. This process compensates for the effects of the large
fractional bandwidth of MeerKAT, coupled with the fact
that the data arrive in MeasurementSet format that only
has a single spectral window. The flux scale may be biased
if this effect is not taken into account.

e All the gain corrections were applied to the target data,
which is then flagged using the TRICOLOUR® package. Re-
moving the edges of the bandpass where the gain sharply
rolls off results in 770 MHz of usable bandwidth. A loss of
about 50 per cent of the data in this region is typical follow-
ing RFI removal, although the RFI occupancy is strongly
baseline dependent, and most of this loss occurs on _spacings
shorter than 1 km.

e The target data were imaged using wsCLEAN (Offringa
et al. 2014). The data were imaged blindly with 100,000
iterations, and a clean mask was derived from the resulting
image, excluding regions below a local threshold of 60 where
o is the pixel standard deviation. Theydata were re-imaged
using this mask.

e The multi-frequency clean’components from the masked
image were used to predict a wisibility model for self-
calibration using the CASA GAIN@AL task. Phase corrections
were derived for every 64 seconds of data, and an amplitude
and phase correctiomswas.derived for every target scan, with
the solutions for4he former applied while solving for the lat-
ter. The self-calibrated’data were re-imaged using WSCLEAN
and the mask is refined if necessary.

e Diréction-dependent corrections were made by imaging
the data with- DDFACET (Tasse et al. 2018). The resulting
model, wasspartitioned into ~10 directions, constrained by
the location of off-axis problem sources, and the need to re-
tain suitable flux in the sky model per direction. The KILLMS

5 https://github.com/ska-sa/tricolour

package (e.g. Smirnov & Tasse 2015) was then used to solve
for a complex gain correction for each direction with a time
/ frequency interval of 5 minutes / 128 channels. Andther
run of DDFACET reimaged the data, applying the diréctional
corrections.

e Finally, the images were primary-beam corrected by di-
viding them by an azimuthally averaged Stokes.l model,
evaluated at 1284 MHz using the EIDOS/(Asad et al. 2019)
package.

MIGHTEE continuum datacis, imaged twice, with a
Briggs’ robust parameter of 0,0 and -1.2 This is to deliver
a higher sensitivity image as well as a higher angular res-
olution image, the trade-off for which is a loss of sensitiv-
ity due to the down-wéighting-of the many short spacings
that MeerKAT’s dense core _provides. The COSMOS point-
ing for a total on-sourceéwime of 17.45h reaches a thermal
noise (measurediaway from the main lobe of the primary
beam) of 1,9 uJy beam ™! in the robust 0.0 image, with an
angular resolution of 8.4 arcsec x 6.8 arcsec (position angle
-11.2 deg). The robust -1.2 image reaches 6 uJy beam ™" with
an angular resolution of 4.8 arcsec x 4.0 arcsec (position an-
gle'-12:63,deg).

We 'imaged the 6.25h of COSMOS _8 data with less
aggressive weighting (robust = 0.3) in order to increase the
sensitivity to the diffuse emission from the lobes. This image
has a thermal noise of 2.5 uJy beam™! and an angular reso-
lution of 11.6arcsec x 7.4arcsec (position angle -12.6 deg).
The higher resolution map made with COSMOS _8 data was
imaged using a robust parameter of -1.2 and has a ther-
mal noise of 8.5uJybeam ! and an angular resolution of
5.0arcsec x 4.0arcsec (position angle -15.44 deg).

Note that in practice the central region of the lower reso-
lution images (both COSMOS and COSMOS _8) are limited
to root mean squared (rms) ‘noise’ levels of ~3 uJy beam™!
by a combination of thermal noise and classical confusion.
The lower resolution images are used for the work presented
here, unless otherwise stated.

2.2 VLA-COSMOS 3 GHz Large Project

In this paper, we also use data from the VLA-COSMOS
3GHz Large Project (hereafter VLA-3 GHz). This project
was presented by Smol¢i¢ et al. (2017a) and is a continuum
survey with the Karl G.Jansky Very Large Array (VLA;
Perley et al. 2011) covering 2.6 deg? over the full COSMOS
field. This 384 h survey was centred at 3 GHz with a 2 GHz
bandwidth using three sets of 64 pointings in A and C ar-
ray. It reached an rms sensitivity of 2.3uJy beam™' with
0.75 arcsec resolution. This is similar in sensitivity to the
Early Science MIGHTEE data, accounting for the different
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central frequencies and assuming a standard spectral index
for radio galaxies (a = —0.8; where S, o v).

