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A B S T R A C T 

We present new high-sensitivity e -MERLIN and Very Large Array (VLA) radio images of the prototypical Seyfert 2 galaxy 

NGC 1068 at 5, 10, and 21 GHz. We image the radio jet, from the compact components north-east (NE), C, S1, and S2 to the 
faint double-lobed jet structure of the NE and south-west (SW) jet lobes. We map the jet between 15 k λ and 3300 k λ spatial 
scales by combining enhanced -Multi Element Radio Linked Interferometer Network ( e -MERLIN) and VLA data for the first 
time. Components NE, C, and S2 have steep spectra indicative of optically thin non-thermal emission domination between 5 

and 21 GHz. Component S1, which is where the active galactic nucleus resides, has a flat radio spectrum. We report a new 

component, S2a, a part of the southern jet. We compare these new data with the MERLIN and VLA data observed in 1983, 1992, 
and 1995 and report a flux decrease by a factor of 2 in component C, suggesting variability of this jet component. With the high 

angular resolution e -MERLIN maps, we detect the bow shocks in the NE jet lobe that coincide with the molecular gas outflows 
observed with ALMA. The NE jet lobe has a jet power of P jet−NElobe = 6.7 × 10 

42 erg s −1 and is considered to be responsible 
for driving out the dense molecular gas observed with ALMA around the same region. 

Key words: radiation mechanisms:general – galaxies: active – galaxies: individual: NGC 1068: jets – radio continuum: general. 

1

J  

t  

h  

a  

t  

a  

o  

c  

M  

2  

s  

f  

F  

c  

2

�

 

b  

p  

a  

a  

c  

p  

g
 

b  

i  

a  

T  

1  

c  

s  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11756/7515055 by guest on 26 January 2024
 I N T RO D U C T I O N  

ets and outflows from active galactic nuclei (AGNs) interact with
he surrounding medium in their host galaxies. These interactions
a ve far -reaching consequences on their immediate environments
nd affect co-evolution of supermassive black holes (SMBHs) and
heir host galaxies. On galactic scales, the interaction between AGN
nd interstellar medium (ISM) is known to release enormous amounts
f energy into the surrounding environment in the form of radiation,
ollimated relativistic plasma (jets) and winds (Planesas, Scoville &
yers 1991 ; Lonsdale, Smith & Lonsdale 1993 ; Zubovas & King

012 ). Consequently, AGN feedback has an impact on the small-
cale environment of the host galaxy by preventing ambient gas
rom cooling, quenching star formation (Fabian 2012 ; Ishibashi &
abian 2012 ; Wylezalek & Morganti 2018 ), or driving away gas by
reating massive outflows (Ishibashi & Fabian 2016 ; Harrison et al.
018 ; Torrey et al. 2020 ). 
 E-mail: mumoisaac@gmail.com 
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High angular resolution radio observations provide unique insights
ecause the radio wa ves tra v el e xtinction free, making them a useful
robe for understanding source structure and morphology, as well
s the nature of the interaction between the radio-emitting jets
nd the surrounding medium. High-fidelity radio imaging of the
ollimated jet emission provides important information on the jet
ower, orientation, and interaction with the material in the host
alaxy. 

One of the best-known nearby and radio-jetted AGN that has
een studied across the electromagnetic spectrum is NGC 1068. It
s classified as a Seyfert 2 galaxy (Khachikian & Weedman 1974 )
nd has been regarded as a prototype of this class (e.g. Koski 1978 ).
he distance to NGC 1068 is 14.4 Mpc at z = 0.00379 (Tully
994 ; Capetti et al. 1995 ; Bland-Hawthorn et al. 1997 ). This distance
orresponds to 72 pc arcsec −1 . The radio jet in NGC 1068 has been
tudied e xtensiv ely pre viously (e.g. Muxlo w et al. 1996 ; Gallimore
t al. 1996a ), and can be divided into three regions: the central
egion (components NE, C, S1, S2, and S2a), the north-east (NE)
egion (NE plume, NE lobe) and the south-west (SW) region (SW
lume, component S3 and SW lobe). In other wavebands, the AGN
n NGC 1068 has also been studied in the X-rays (Young, Wilson &
© The Author(s) 2024. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Summary of the four observations from e -MERLIN and VLA. 
Superscripts C, X, and K show VLA C −X bands at central frequencies 
as indicated. Where applicable, the measurements were taken by Gaussian 
fitting. The images used robust −2 with Briggs weighting in all cases. 

