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A B S T R A C T 

The disco v ery of faint F anaroff–Rile y type I (FR I) radio jets in the elliptical galaxy NGC 5322 is reported here using the 
144-MHz image from Data Release 2 of the Low-Frequency Array (LOFAR) Two-metre Sky Survey (LoTSS). The jets have an 

angular extent of ∼40 arcmin or a projected physical extent of ∼360 kpc. The faint jets remain well collimated and disappear 
in the intergalactic medium, without any detected hotspots or radio lobes. The relatively brighter jets, previously detected only 

up to the ∼21 kpc extent at higher frequencies, are within the optical extent of the galaxy. The jets become faint abruptly 

outside, where detection is made only in the LOFAR image. The total radio luminosity of the galaxy at 144 MHz is estimated 

to be (3.7 ± 0.4) × 10 

22 W Hz −1 . The 144-MHz radio luminosity of the faint jets outside the optical extent is estimated to be 
(7.1 ± 2.0) × 10 

21 W Hz −1 . The size of the jets is exceptionally large for the galaxy’s low radio luminosity, when compared 

with other radio galaxies. It makes NGC 5322 a rare radio galaxy, previously not detected in other radio surv e ys. A combined 

effect of stellar core depletion and low-density environment around the jets, which results in a weak entrainment of the material 
surrounding the jets, could be responsible for its large size despite a low radio luminosity. 

K ey words: galaxies: acti ve – intergalactic medium – galaxies: jets – galaxies: nuclei – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

GC 5322 is an optically bright ( m r ∼ 10.3 mag; M r ∼ −22.2 mag),
earby (with a distance of ∼31 Mpc and scale 1 arcmin ∼ 9 kpc;
onry et al. 2001 ), elliptical (E3 −4; de Vaucouleurs et al. 1991 ) radio
alaxy of Low Ionization Nuclear Emission Region (LINER) type 
Baldi & Capetti 2009 ). It was detected in early radio interferometric
urv e ys using the Westerbork Synthesis Radio Telescope (WSRT) 
nd the Very Large Array (VLA) at frequencies of 1.4 GHz and
.0 GHz (Sramek 1975 ; Hummel 1980 ; Hummel, van der Hulst
 Dickey 1984 ). These observ ations re vealed two classical bipolar

adio jets on kpc-scales and a core. The radio jets with an extent of
2.3 arcmin ( ∼21 kpc) at a position angle (PA) of nearly −7 ◦ in

he 1.4-GHz WSRT image, at a resolution of 15 × 13 arcsec 2 and
etection sensitivity of 0.5 mJy beam 

−1 , were found to be completely
mbedded within the optical extent of the galaxy (Feretti et al. 1984 ).
agar, Falke & Wilson ( 2005 ) identified a core–jet morphology in
GC 5322 using Very Large Baseline Array (VLBA) observations. 
ullo et al. ( 2018 ) presented high angular resolution images of NGC
322 at 1.5 GHz using the e-MERLIN array and optical observations 
sing the Hubble Space Telescope ( HST ). The HST image revealed an
dge-on nuclear dust disc, aligned with the major axis of the galaxy
nd nearly perpendicular to the parsec-scale radio jets detected in the 
-MERLIN image. 

The 1.4-GHz flux of NGC 5322 in the NRAO VLA Sk y Surv e y
NVSS; Condon et al. 1998 ) is 78 ± 3 mJy, which is in good
greement with the earlier 1.4-GHz WSRT estimate of 84 ± 4 mJy
 E-mail: aomar@aries.res.in 
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y Feretti et al. ( 1984 ). The 1.4-GHz image from the Faint Images
f the Radio Sky at Twenty-Centimeters (FIRST) survey (Becker, 
hite & Helfand 1995 ) shows a core–jet morphology at 5-arcsec

esolution. The galaxy is also detected in images at 325 MHz from the 
esterbork Northern Sky Survey (WENSS; Rengelink et al. 1997 ), 

t 150 MHz from the TIFR GMRT Sky Survey (TGSS; Intema et al.
017 ) using the Giant Metrewave Radio Telescope (GMRT), and at
4 MHz from the VLA Low-Frequency Sky Survey Redux (VLSSr; 
ane et al. 2014 ). The source is slightly resolved in the NVSS and
GSS images and unresolved in the VLSSr image. The radio flux
ensities of NGC 5322 from different radio surv e ys up to a frequency
f 1.4 GHz are provided in Table 1 . 
The radio emission from NGC 5322 was examined in the re-