While the angular resolution of the VLA-3 GHz data is
superior to that of MIGHTEE, it has poorer sensitivity to
large-scale emission. The VLA has up to 351 baselines with a
minimum baseline length of 36 m, while MeerKAT has up to
2,016 baselines with a minimum length of 29 m. The larger
number of short baselines, combined with the better instan-
taneous uv coverage provided by its configuration, therefore
makes MeerKAT the better instrument for detecting diffuse,
extended emission.

3 GRG PROPERTIES

The two GRGs were serendipitously discovered in the
MIGHTEE-COSMOS map (original pointing) during the
process of cross-matching the radio sources with their opti-
cal counterparts, via visual inspection. Details of this process
will be presented in Prescott et al., (in prep), and are simi-
lar to those of Prescott et al. (2018). Following IAU conven-
tions, we name these sources MGTC J095959.63-+024608.6
(hereafter GRG1) and MGTC J100016.84+015133.0 (here-
after GRG2). The prefix MGTC indicates the discovery of
the sources in the MIGHTEE-continuum survey. The basic
properties of each GRG are summarised in Table 2 and flux
densities and radio powers are presented in Table 3. Note
that only statistical uncertainties are quoted in Table 2, but
that systematic uncertainties are found to be less than 3 per
cent (Heywood et al., in prep).

3.1 MGTC J095959.63+024608.6 (GRG1)
3.1.1 MIGHTEE data

GRGT1 is shown in Figures 1, 2 and 3. The two diffuse outer
lobes and jets are detected for the first time in MIGH-
TEE, thus newly identifying this object as a GRG. The
core of GRG1 is located at R.A. = 09h59m59.63s ‘and
Dec = 402d46m08.6s and has an elongated,structure in
MIGHTEE. It is associated with a host galaxy identified in
optical and near-infrared data (see Figure 2"inset) with a
spectroscopic redshift of z = 0.1656, according to the Sloan
Digital Sky Survey Data Release 14 {SDSS DR14; Abolfathi
et al. 2018). Summing the distance between the outer edges
of each lobe and the central cor€, the total projected angular
size of GRG1 is 13.8 arcmin. It therefore has a physical size
of 2.42 Mpc, which places it"selidly in the regime of giant
radio galaxies.

The northern lobe contains a potential hot-spot which
is extended and i§ not associated with any point source (in-
dicated in Figurel). This is confirmed using the higher-
resolution (4.8ar¢sec’ x 4.0arcsec) MIGHTEE image. A
comparison ‘with optical data (Prescott et al., in prep) like-
wise revealsyno counterpart. Diffuse emission extends to the
north-east of this hot-spot, in a direction perpendicular to
that, ofythe jet. The reason for this is unclear, but could
indicate’ interactions with the surrounding IGM, allowing
plasma to flow in that direction (e.g. Subrahmanyan et al.
2008). This lobe appears to be edge-brightened, which is typ-
ical of a Fanaroff and Riley type II (FRII; Fanaroff & Riley

1974) radio galaxy. Some collimated jet emission is present
between the core and the lobes.

There is also evidence of a potential hot-spot towards
the centre of the southern lobe and the presence of a jet.
The latter is bent with respect to the northern jet align-
ment. Again, this could be due to interactions with the IGM
and surrounding environment. For example, Malarecki et al.
(2015) suggest that the lobes of GRGs could bend to avoid
high density regions.

MIGHTEE flux densities in Table 3 are measured by
integrating within the region indicated by the magenta con-
tour shown in Figure 1. The contributions from coincident
compact continuum sources not associated with the GRG
have been removed. These unrelated sources (presumably
fore- or background galaxies) are marked in Figure“Thand
were identified in the counterpart cross-matching procedure
of Prescott et al., (in prep). This made use of the higher-
resolution MIGHTEE and VLA-3GHz data. Except for con-
tinuum sources larger than the beam, we*assume they are
unresolved point sources and approximate their total flux
density to be equal to their peak brightness_ in the higher-
resolution MIGHTEE map. This is'‘tosminimise the amount
of diffuse GRG-related emission removed.

However, some ‘contaminating’ emission from these un-
related sources may still remain, méaning that the flux den-
sity measurements in Table"3vare conservative upper limits,
particularly for the southern lobe. A lower limit for the flux
density of the southernlobe (avoiding areas with bright con-
tinuum sources)is 3.60+£0.01 mJy, giving a total flux density
for GRG1 of 18.11'4.0.02 mJy.