Synthesis Bandwidth Central Time on Sensitivity Angular 
telescope (GHz) frequency source (rms) resolution 

(GHz) (h) ( μJy beam 

−1 ) (arcsec) 

e -MERLIN 4.4 −4.9 4.7 18 60 0.05 
VLA −A 

C 4 −8 6 0.75 27 0.27 
VLA −A 

X 8 −12 10 0.75 65 0.16 
VLA −A 

K 18.5 −23.5 21 3 17 0.08 
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1 https:// github.com/ e-merlin/ eMERLIN CASA pipeline 
2 https:// data.nrao.edu/ portal/ 
3 https:// science.nrao.edu/ facilities/ vla/ data-processing/ pipeline 
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hopbell 2002 ; Wang et al. 2012 ) and neutrinos have been detected in
he direction of NGC 1068, possibly from coronal activity within the 
GN (Inoue, Khangulyan & Doi 2020 ; IceCube Collaboration 2022 ). 
ecent Atacama Large Millimetre/submillimetre Array (ALMA) 
ense molecular gas observations of NGC 1068 by Garc ́ıa-Burillo 
t al. ( 2014 ), Gallimore et al. ( 2016 ), Imanishi, Nakanishi & Izumi
 2016 ), Garc ́ıa-Burillo et al. ( 2017 ), Imanishi et al. ( 2018 ), Garc ́ıa-
urillo et al. ( 2019 ), and Impellizzeri et al. ( 2019 ), have revealed

he details of the jet – ISM interactions in this gas-rich galaxy. 
herefore, multiwavelength studies of NGC 1068 are important in 
nderstanding the interplay of the AGN, jet and ISM properties in 
his source. 

In this work, we image the jets in NGC 1068 between 60 mas
ith the enhanced -Multi Element Radio Linked Interferometer 
etwork ( e -MERLIN) to ∼ 500 mas resolution scales with the Karl
. Jansky Very Large Array (VLA). We investigate the structure 

nd morphology of the inner radio jets in NGC 1068 from pc to
pc spatial scales. Our observations build on those from Muxlow 

t al. ( 1996 ) and Gallimore et al. ( 1996a ) where data from the pre-
ecessor VLA and MERLIN interferometers were used. These two 
nterferometers have since undergone significant upgrades to their 
eceivers and correlation capabilities. The new wideband receivers 
ro vide impro v ed uv- co v erage and sensitivities. The o v erlapping uv
co v erages between our e -MERLIN and VLA enable us to combine
hem, creating a synthesised interferometer, with angular resolution 
f e -MERLIN and VLA sensitivity. These combinations are done in 
his work for the first time of any NGC 1068 radio data. 

In this work, we aim to investigate the structure and morphology of
ll the components of the inner radio jets in NGC 1068. To this aim,
e determine the radio jet power and study the effect of the AGN

eedback on the surrounding ISM. We also investigate the impact 
hat the ISM has on the jet structure and orientation on pc to kpc
patial scales. This detailed study of the radio jets in NGC 1068 is
mportant to understand how energy from SMBHs is dissipated to 
he rest of the galaxy through radio jets. In Section 2 , we present
bservations and data reduction. In Section 3 , we present our results.
n Section 4 , we discuss the findings of this work. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 The e -MERLIN 5 GHz (C band) data 