ently released Low-Frequency Array (LOFAR; van Haarlem et al. 
013 ) Two-metre Sky Survey (LoTSS) Data Release 2 (DR2) 
mages at 144 MHz (Shimwell et al. 2022 ). The LoTSS is be-
ng carried out with the LOFAR (the Netherlands), using wide- 
andwidth (120 −168 MHz) high-band antennas. The calibrated and 
e-convolved images are provided in the LoTSS image archives. 
hese images have high fidelity and are capable of detecting extended 

adio emission. The flux density scale in the LoTSS DR2 surv e y is
xpected to be accurate within ±10 per cent. NGC 5322 is detected
n the LoTSS data mosaic P207 + 60 with an angular offset of 0 . ◦27
rom the mosaic centre. 

Capetti et al. ( 2022 ) published an image of NGC 5322 using the
oTSS DR2 data, but their image only co v ers the inner bright part
f the jets and they did not mention the much larger extent of the
ets very clearly seen in the low-resolution version of the LoTSS
R2 images. This large-scale radio emission is also not detected in

he 235-MHz and 610-MHz GMRT images presented by Kolokythas 
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Table 1. Radio flux of NGC 5322. 

Frequency Total flux LAS rms Ref. 

(MHz) (mJy) (arcsec) 
(mJy 

beam 

−1 ) 

74 432 ± 51 1100 65 VLSSr 
144 266 ± 27 C 2578 0.055 LoTSS 

36 ± 9 N 

25 ± 8 S 

150 217 ± 22 4125 2.8 TGSS 
235 135 ± 11 2620 0.7 GMRT 

327 144 ± 6 1375 3.8 WENSS 
610 106 ± 5 1010 0.05 GMRT 

1400 78 ± 3 970 0.5 NVSS 

Note. LAS denotes the largest angular scales that can be reliably detected 
in interferometric surv e ys. These are taken from Savini et al. ( 2017 ) for all 
the surv e ys e xcept for TGSS/GMRT, in which they are estimated using the 
shortest baseline of 100 m in the GMRT. C indicates flux density for the 
bright jet portion within ±1.1 arcmin from the centre measured in this work. 
N and S indicate flux densities for northern and southern jets, respectively. 

Figure 1. 144-MHz LoTSS image of NGC 5322. The image is taken from 

a high-resolution mosaic and later smoothed using a Gaussian kernel with a 
width of 7.5 × 7.5 arcsec 2 . The rms in the raw image is 55 μJy beam 

−1 at an 
angular resolution of 6 × 6 arcsec 2 . 
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Figure 2. Contours from the 1.4-GHz FIRST image o v erlaid upon the 144- 
MHz LoTSS image of NGC 5322. The contour levels are 0.45 mJy beam 

−1 

× (1, 2, 4, 8, 16, 32). The black star indicates the position of the optical 
nucleus. 
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t al. ( 2019 ), with rms values of 0.7 mJy beam 

−1 and 50 μJy beam 

−1 ,
espectively. 

Here, we report on the detection of faint radio jets in NGC 5322
sing the LoTSS image. We discuss the astrophysical scenarios
or its origin. We have used the cosmological parameters H 0 =
0 km s −1 Mpc −1 , �M 

= 0.3 and a flat Universe to derive
istances. The distance to NGC 5322 is taken here from the redshift-
ndependent surface brightness fluctuation measurements (Tonry
t al. 2001 ). 

 L O FA R  R A D I O  M O R P H O L O G Y  

ig. 1 shows the 144-MHz high-resolution (6 × 6 arcsec 2 ) LoTSS
mage of NGC 5322. This image is smoothed using a Gaussian kernel
7.5 × 7.5 arcsec 2 ) to enhance diffuse radio emission. The image is
ontrast-adjusted on non-linear scales to reveal faint diffuse emission
NRASL 517, L81–L85 (2022) 
n the presence of bright radio sources. Two classical jet-like features
manating from the galaxy are detected. The jets are bright within ±1
rcmin from the centre and afterwards become faint. The faint jet-like
eatures on scales of tens of arcmin cannot be de-convolution errors
s these errors have a different pattern, which can be seen around
right point sources in the image. The jets are nearly north–south
PA ∼ 8 ◦) oriented and detected between the declinations 59 ◦ 52 ′ 