3.12 VLA-3GHz data

Only. the'core of GRG1 is clearly detected in the VLA-3GHz
data and the total flux density reported for the object by
Smol¢i¢ et al. (2017a) was 3.02 £ 0.15 mJy.

In these high-resolution VLA data, the core of the GRG
is resolved and displays a double-lobed /jetted structure (see
inset of Figure 3). These could be the inner-most part of the
jets, or could be a separate set of inner lobes/jets. In the
latter case, this object could be classified as a double-double
radio galaxy (e.g. Schoenmakers et al. 2000; Mahatma et al.
2019) and a candidate restarted AGN (e.g. Jurlin et al. 2020;
Brienza et al. 2020 and references therein). However, no hot-
spots are evident in this region, as might be expected from
inner lobes/jets.

The northern lobe/hot-spot of GRG1 is detected in the
3GHz data, as seen in Figure 3. However, it has a low
signal-to-noise ratio (SNR) and therefore does not appear
in the SNR> 5 source catalogue presented by Smoléi¢ et al.
(2017a). There is only a vague hint of the southern lobe in
the 3 GHz map, being highly diffuse and therefore predom-
inantly resolved out of the VLA data.

8.1.8 Radio power

To determine the spectral index of the core, we first smooth
the VLA-3GHz map to the resolution of the MIGHTEE
map. We then measure the spectral index using the MIGH-
TEE peak brightness (3.73 & 0.01 mJy beam™'; to minimise
contamination from the jets) and the 3 GHz peak brightness
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Figure 1. GRG1 (left) and GRG2 (right) as seen in MIGHTEE. The magenta contour (for GRG-associated emission only) highlights the
full extent of the GRGs. The contour level is 7 uJy beam~! for GRG1 and 5 uJy beam ™! for GRG2. Notable features of the GRGs are
labelled. Unrelated continuum sources are marked by cyan circles. The MIGHTEE maps shown are COSMOS 8 (robust=0.3, thermal
noise 2.5uJy beam™1!) for GRG1, and COSMOS (robust=0.0, thermal noise 1.9uJy beam™!) for GRG24{ Thé beam is shown in the
bottom left corner of each image.

Table 2. Properties of the two GRGs discovered in MIGHTEE-COSMOS. Columns: (1) Object name™(2) Right Ascension (J2000) (3)
Declination (J2000) (4) Spectroscopic redshift (5) Projected angular size (6) Projected linear size.

1 2 3 4 5 6

Name R.A. Dec z d D
(h:m:s) (d:m:s) (arcmin)  (Mpc)
MGTC J095959.63+024608.6 (GRG1) 09:59:59.63  +02:46:08.6 »"0.1656 13.8 2.42
MGTC J100016.844-015133.0 (GRG2)  10:00:16.84 _“401:51:33.0 0.3363 6.8 2.04

from the smoothed map (2.93 + 0.032mJybeam™"). This
gives ot = —0.51 £ 0.03. Here, veg = 1.217 GHz and i§
the effective frequency of the MIGHTEE map at the positien
of this GRG. The relative flatness of the core’s spectrum is
expected due to synchrotron self-absorption.

GRGI has a 1.2 GHz radio power of ~ 10%* WHz '
(lower limit of ~ 10**! WHz™!). This was calculated us-
ing the measured spectral index of the coresand assuming
a spectral index of -0.8 for the lobes. “Fhistassumption is
reasonable for an optically-thin lobé, and\also given that
Dabhade et al. (2020a) find the mean spectral index distri-
bution of their sample of GRGs to be o144 = —0.79, which
is similar to that of RGs.

Although the morphology of GRG1 somewhat resem-
bles an FRII-like strugture,\its radio power is more typical
of an FRI-type galaxy (Fanatoff & Riley 1974). However,
this is consistent with the results of Mingo et al. (2019) who
have recently .discéovered a population of low-luminosity®
FRII-type RGs in LoTSS. They find that radio luminos-
ity does mot reliably predict whether a source has an FRI or
an FRII-type morphology. Furthermore, GRG1 has a lower
radi6 power than that of most known GRGs. According to
Dabhade et al. (2020b), known GRGs at z < 1.0 have mean

6 Up to several orders of magnitude below the traditional FR
break, which is ~ 10%24-> WHz~! in L-band.

1.4GHz radio powers of ~ 10**®* WHz™'. In many ways,
GRG1 is reminicent of NGC6251, a borderline FRI/FRII
GRG. Both have weak hot-spots, FRI-like jets and radio
powers below the FR break (Cantwell et al. 2020).