GC 1068 was observed at a central frequency of 4.7 GHz (C
and) with a bandwidth of 512 MHz across three epochs on 2018
anuary 7, 13, and 14 (MJD 58125, 58131, 58132) under project 
D: CY6216. The observations are summarized in Table 1 . Each 
bservation had four spectral windows (spws) across the 512 MHz 
andwidth (128 MHz per spw). Each spw had 512 channels, but this
as averaged to 32 channels as part of the processing procedures. 
cans of the target source were interleaved with the phase calibrator,
0239-0234. 3C286 and OQ208 were also observed as the flux and
andpass calibrators, respectively. Target and phase calibrator scans 
ere 6 and 2 min long, respectively. Each epoch consisted of a total
f 8 h of cycling between the target and phase calibrator. 
We inspected the data and after flagging any obviously bad data

r radio frequency interference (RFI), we plotted data in Common 
stronomy Software Applications ( CASA ) plotms (McMullin 

t al. 2007 ) and inspected it in time and frequency, per antenna,
aseline and spectral window. Outlier points were flagged. We 
alibrated the data using the e -MERLIN CASA pipeline version: 
1.1.08 (Moldon 2021 , eMCP) using CASA version 5.5.0. We then
erformed flux, bandpass, and phase calibration along with additional 
agging of bad data, and preliminary imaging of the target and
hase calibrator fields (Moldon 2021 ). 1 The calibrated pipeline data 
roducts were further averaged in time and frequency to 8 s and
 MHz channels prior to self-calibration. 
We imaged and self-calibrated the data using the CASA task 
clean with cell size of 0.01 arcsec (about a fifth of the e -
ERLIN angular resolution) to Nyquist sample the data. We 

sed the multiterm multifrequency synthesis deconvolver (mtmfs) 
econvolver with Taylor polynomial ( nterms ) of 2 to maximize on
odelling the wideband sky brightness distribution. To maximize 

he angular resolution, we used a robustness parameter of −2 in
riggs weighting (Briggs 1995 ), resolving the compact components 
s shown in Fig. 1 (a). 

.2 The VLA 6, 10, and 21 GHz ( C , X , and K band) data 

e obtained four observations with the VLA - A array at 21 GHz
 K band). These observations were made on 2015 June 26, 28, July
, 11 (MJD 57199, 57201, 57206, 57214) under project code 15A-
45. The VLA 6 and 10 GHz data were retrieved from the VLA
rchive. 2 These data were observed on 2021 January 20 and 26

MJD 59 234 and 59240) under project ID: 38677764. The two
bservations were performed at 8–12 GHz ( X band) and 4–8 (C band)
Hz, respectively. In all observations, the target was interleaved with 

he phase calibrator, J0239-0234, with 3C138 used as the flux and
andpass calibrator. 
We calibrated all the VLA data using the standard VLA CASA

ipeline, version: 6.4.1. The pipeline data reduction steps include 
bservation file conversion (SDM-BDF to MS), flagging and flux, 
andpass, and phase calibrations. The National Radio Astronomy 
bservatory (NRAO) website 3 provides more detailed descriptions 
f the pipeline reduction steps. In each observation, we split the target
ource from the calibrated data set then averaged in time (8 s) and
requency (4 MHz). We then combined observations with multiple 
pochs using CASA task concat . The target source was self-
alibrated with progressively smaller solution intervals, starting from 

he full scan length of 480 to 8 s. The phase solutions converged to
ithin 2 deg. A final amplitude-phase self-calibration was performed 

nd solutions applied. 
We imaged the data using the CASA task tclean . We used a cell