nd 60 ◦ 32 ′ . The jet emission appears fragmented on smaller scales;
o we ver, because of the poor signal-to-noise ratio, details cannot be
uantified. The angular extent of the jets ( ∼40 arcmin) is close to
he largest angular scale (LAS) that the LOFAR can possibly sample
see, e.g. Savini et al. 2017 ). Therefore, the true extents of the jets
ay be larger than that detected in the LoTSS image. The typical
AS values for different radio surv e ys are provided in Table 1 . 
The angular resolutions in the FIRST image and the LoTSS image

re comparable. An o v erlay of the two images is shown in Fig. 2 .
he bright regions of NGC 5322 in the two images hav e v ery similar

adio morphologies with identical locations for the brightest emission
egion. The southern jet appears to be brighter than the northern jet
n the inner region. The jets detected in the 1.4-GHz WSRT image
Feretti et al. 1984 ) within ±1.1 arcmin from the centre are detected
s bright jets in the 144-MHz LoTSS image, also with roughly similar
xtents. The faint jets on larger scales, detected in the LoTSS image,
re not detected in any other radio survey. The total flux at 144 MHz
s measured for the central bright portion of the jets o v er ±1.1 arcmin
rom the centre so that it can be compared with the measurements
rom past surv e ys. The av erage spectral inde x ( α; where S ∝ να) of
he bright jet (within ±1.1 arcmin) is estimated to be −0.67 ± 0.14
etween 1.4 GHz and 144 MHz, using the flux values provided in
able 1 . The radio emission is therefore of synchrotron origin, typical
or radio galaxies. It was assumed here that all other radio surv e ys
etected the bright jets, although as a result of poor angular resolution
his is not verifiable in all the cases. We use ‘faint jets’ hereafter to
efer to those detected in the LoTSS image only. The quoted errors
n the flux density values at 144 MHz are estimated as a combination
f rms in the summed region and a 10 per cent calibration error. The
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Figure 3. Colour o v erlays of the SDSS i -band image (blue) and the 144-MHz 
LoTSS image (red) highlighting the central bright emission region within the 
optical extent of NGC 5322. 

fl
f
w

 

f  

s
t  

a
F  

b  

r  

T  

v
f  

r  

t  

l  

g

3

T  

t  

e
i  

l
l
b  

1  

×  

∼
l  

p  

D  

(  

t  

t  

s
p  

Figure 4. Location of NGC 5322 in the luminosity–size plot for FR I and 
FR II galaxies detected in the LoTSS DR1 and first made available in Mingo 
et al. ( 2019 ). The origins of redshifts are spectroscopic (where ver av ailable) 
or else photometric. The luminosities are K-corrected with a spectral index 
of −1. The symbols are explained in the upper-right corner. 
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ux estimated from the 150-MHz TGSS image is marginally different 
rom that in the 144-MHz LoTSS image, although the values agree 
ithin the flux calibration errors in the two surv e ys. 
A colour o v erlay of the LoTSS image and the optical i -band image

rom the Sloan Digital Sky Survey (SDSS) is shown in Fig. 3 . The jets
eem to abruptly become faint after leaving the bright optical extent of 
he galaxy. The faint jets remain well collimated o v er a long distance
nd appear to diffuse out in outer regions before disappearing (see 
ig. 1 ). The projected physical length of the jets is estimated to
e ∼360 kpc. The northern faint jet (flux = 36 ± 9 mJy) appears
elatively brighter than the southern faint jet (flux = 25 ± 8 mJy).
he radio surface brightness of the faint jets in the LoTSS image
aries between 1.4 and 2.5 μJy arcsec −2 in different regions. The 
aint jets are not detected in the TGSS because of the much higher
ms in the TGSS, despite being sensitive to the LAS on slightly more
han a degree. The faint jets are not detected in other surv e ys due to
imitations arising from both rms and LAS sensitivities and the jets
etting fainter at higher frequencies. 

 DISCUSSION  

he 144-MHz radio morphology of NGC 5322 appears to be of
he classical FR I type (see Fanaroff & Riley 1974 ) as the jets are
dge-darkened. The 1.4-GHz radio luminosity using the NVSS flux 
s estimated to be ∼1 × 10 22 W Hz −1 , which makes NGC 5322 a
ow-luminosity radio galaxy. The 144-MHz radio luminosity of the 
arge-scale faint radio jets outside the optical extent is estimated to 
e (7.1 ± 2.0) × 10 21 W Hz −1 and that of all radio emission at
44 MHz associated with NGC 5322 is estimated to be (3.7 ± 0.4)

10 22 W Hz −1 . The projected end-to-end extent of the radio jets is
360 kpc. For the radio luminosity, this source size is exceptionally 

arge, as can be seen from Fig. 4 , where luminosities and sizes are
lotted for FR I and FR II galaxies up to z ∼ 2, detected in the LoTSS
R1, using data provided in Mingo et al. ( 2019 ) and Williams et al.