8.1.4 Host galaxy and AGN characterisation

The host galaxy of this radio source appears elliptical in
Hyper Suprime-Cam imaging (Aihara et al. 2019; see Figure
2 inset). The top panel of Figure 4 shows the rest-frame
SDSS DR14 optical spectrum of the host galaxy. Features
typical of an early-type elliptical galaxy can be seen in this
spectrum, such as a prominent 4000A break, the presence of
strong absorption lines like Mgl and NaD, as well as the lack
of nebular emission lines. It contains no prominent narrow
or broad emission lines associated with high excitation radio
galaxies or quasars, such as [O111].

To further examine whether there is any evidence of
radiatively-efficient AGN activity, we fit the spectral energy
distribution (SED) of the host galaxy with various tem-
plates. The SED is constructed using the photometric cata-
logue of Laigle et al. (2016) (hereafter COSMOS15), along
with mid-infrared (including 24pm) to sub-millimetre data
from the "super-deblended" catalogue of Jin et al. (2018).
Note that the only significant detection (to the 3o level) of
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Figure 2. GRG1 as seen in MIGHTEE (yellow contours), overlaid on.a‘¢dmposite optical image of HSC g, » and 4 bands. Contours are
shown at intervals of 30v/3" uJy beam ™! where n = 0, 1, 2...20. Phe lowest-Contour level is 7 uJy beam™! and is shown in magenta, as
in Figure 1, to highlight the full extent of the GRG. The inset shows anjenlargement of the core area, where the host galaxy can be seen.

Table 3. Integrated flux and radio power of the two GRGs. Columns: (1) Object name (2) Effective frequency of MIGHTEE map at
position of GRG (3) Peak brightness of core (4-6) Integrated flux density of core, northern lobe and southern lobe (7) Total integrated
flux density of GRG, combining all components (8), Spectral index of core (9) Radio power at veg (~1.2 GHz), based on columns 7 and
8. *See Table 2 for official names. **May include significant levels of unrelated emission from coincident continuum sources. See text for

details.
1 2 3 4 5 6 7 8 9
Name* Veff Sp,corc Sint,core Sint,NL Sint,SL Sint,all a;ngz P1.2GHz
(GHz) (mJybeam /) (mJy) (mJy) (mJy) (mJy) (WHz™1)
GRG1 1.217 3.73 £0.01 5.9240.01 8.59+0.02  **21.07+£0.01  **35.594+0.02 —0.51+0.03 **(2.438 4 0.002) x 1024
GRG2 1.256 0.72 £0.01 0.7784+0.002  2.04+0.01 0.9240.01 3.7440.02 0.29 +£0.04 (1.329 £ 0.007) x 10%4

GRG1 in Herschél bands’ is at 100pum. The 3¢ upper limits
were used in-Caseshof fon-detection (see Delvecchio et al.
2017 for details).

The{SED_is/fit with: (i) the MAGPHYS code of
da Cunha, Charlot & Elbaz (2008) considering only star-

7 Data from the Photoconductor Array Camera and Spectrome-
ter.Bvolutionary Probe (PEP; Lutz et al. 2011) survey and Her-
schel Multi-tiered Extragalactic Survey (HerMES; Oliver et al.
2012).

formation, and (ii) the SED3FIT code of Berta et al. (2013)
which also incorporates a set of AGN templates. The results
are shown in Figure 5 and further details of the SED-fitting
approach can be found in Delvecchio et al. (2017). The fit
obtained in the latter case, with an AGN component, does
not significantly (<99 per cent confidence level) improve the
reduced x? of the fit, on the basis of a Fisher-test. There-
fore, we conclude that SED fitting reveals no evidence of
radiatively-efficient AGN activity.

From the best-fitting parameters of the SED model
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Figure 3. GRG1 as seen in the VLA-3 GHz data (background map)sandyin the MIGHTEE data (black contours). Contour levels are as
in Figure 2 and the lowest contour level is again shown in magenta’ The hot=spot in the northern lobe is seen faintly at 3 GHz. The inset
shows an enlargement of the core region, where a double-lobed/jetted structure can be seen in the VLA-3GHz image.

(without AGN), we find that the host galaxy has a‘stel;
lar mass of M, = 10**** Mg and a (combined IR, and UV)
star formation rate (SFR) of 1.97 Mg, /yr. It is‘therefore’only
weakly star-forming and lies below the majnssequence of star
formation (Schreiber et al. 2015) by a factorof ~2. This is
consistent with the fact that it is uandetected in the far-
infrared.