ize of 0.04 and 0.02 arcsec for the VLA 4 − 12 and 21 GHz VLA-A
rray data, respectively. The mtmfs deconvolver was used with Taylor 
olynomial ( nterms ) of 3 to model the wideband sky brightness
istribution, removing persistent artefacts and radiating spokes that 
MNRAS 527, 11756–11765 (2024) 
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Figure 1. Left panel: The e -MERLIN 5 GHz images of NGC 1068. Black contours show emission at [ −3, 3, and 9] σ , white contours show 60 σ emission. 
σ = 95 μJy and refers to the rms noise. Middle panel: VLA 10 GHz image of NGC 1068. Black contours show emission at [ −3, 3, and 9] σ , white contours 
show 75 σ emission, σ = 60 μJy. Right panel: VLA 21 GHz image of NGC 1068. Black contours show emission at [ −3, 3, and 9] σ , white contours show 55 σ
emission, σ = 42 μJy. In all images, ne gativ e contours are dashed. Beams are represented by the blue ellipses in the bottom left corner of each image. The 
images have been created at matching uv -spacings of 65 −2600 k λ. The three images are restored with a common circular beam of 0.05 arcsec. 
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ccur with the VLA data near bright sources. To achieve higher
ngular resolution, a robustness parameter of −2 was used with
riggs weighting (Briggs 1995 ). The images are shown in Figs 1 (b)
nd (c) for VLA 10 and 21 GHz, respectively. A larger restoring
eam of 0.49 × 0.38 arcsec 2 was used in order to map the jet’s faint
tructure (see Figs 2 and 3 ). 

In the course of this work, we serendipitously disco v ered radio
upernov a SN2018i vc about 18 arcsec on the NE of the AGN
Mutie et al. 2022 ). The supernova resides in the northern inner
piral arm of NGC 1068 and along the SB bar (Thronson Harley
t al. 1989 ; Gallimore et al. 1996a ). This was the first radio
etection of the source. The point source was missing in our VLA
1 GHz 2015 data, but appeared in VLA 2021 6 and 10 GHz
ata. Our April/May 2022 observations of NGC 1068 with e -
ERLIN confirmed the source was present, while it was missing

n January 2018 e -MERLIN observations (see Section 2.1 ). We
ncluded SN2018ivc in our model in the most recent data sets to
mpro v e our o v erall self-calibration. F ollo w-up observ ations have
een made e -MERLIN and the results will be discussed in future
orks. 

.3 Data combination, e -MERLIN + VLA 

n order to image the full jet structure at all spatial scales from the
ore to the lobes, we combined the VLA and e -MERLIN data from
 to 12 GHz. The VLA has a maximum baseline of 36 km, giving
n angular resolution of 0.2 arcsec, corresponding to ∼ 14.4 pc. This
elps to detect the large-scale emission in the jet lobes. e -MERLIN’s
ong baselines of up to ∼ 217 km yields angular resolution of
NRAS 527, 11756–11765 (2024) 
0.05 arcsec, corresponding to ∼ 4 pc, and resolves the compact
omponents of the jet. 

The shortest e -MERLIN spacings o v erlap with the longest VLA-
 array spacings, allowing data combination. Interferometric data

ombination has been successfully performed in the past for VLA
nd e -MERLIN (e.g. Beswick, Pedlar & Holloway 2002 ; Williams
t al. 2019 ; Bempong-Manful et al. 2020 ; Baldi, Giovannini &
apetti 2021a ). Both the e -MERLIN and VLA data were re-weighted
sing the statwt task in CASA . We combined the data using CASA

ask concat , where we down-weighted the VLA data by a factor
f 3 compared to e -MERLIN, which was maintained at unity to
reserve the high resolution, while adding the needed missing shorter
aselines from the VLA to image the faint structure of the radio
et. We re-weighted the data so VLA/ e -MERLIN contributed the
ame amount in terms of data weights at the same scales. Using
ASA task phaseshift , we aligned the data into a common phase
entre. We then self-calibrated the combined data in phase and
mplitude. 