 2019 ). It can be seen from Fig. 4 that for sources with sizes similar
o that of NGC 5322, the typical radio luminosity of galaxies is more
han one order of magnitude higher than that of NGC 5322. The
ame inference could also be drawn from an earlier luminosity–size 
lot made by An & Baan ( 2012 ) at 1.4 GHz. Therefore, NGC 5322
s a rare radio galaxy, detected for the first time to the best of our
nowledge, having o v ersized radio jets with at least one order of
agnitude lower radio luminosity than other radio galaxies. These 

arge radio jets in NGC 5322 are detected for the first time, because of
he unprecedented sensitivity of the LOFAR at low radio frequencies 
here radio jets become bright. Usually such long jets end in diffuse

ow-surface brightness lobes; however, such features are not detected 
n NGC 5322. Some nearby examples of collimated jets, which do
ot terminate in lobes, are found in NGC 2663 (Velovi ́c et al. 2022 )
nd NGC 3665 (Capetti et al. 2022 ). 

Other important features of the jets in NGC 5322 are its abrupt
imming outside the optical extent of the galaxy and its collimation
n scales of 100 kpc. The jets in most radio galaxies almost
l w ays propagate at relativistic speeds. The emissivity of the jets is
ffected by various particle energy loss processes such as synchrotron 
mission, adiabatic expansion, and inverse-Compton scattering of 
osmic microwave background photons (see, e.g. An & Baan 2012 ).
he efficiency of different energy loss processes can vary across the

ength of the jet; for example, the synchrotron losses will dominate
ighly relativistic jets in high magnetic fields while the inverse- 
ompton loss will dominate at or near the outer ends of jets and

obes with low magnetic field strengths. The evolutions of jets and
ts magnetic field are complex and can depend on various parameters,
uch as central black hole (BH) properties (e.g. mass, spin, accretion), 
he initial jet power, and the physical conditions of the interstellar

edium (ISM) and intergalactic medium (IGM) surrounding the jets 
see re vie ws by Hardcastle & Croston 2020 and Saikia 2022 ). 

The jets in the FR I radio galaxies are modelled as turbulent
ecelerating flows. In a classical picture, low-power FR I jets slow
o wn, become subrelati vistic, de-collimate and disperse into a wider
et or diffuse radio lobes beyond the distance of a few tens of kpc
rom the parent galaxy (see, e.g. Laing & Bridle 2002 ). Ho we ver,
ore powerful FR II jets remain well collimated and are able to create

right hotspots and radio lobes up to a distance of several hundreds of
pc from the galaxy. As is evident from Fig. 4 , this classical FR I/FR II
ichotomy in terms of the jet power has now virtually disappeared
nd jets with different powers can be represented by both FR I and
R II morphologies. The analysis presented in Mingo et al. ( 2019 )
upports a widely discussed connection between the jet morphology 
nd its inner environment (see, e.g. Gopal-Krishna & Wiita 2000 ).
MNRASL 517, L81–L85 (2022) 
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he entrainment of the thermal material (e.g. ISM created in stellar
inds, dense molecular clouds, and atomic gas, etc.) in the vicinity
f jets can ef fecti vely slo w do wn the jets (see, e.g. Laing & Bridle
002 ) and may also be responsible for magnetic field evolution and
article (re)acceleration (e.g. Young et al. 2011 ). This entrainment
rocess will be less ef fecti ve in high-power jets where a laminar flow
an be maintained o v er large distances. In order to understand the
60 kpc well-collimated FR I jets in NGC 5322, some important
roperties of the galaxy and its environment are summarized below.
lthough the FR I and FR II nomenclature in the present context
ay not be important, we still emphasize ‘FR I’ jets in NGC 5322 as

either FR I nor FR II radio sources were previously detected in the
egion in the luminosity–size diagram where NGC 5322 is found to
e located. 
NGC 5322 is the brightest member of a galaxy group that has a

elocity dispersion of ∼169 km s −1 with 21 members (Makarov &
arachentsev 2011 ). In a study of several galaxy groups using XMM–
e wton , Finogueno v et al. ( 2006 ) found that NGC 5322 is an X-ray

aint (log L X = 40.41 ± 0.38 erg s −1 ; Mulchaey et al. 2003 ) group
ith exceptionally low thermal pressure in the X-ray emitting gas in

he inner region. As the X-ray emission was detected only in close
roximity to the central BH, it was suggested that it was coming from
he ISM within the galaxy and not any infalling matter on cluster-wide
cales associated with a cosmological structure formation. Therefore,
he IGM surrounding NGC 5322 is likely to be of very low density.