In the X-ray regime, thé galaxy has a [2-10] keV
luminosity of Lx ~ 10*%ergs ! /based on data from
the Chandra-COSMOS (Elvis, et "al. 2009; Civano et al.
2012) and COSMOS-Légacy(catalogues (Civano et al. 2016;
Marchesi et al. 2016). Since this is roughly five times in
excess of that predicted by the SFR-Lx _ray relation of star-
forming galaxies (Lehmer et al. 2016), it is possible that
concomitant low-luminosity AGN activity is present in the
X-ray. The AGN bolometric luminosity predicted by the fit
with AGNwould be consistent within 1o with the observed
L x4tif assuming a set of [2-10] keV bolometric corrections
from Lusso et al. (2012). However, the total X-ray emis-
sion from the core follows the correlation for unabsorbed
jet-related emission in Hardcastle, Evans & Croston (2009).
Therefore, this is likely a pure jet system with no evidence
for additional accretion-related X-ray emission.

Therefore, no evidence of (obscured or unobscured)
radiatively-efficient AGN activity is found in any regime.
Rather, GRG1 can be classified as a low-excitation ra-
dio AGN (LERG; e.g. Best & Heckman 2012) powered by
radiatively-inefficient Bondi accretion of hot gas from the
IGM (Hardcastle & Croston 2020 and references therein)
hosted by a massive, weakly star-forming elliptical galaxy.

The host of GRG1 is the most massive galaxy in a
group of eight according to the zCOSMOS group catalogue
of Knobel et al. (2012) (group ID 606). Furthermore, Giodini
et al. (2010) associated the core of this galaxy with an X-
ray cluster. This is unsurprising since GRGs are commonly
found to reside in small groups of galaxies (Malarecki et al.
2015). This environmental information supports the scenario
in which the bending of the southern jet, and the extended
emission of the northern lobe, result from interactions with
the surrounding intergalactic and intragroup/intracluster
medium of the GRG.
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Figure 4. Rest-frame optical spectra of the GRG host galaxies. Top: SDSS DR14 spectrum for GRG1. Bottom: zCGOSMOS spectrum

for GRG2.

3.2 MGTC J100016.84+015133.0 (GRG2)
3.2.1 MIGHTEFE data

GRG?2 is shown in Figures 1, 6 and 7. The core is situated
at R.A.=10h00m16.84s and Dec=+01d51m33.0s. The asso-
ciated host galaxy has a spectroscopic redshift of z = 0.3363
according to the zCOSMOS Bright catalogue (Lilly et al.
2007, Lilly et al. 2009).

Both lobes and a potential hot-spot within the northern
lobe are clearly detected for the first time in MIGHTEE, as
is the entire northern jet and some weak emission from the
southern jet. Based on these data, GRG2 has a projected
angular size of 6.8 arcmin and therefore a projected linear
size of 2.04 Mpc. Some elongated emission is seen in MIGH-
TEE between the core and the southern lobe, which may be
attributable to the jet in that direction.

The unequal strength of detection of the two, jetsmay
imply that they are relativistic on these scales and lie‘away
from the plane of the sky, so that their“apparent surface
brightness is being affected by relativistic, beaming (Bland-
ford & Kénigl 1979).

Flux densities have been measured, within the region
outlined by the magenta contodr shown in Figure 1.

3.2.2 VLA-8GHz data

As seen in Figure(7, there 1s a hint of a VLA-3 GHz detection
of the northerm lobe/hot-spot, though it does not appear in
the source catalogue /of Smol¢ié¢ et al. (2017a) due to its low
SNR in these data. No hot-spot is seen in the southern lobe
in MIGHTEE and this lobe is entirely undetected in the
VLA-3 GHz data.

The core is detected in the VL A-3 GHz observations and
is reported in the source catalogue of Smol¢i¢ et al. (2017b)
with/a 3 GHz flux density of 0.878 £ 0.044 mJy. There is no
evidence of any extended structure or unusual morphology
of the core in these VLA data (see Figure 7 inset).

3.2.8 Radio power

The MIGHTEE peak “brightness of the GRG2 core
(0.72 £0.01 mJy beam=") and the peak brightness from the
smoothed VLA-3 GHz ' map (2.43 + 0.03mJybeam™"') are
used to find a spectralislope of a3Gre™ ~ 0.29+0.04. This
is relatively flat, although slightly positive and is again con-
sistent with typical cores of radio galaxies. Considering this
and againjassuming a spectral index of -0.8 for the lobes,
the 192 GHz radio power of GRG2 is ~ 10?*! W Hz . This
is lower than most known GRGs (Dabhade et al. 2020b) and
slightly lower than that of GRG1.