We imaged the data in CASA with tclean . The cell size was set to
.01 arcsec determined by the e -MERLIN data, which has the higher
ngular resolution of the two data sets. Other imaging parameters
ere maintained the same as those reported in Section 2.2 . The
nal images were produced with robustness parameter of 0 and −2

o balance between the high angular resolution and extended faint
mission. The combined image is shown in Fig. 4 . 

 RESULTS  

ur combined image shows all the components identified along the
et with labels (see Fig. 4 ). We fitted two-dimensional (2D) Gaussian
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Figure 2. (a) C band (6 GHz) image of VLA. The image is restored with 
0 . 48 × 0 . 39 arcsec 2 beam (the blue patch in the bottom left corner), just 
like in Gallimore et al. ( 1996a ). Black contours show emission at [ −4, 5, 10, 
15, 30] σ where σ = 27 μJy . White contours show emission at [64, 128, and 
254] σ . Ne gativ e contours are dashed. (b) VLA X (10 GHz) band image with 
σ = 65 μJy. All other parameters are the same to (a). 
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Figure 3. A combined VLA K band 2 (18.5 −23.5 GHz) image of NGC 1068 
at a central frequency of 21 GHz. The image is restored with a 0 . 48 × 0 . 39 
arcsec 2 beam (the blue ellipse in the bottom left corner). Black contours show 

emission at [ −4, 5, 10, 15, 30] σ , where σ = 9 . 9 μJy . White contours show 

[64, 128, and 254] σ emission. Ne gativ e contours are dashed. 
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omponents to all the compact components (NE, C, S1, S2, S2a, and
3) using CASA task imfit . We extracted the integrated fluxes and
omponent sizes as shown in Table 2 . We convolved the data with
he same circular beam size of 0.06 arcsec 2 and matched the uv -
o v erage from 50 to 3000 k λ to ensure that emission from the same
egions of the source were compared in order to calculate a spectral
nde x ( α). F or each component the spectral inde x is calculated from
he integrated flux densities in the 5 GHz e -MERLIN and 21 GHz
LA images and they are recorded in T able 2 . W e define spectral

ndex, α as S α να , such that ne gativ e spectral inde x corresponds to
teep spectra while inverted spectra are positive. Where necessary we 
easured extended emission from the VLA 6 GHz map in Fig. 2 (a),

ince it is the most sensitive map for the resolved components in
he radio jet, and the measured distances are from the combined
 -MERLIN + VLA map in Fig. 4 . 

.1 The central region 

omponent S1, the AGN (Muxlow et al. 1996 ), is the most compact
f all components, both at 5 and 21 GHz. We consider it as the origin
f the radio jet (see Muxlow et al. 1996 ; Gallimore et al. 1996a ;
allimore, Baum & O’Dea 2004a ) and we measure a spectral index
f 0.0 ± 0.1 using the e -MERLIN and VLA fluxes at 5 and 21 GHz
see Table 2 ). 

Moving north from component S1 is component C which is 
0.3 arcsec away. From C the jet diverts by ∼ 30 ◦ to the
E and ∼0.35 arcsecs away, component NE resides. Compo- 
ent S2 is to the immediate south of the AGN at a distance
f ∼ 0.12 arcsec. The high angular resolution afforded by the 
ombined image and a robust parameter of −2 was required to
eparate this component from S1. As shown in Gallimore et al.
 1996a ), a more naturally weighted image could not resolve these
omponents. 

We report component S2a for the first time. The component is to
he SW of both the AGN and component S2, at a distance of ∼ 0.57
rcsec. It is detected abo v e 3 σ significance level, with a peak flux
f 0.7 ± 0.1 mJy beam 