e found NGC 5322 to be well located in the fundamental plane
f the BH activity, described by Merloni, Heinz & di Matteo ( 2003 )
s a relation between the X-ray luminosity, BH mass, and 5-GHz
adio luminosity, within its scatter, using the X-ray luminosity (log
 X /erg s −1 = 40.41 ± 0.38; Mulchaey et al. 2003 ), the BH mass
log M BH /M � = 8.41 ± 0.40; Dullo et al. 2018 ), and the 5-GHz
uminosity (log L 5 GHz /erg s −1 = 38.3 ± 0.08), using the 4.8-GHz
ux as 47 ± 7 mJy from Gregory & Condon ( 1991 ) for NGC 5322.
herefore, the BH activities in NGC 5322 appear to be similar to
ther radio galaxies in terms of the central engine properties and the
et power. 

NGC 5322 is also a core-depleted galaxy with a large deficit of
tellar mass in the core (Dullo et al. 2018 ). Such cores can result from
ry mergers of galaxies. NGC 5322 lacks a rich ISM, as evidenced
rom the non-detection of both molecular hydrogen (Young et al.
011 ) and neutral hydrogen emission (Hibbard & Sansom 2003 ;
erra et al. 2012 ). Only narrow neutral hydrogen absorption has
een detected (Serra et al. 2012 ). This absorption is likely to be
riginating in the edge-on dusty kpc-scale disc detected in the HST
mage. 

With the aforementioned inferred properties of the ISM and IGM
urrounding the radio jets in NGC 5322, we could speculate about
he following astrophysical situation for exceptionally large-scale
ets in NGC 5322. The jets in NGC 5322 are most likely undergoing
eak entrainment from the ISM within the galaxy and even much
eaker entrainment from the IGM outside the galaxy. The slow-
own process of the jets on parsec-scale could also be very weak
ue to a large deficit of the stellar material in the environment of the
nner jets. The likely scenario for the large collimated jets in NGC
322 therefore appears to be a lack of dense material (stars or gas)
ear the core and a low-density of the ISM and IGM surrounding
he jets throughout its progression. This result strengthens the views
resented in some earlier studies (e.g. Mingo et al. 2019 ; Gopal-
rishna & Wiita 2000 ) where the FR dichotomy is explained based
pon some interaction of jets with the medium external to the central
ngine. Under such a theoretical scenario where the brightness
volution (re-acceleration) and the collimation of jets on large scales
NRASL 517, L81–L85 (2022) 
re go v erned entirely by some entrainment of material, the jets may
emain well collimated o v er long distances due to a lack of strong
xternal instabilities and may also become faint due to a lack of
article (re)acceleration. 

 SUMMARY  

e have reported on the detection of large-size ( ∼360 kpc), faint
surface brightness 1.4 −2.5 μJy arcsec −2 ) radio jets in the nearby
R I (total luminosity ∼3.7 × 10 22 W Hz −1 at 144 MHz) elliptical
alaxy NGC 5322 using the 144-MHz LoTSS DR2 image. Previ-
usly, the radio jets were detected only up to the ∼21 kpc extent in
his galaxy. This detection highlights the unprecedented sensitivity
chieved by the LOFAR in terms of detectable angular size at very
ow surface brightness. NGC 5322 is located in a region of the radio
uminosity–size diagram where previously no radio galaxy of similar
ize has been reported within more than one order of magnitude
uminosity. The low-density environment in terms of stellar core
epletion, a lack of rich ISM in the galaxy and the low density of
GM surrounding the jets could be identified as the main cause of the
ong collimated jets, despite the low radio luminosity in NGC 5322.
his result strengthens previous works where environments around

he jets were found to be deciding factors for the observed radio
orphologies. Some features of the jets, such as the abrupt dimming

utside the optical extent of the galaxy and collimation on scales of
00 kpc in the IGM, are most intriguing. 
A detailed study using multifrequency archi v al data from the

MRT and LOFAR is under way. 
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