8.2.4 Host galaxy and AGN characterisation

The host galaxy appears elliptical in HSC imaging (see Fig-
ure 6 inset). Despite having a zCOSMOS optical spectrum
of relatively poor quality (bottom panel of Figure 4), it is
typical of the absorption spectrum of a red, dead elliptical
galaxy, with no emission features present.

GRG2 displays no signatures of AGN activity in the X-
ray or mid-IR and has no significant detection in the super-
deblended Herschel photometry of Jin et al. (2018), with
a combined SNR of all Herschel bands of only ~ 0.8. It is
not identified as an AGN via SED fitting (see Figure 5).
Note that the SED fit is not improved by the inclusion of
an AGN template despite the improvement at 24um, since
the outcome of the Fisher-test is guided much more by the
worsening of the fit at IRAC-8um. If the fit with AGN was
preferred, the predicted AGN bolometric luminosity would
correspond to an expected Lx ~ 10%*2® ergs™!, which is
about 10 times higher than the formal X-ray limit at [2-10]
keV (Civano et al. 2016). Since GRG2 is not X-ray detected,
this check further supports the relatively low significance of
the AGN component obtained from the Fisher-test.

The host galaxy of GRG2 has a stellar mass of M, =
10*°® My and a SFR of ~ 0.5 Mg yr— !, placing it well below
the main sequence of star formation. Its quiescent nature is
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Figure 5. SED of the GRG1 (top) and GRG2 (bottom) host_galaxies showing detections (closed points) or 3o upper limits (open circles)
in UV to sub-millimetre bands. The best-fitting template Considering only star-formation (blue line) was determined using MAGPHYS
(left) and SED3FIT (right). SED3FIT also fits an AGN template (dashed red line), and the combined (AGN + star-forming) template
(black line). The MAGPHYS fit on the left was preferred for'b6th GRGs, based on a Fisher-test of the reduced x2. See text for further

details.

further supported by its classification as“red’ based on its
(NUV-r) and (r-J) colours in COSM@S2015.

We therefore conclude that GRG2;"like GRGI, is a
radiatively-inefficient LERG with a massive, red, passive el-
liptical host. This is in line with expectations since LERGs
tend to be hosted by galaxies®which have redder colours,
larger stellar masses and\lower SFRs than HERG hosts (e.g.
Best & Heckman 2012;:Hardcastle et al. 2013). Little infor-
mation currently‘exists about the SFRs of GRGs specifically,
however Clarke et ‘al.”(2017) and Dabhade et al. (2020c)
have found evidenge’ for moderate SFRs in several individ-
ual GRG hosts.

GRG?2 resides in a smaller, less rich group than GRG1.
The GRG2 host is the most massive of the five galaxies in
the group (group ID 753; Knobel et al. 2012).

We note that the compact source to the southwest of
centre (labelled in Figure 1) was also investigated as a po-
tential position of the GRG core. However, it is not situated

close to the equidistant centre of the lobes and the associated
optical counterpart has a photometric redshift of z = 2.015
in COSMOSI15, so is less likely to be the GRG host. It is
considered an unrelated compact source and its contribu-
tion to the total flux density of the southern lobe has been
removed.

4 DISCUSSION

4.1 Statistics and GRG sky density

Dabhade et al. (2020b) find that GRGs with sizes > 2 Mpc
are extremely rare and comprise only 9 percent of the GRG
population at z < 1. We now estimate the probability of
finding two > 2 Mpc GRGs in such a small (1 deg?) sky area.
For this purpose, our selection criteria can be considered
to be GRGs with projected linear sizes > 2 Mpc out to a
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Figure 6. GRG2 as seen in MIGHTEE (yellow contours), overlaid on. a‘¢dmposite optical image of HSC g, » and 4 bands. Contours are
shown at intervals of 20v/3" uJy beam ™!, where n = 0, 1, 2...20. The lowest-Contour level is 5 uJy beam™! and is shown in magenta, as
in Figure 1, to highlight the full extent of the GRG. The inset_ shows an enlargement of the core area.

redshift of z = 0.5 (and therefore with angular sizes‘ef >
5.3 arcmin).

We compare with the GRG sample of Dabhade et al.
(2020a). They provide the most extensivessurveysof GRGs
to-date, and therefore the most robust sky density estimate
presently available. Dabhade et al. (2020a) found 239 GRGs
over a 424 deg? sky area using the LoTSS survey. Only 7 of
these have sizes larger than 2 Mpc, of which only one has
z < 0.5. This gives a sky density of 0.0023 GRGs per deg?
for such objects.