−1 and 0.31 ± 0.04 mJy beam 

−1 using the
 -MERLIN data at 5 GHz and the VLA data at 21 GHz, respectively.
MNRAS 527, 11756–11765 (2024) 
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Figure 4. A combined e -MERLIN + VLA image constructed between 4 and 12 GHz. The map resolves the compact radio components at the central region 
including the AGN (S1) as well as the extended emission from the NE and SW jet lobes. Black contours show emission at [ −3, 3, 9, and 27] σ and are imaged 
with robust 0, yielding an angular resolution of 0.18 × 0 . 17 arcsec. Ne gativ e contours are dashed. White contours show emission at 310 σ and are imaged with 
robust −2 yielding angular resolution of 0.12 × 0.05 arcsec 2 . The rms sensitivity in both images is σ = 30 μJy. The beam for robust 0 data is represented by 
the bottom left ellipse in blue. The components are labelled according to Gallimore et al. ( 1996a ) convention. 
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.2 Monitoring fluxes of central components 

e compared the peak radio fluxes of all the resolved components
t 5 GHz between the 1992 (Gallimore et al. 1996a ; Muxlow et al.
996 ) and our 2018 e -MERLIN data. At 21 GHz, we compared our
015 VLA fluxes with the 1983 (Wilson & Ulvestad 1983 ) and 1992
eak fluxes (Gallimore et al. 1996a ). The central frequency of the
NRAS 527, 11756–11765 (2024) 
983 and 1992 VLA epochs was 22.4 GHz. We note that the slight
ifference in frequency does not have a significant impact on the
uxes we observe. 
Fluxes for components NE, S1, and S2 were consistent within the

rror limits for both the 5 and 21 GHz data sets for 1983, 1992,
nd 2015/2018. Ho we ver, component C sho wed a decrease in flux
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Table 2. Measurements of the compact radio components of the jet obtained from Figs 1 (a) and (b). The angular resolution and uv -co v erage of both 
data were matched to ensure that emission from the same spatial scales were compared in calculating spectral indices as explained in Section 3 . 

Comp. Peak flux Int. flux Peak flux Int. flux Peak flux Int. flux Comp. size Spectral 
Name e -MERLIN density density density density density e -MERLIN index 

(mJy beam 

−1 ) e -MERLIN VLA −A 

X VLA −A 

X VLA −A 

K VLA −A 

K (mas 2 ) 
(mJy) (mJy beam 

−1 ) (mJy) (mJy beam 

−1 ) (mJy) 

NE 46.6 ± 2.5 117.5 ± 6.8 16 ± 1 57 ± 4 10.5 ± 0.6 24 ± 1 77 . 5 × 71 . 4 − 1.1 ± 0.1 
C 49 ± 3 174 ± 14 33 ± 2 74.4 ± 4.8 19 ± 1 45.5 ± 2.6 84 × 83 . 6 − 0.9 ± 0.1 
S1 9.3 ± 0.6 15.2 ± 1.2 10.5 ± 0.6 24 ± 2 12.4 ± 0.7 14.7 ± 0.8 56 . 7 × 39 . 3 0.0 ± 0.1 
S2 9.5 ± 0.8 25.6 ± 2.6 4.7 ± 1.1 13.3 ± 4.3 3.1 ± 0.2 8.7 ± 0.5 62 . 9 × 53 . 2 − 0.74 ± 0.02 
S2a 0.7 ± 0.1 0.7 ± 0.1 0.56 ± 0.03 1.4 ± 0.1 0.31 ± 0.04 0.7 ± 0.1 52 × 15 − 0.1 ± 0.1 
S3 10 ± 1 33.5 ± 3.4 3.4 ± 0.3 22.4 ± 2.1 2.2 ± 0.2 9.7 ± 1.1 104 × 76 − 0.9 ± 0.1 
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ensity from 41 ± 1 to 38.5 ± 0.7 mJy between 1983 and 1992,
nd then to 19 ± 1 mJy in 2015 in the VLA 21 GHz observations.
lthough the decrease in flux densities between 1983 and 1992 is
ithin uncertainties, the ∼ 50 per cent decrease from 1992 to 2015 

s significant, at the 18 σ level. The e -MERLIN 5 GHz peak flux of
omponent C dropped by ∼ 20 per cent from 58 ± 4 to 49 ± 3
Jy between 1992 and 2018, a 26-yr period corresponding to a 

ignificance level of 2 σ . 