We firstly assumecthat this sky density is the "true"
GRG sky density of the Universe. We also assume indepen-
dence of repeated’events.“That is, that the presence of one
GRG in the sky area deoes not affect whether or not another
is present, which is likely given the very different redshifts
of the two GRGs presented here. We can thus employ Pois-
son statistics to” estimate the probability (P) of finding k
number/of GRGs in a 1deg? sky area:

Aree™?
LA, M

P(X&k) =

where A is the expected number of occurrences and is
equal to 0.0023 (which is the GRG sky density expected

from the results of Dabhade et al. 2020a, as above.) For the
case of k = 2, we find P(X > 2) = 2.7 x 107°. Therefore,
there is a probability of 2.7 x 107° of finding two or more
GRGs with projected linear sizes > 2 Mpc at z < 0.5 within
a 1deg? field, given our initial assumptions.

If the observed sky region is not strongly affected by
cosmic (sample) variance or other significant selection ef-
fects, the small p-value we find implies that either we have
been exceptionally lucky in finding these two objects, or that
our initial assumption does not hold and the true GRG sky
density is significantly higher than previously known.

The most likely explanation for an under-estimated
GRG sky density is the limited sensitivity to extended, dif-
fuse emission of GRG lobes in past surveys. For example,
LoTSS is incomplete to low-luminosity giants due to surface
brightness sensitivity limitations, as illustrated in Figure 8
of Hardcastle et al. (2019). While the components of GRG1
and GRG2 would exceed the 50 sensitivity limit of LoTSS,
it would be difficult to identify these components as belong-
ing to the same system if the low surface brightness emission
joining them is not visible.

While the uv coverage and angular resolution of LO-
FAR and MeerKAT are comparable, the point source sensi-
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Figure 7. GRG2 as seen in the VLA-3 GHz data (background map)tand<in the MIGHTEE data (black contours). Contour levels as in
Figure 2. At 3 GHz a compact core is seen and diffuse emission in/the northern hot-spot is faintly visible.

tivity of MIGHTEE (~ 11 uJy at 144 MHz, for a =(—0.8)
is significantly deeper than LoTSS (~ 71 uJy at 144 MHz),
While it is non-trivial to directly compare surface/bright-
ness sensitivities of the two surveys, MIGHTERE.is expécted
to be superior due to its depth. Low frequeney.surveys do
benefit from being more sensitive to thé\steepest spectrum
lobe emission of GRGs, however LoTSS would only surpass
MIGHTEE in sensitivity where the speetral'index is steeper
than o ~ —1.7.

A further explanation for a previously under-estimated
GRG sky density is a dearth,of highly sensitive, ancillary
multi-wavelength observations. “This would make it more
difficult to determine whether or not lobes and hot-spots
are associated with separate near-infrared/optical counter-
parts, particularlyhat higher redshifts. This issue is largely
avoided by MIGHTEE-COSMOS thanks to the wealth of
high-quality.multi-wavelength data available in the field.

Therefore, GRGs may be yet more numerous than
presently knewn, despite the rapid increase in the number of
these giants discovered in recent years (e.g. Dabhade et al.
2020a,b). This has also been suggested by other works, such
as_Ishwara-Chandra et al. (2020) who discovered six new
~ 1 Mpc-sized GRGs out to z ~ 1.3 in the ELAIS North 1
field with the GMRT.

4.2 GRG parameter space

GRG1 and GRG2 do not seem atypical of large radio galax-
ies in that they are LERGs hosted by “red and dead” ellip-
tical galaxies, have flat spectrum cores and exist in unre-
markable environments (see Hardcastle & Croston 2020 for
a review of radio AGN properties).

They do, however, have larger sizes and lower radio
powers than most known GRGs. In fact, they lie in a hereto-
fore unoccupied part of the GRG power-size (P-D) diagram.
This is shown in Figure 8, in comparison to the 780 GRGs
from the compilation catalogue of Dabhade et al. (2020b)
for which L-band flux measurements are available from the
NVSS or the literature (P. Dabhade, priv comm). For these,
1.2 GHz radio powers have been calculated using the mea-
sured spectral index where available, or otherwise assuming
a value of @ = —0.8.

Note that the lower limit (and likely more realistic) ra-
dio power of GRG1 (P12 = 10241 W Hz~!; see Section 3.1.3)
has been used in Figure 8. However, GRG1 would still sit
slightly below all other GRG of the same size on this dia-
gram if the conservative upper limit to its radio power was
used.