.3 The NE region 

he NE lobe of NGC 1068 traces the radio plasma trajectory NE of
omponent NE. The total extent of the northern component measured 
etween the AGN and jet tip of the NE lobe from Fig. 4 is ∼ 6
rcsec corresponding to 432 pc in projection. The NE lobe is nearly
ymmetrical with a width of ∼ 1.5 arcsec from the central axis 
easured from the bottom side of the cone-shaped lobe. The western 

ow shock is 3 arcsec ( ∼ 240 pc projected) in length and connects to
he jet tip. The eastern bow shock in comparison extends ∼ 2 arcsec
see Fig. 5 ). 

.4 The SW region 

he SW region connects the components downstream between S2a 
nd the SW lobe. Components S2a and S3 are separated by ∼ 3.3
rcsec. The AGN and component S3 are ∼ 4.2 arcsec apart. The SW
lume resides between S2a and S3. The plume increases in width 
rom ∼ 1 arcsec closer to the AGN to ∼ 2.5 arcsec as it joins with
omponent S3. The SW lobe is characterized by a region of high
urface brightness to the south and a rather low surface brightness
tail’ extension. The SW lobe spreads to the south and further west of
omponent S3 up to ∼ 6 arcsec away. The tail extends about 4 arcsec
o the north abo v e component S3 and about 5 arcsec to its west. Its
rajectory (see Fig. 4 ) suggests that the lobes may have encountered a
igher density medium, resulting in a back flow of the radio plasma.

 DISCUSSION  

.1 The central components 

.1.1 Component NE 

omponent NE is the second brightest of the central components of
he jet at 5 GHz with both the e -MERLIN and VLA (see Table 2
nd Fig. 1 ). It is also the furthest compact central component from
he AGN in the northern part of the inner jet (see Section 3.1 ).
LBA observations taken in April 1997 at 1.4, 5, and 8.4 GHz show

hat NE is the brightest compact component in each of the three
ands (Gallimore, Baum & O’Dea 2004a ). This is likely because
he other components are resolved out at VLBA scales and NE
as the most extended structure compared with other components, 
ence collecting more flux in the lower angular resolution VLA and
 -MERLIN observations presented here. The steep spectral index 
f α = −1.1 ± 0.1 is consistent with α = −1 and α = −1.1,
alculated in Gallimore et al. ( 1996a ) and Gallimore, Baum & O’Dea
 2004a ), respectively. Such a steep spectral index can indicate that
he emission is from optically thin non-thermal emission. 

Gallimore, Baum & O’Dea ( 2004a ) suggests that the blob at
omponent NE could be a result of local density enhancement in the
et flow originating from the jet base due to variable accretion rates
t the AGN, which may in turn result in v ariable outflo w speeds,
eading to internal shocks (e.g. Blandford & K ̈onigl 1979 ). While
his view point is likely, recent ALMA observations of CO (3 −2)
nd C 2 H (1 −0) transitions in Garc ́ıa-Burillo et al. ( 2014 , 2017 ),
especti vely, sho ws that the entire central region of the jet lies within
 dense molecular ISM region that occupies the inner ∼ 4 arcsec
f the galaxy (e.g. Garc ́ıa-Burillo et al. 2014 ; Viti et al. 2014 ;
arc ́ıa-Burillo et al. 2017 ), referred to as the circumnuclear disc

CND), a region of complex physical and chemical activities, rich in
ense molecular gas. We therefore cannot rule out the possibility of
et −cloud interaction at NE. 