It is therefore possible that these new MIGHTEE ob-

120z Atenuep | uo Jesn aliyspiosuaH Jo Alstaaiun Aq L 00YE09/E8EBRIS/SBIUW/SE0 L 0 | /I0p/3]oIlle-80UBAPE/SRIUW /W00 dNo olwapede//:sdily Woll papeojuMo(]



1028

1027 -

1026 -

(W /Hz)

s
(&5. 1025 -
Ay

1024 -

1023

Projected linear size (Mpc)

Figure 8. The position in the 1.2 GHz power-size (P-D) diagram of almost all known GRGs. Objects‘in the compilation catalogue of
Dabhade et al. (2020b) are shown as green (z < 0.5) and black (z > 0.5) points. GRG1 and GRG2 are shown as red stars and are located
in a previously unoccupied part of this diagram. For comparison, dotted lines show evolutionary tracks as determined by Hardcastle
et al. (2019) for radio galaxies with jet powers of (bottom to top) 1037, 10375, 1038, 1038-> and™03° W. The tracks show a lifetime of
up to 1 Gyr with blue triangles marking each hundred Myr. GRG1 and GRG2 are consistent with the evolution of a ~ 1037-> W jet after

~ 700 Myr.

servations are uncovering an unexplored realm of GRG pa-
rameter space, hitherto invisible to previous surveys due to
the limitations discussed in Section 4.1. These may be the
low-luminosity giants predicted by the P-D tracks of, for
example, Kaiser, Dennett-Thorpe & Alexander (1997), Sha-
bala et al. (2008) and Hardcastle et al. (2019).

To illustrate this, Figure 8 also shows the evolutionary:
tracks of radio galaxies of various jet powers, as determined
by Hardcastle et al. (2019). These are shown for.an enviror-
ment of halo mass 10'3 Mg, observing frequéncyl.2GHz
and z = 0.25. GRG1 and GRG2 are consistent, with the
evolution of a ~ 1037® W jet after ~ 700 Myr, under these
conditions.

4.3 Implications

While our analysis has considered only enormous (> 2 Mpc)
objects, if radio galaxiés must grow to reach this size, then
we may expect to similarly uncover in our data previously
undetected GRGs with smaller sizes. The full 20 deg? MIGH-
TEE survey will provide an excellent resource for such stud-
ies when it /is completed in the near future. Based on the
GRG sky density/ we observe in COSMOS (2 per deg?),
we could uncover ~ 40 GRGs with the full survey. With
MeetKAT simultaneously facilitating excellent sensitivity,
skyncoverage and uv coverage with relatively high resolution,
and the upcoming Square Kilometre Array (SKA) provid-
ing_even better angular resolution, we may expect to dis-
cover many more diffuse, extended GRGs in the near- to
mid-future.

The existence of a larger population of GRGs may have
implications for our understanding of the AGN duty cycle.
Low-frequency follow-up observations of these objects can
provide spatially-resolved spectral information, which will
help us to characterise the intermittency of the radio AGN
activity. Such information is crucial for our understanding of
whether AGN feedback across subsequent accretion episodes
remains constant or decreases with time, enabling predic-
tions of the overall life-cycle of AGN activity relative to the
host. This is essential for advancing our current understand-
ing of the extent to which AGN-driven mechanical feedback
can alter the star-forming content of the host galaxy (Croton
et al. 2006).

5 CONCLUSIONS

Thanks to the impressive capabilities of the MeerKAT tele-
scope, two new giant radio galaxies have been identified in
a 1deg? MIGHTEE survey of the COSMOS field. Both are
"red and dead" LERGs and are among the largest known
GRGs with sizes of > 2 Mpc. However, they have low radio
powers which place them in a previously unpopulated part
of GRG parameter space. Due to the diffuse nature of the
jets and lobes, these objects were resolved out and unde-
tected in previous surveys of the COSMOS field, including
sensitive 3 GHz observations with the VLA.

The probability of finding at least two such GRGs in
a small, 1deg? field is only 2.7 x 107°, based on wide-field
observations with LOFAR. Therefore, our findings provide
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strong evidence that GRGs may be far more numerous than
previously thought. It is only with new radio surveys such
as MIGHTEE, providing excellent extended brightness sen-
sitivity, that this ‘hidden’ population of GRGs can be re-
vealed. Systematic searches across the full MIGHTEE sur-
vey are expected to yield detections of many more GRGs
and low frequency follow-up can help reveal important in-
formation about the AGN duty cycle. These are tantalizing
hints of what the future SKA will ultimately uncover with
its simultaneously excellent angular resolution and surface
brightness sensitivity.
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