.1.2 Component C 

omponent C was originally thought to be the site of the accreting
MBH, as it is the brightest component at VLA and e -MERLIN
bservations, until this was dispro v ed by Muxlow et al. ( 1996 ),
ho showed that the AGN resides in component S1 (see the next

ection). The spectral index of component C is −0.9 ± 0.1. The
teep spectral index that we measured for this component is an
ndicator of synchrotron emission within the jet. Our findings indicate 
 difference in flux between the 1992 and 2015 VLA epochs at
1 GHz with 18 σ significance level, a decrease by 50 per cent. A
imilar trend is also observed with the 1992 and 2018 e -MERLIN
pochs at 5 GHz where the flux drops by 20 per cent, with 1.8 σ
ignificance level (Section 3.2 ). We note that the flux has varied
ignificantly, which could explain the difference in spectral index 
etween the two epochs. 

Fluxes from our 2015 and 2018 e -MERLIN and VLA data for
omponent C have decreased. We took into account other factors 
hat can cause these differences, such as different or variable flux
alibrators or different weighting schemes used in image decon- 
olution processes. We found that the same flux calibrator, 3C348 
as used in all epochs and that it was not varying o v er time. The
eighting schemes used did not amount to any significant differences 
MNRAS 527, 11756–11765 (2024) 
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M

Figure 5. (a) The VLA 21 GHz image of the NE lobe, created with Briggs 
weighting, robust 0. Contour levels are; black [ −7, 10, and 30] σ , white [60 
and 90] σ . The rms noise levels are 1 μJy and are represented by σ . The clean 
beam size is 0.10 × 0.09 arcsec 2 and is represented by the blue patch in the 
bottom left corner. (b) e -MERLIN 5 GHz image (zoomed in from Fig. 1 a) of 
the jet lobe head containing the hotspots P1 −P4. Contour levels are; black 
[ −7, 5, and 10] σ and white [16 and 28] σ . σ = 6 μJy. The beam size is 0.06 
arcsec, represented by the blue path in the bottom left corner. In both images, 
ne gativ e contours are dashed. 
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n fluxes in other components. Furthermore, other components show
onsistenc y in flux es across the epochs. We took this as evidence
hat the flux variations in component C are not as a result of any

easurement, deconvolution, or calibration errors. It is possible
hat component C is varying due to continuous powerful injections
f relativistic particles within a dense molecular cloud, causing
volution of the strong jet shock. 
NRAS 527, 11756–11765 (2024) 
The VLBA observations of this component by Gallimore, Baum &
’Dea ( 2004b ) showed that the flux of component C had gone down

rom 27 mJy in 1996 May to 19 mJy in 1997 April, suggesting
ariability on less than a year time-scales (331 d). The variability
ime-scale implied a resolved source of angular diameter of ≤0.008
rcsec in size, corresponding to ≤ 0.6 pc. The source variability could
e caused by evolving jet −ISM shocks caused interaction between
he jet and molecular clouds, evidenced from H 2 O observations
Greenhill & Gwinn 1997 ; Gallimore et al. 2001 ; Gallimore, Baum &
’Dea 2004b ). 
Our ne w e -MERLIN observ ations (project ID: CY13006) in six

pochs spread o v er 8 weeks have been obtained to investigate the
hort-term variability of this compact component as well as the
upernov a SN2018i vc. The results of these data will be analysed
nd featured in future works. 

At component C, the jet diverts by ∼ 30 ◦ to the NE (see Fig. 4 ).
he cause for deviation is a dense gas cloud that is on the jet’s
ath (Gallimore, Baum & O’Dea 2004a ). Further evidence of dense
olecular clouds at component C are the associated H 2 O masers

Gallimore et al. 1996b ; Greenhill & Gwinn 1997 ; Gallimore et al.
001 ; Morishima et al. 2022 ; Gallimore & Impellizzeri 2023 ).
LMA HCO 

+ (3 −2) and HCN (3 −2) transitions (Imanishi, Nakan-
shi & Izumi 2016 ) suggest the presence of dense gas at component
. Ho we ver, the 3D geometry nature of the galaxy makes it hard to
onfirm if this dense cloud is within the same region as component
. 

.1.3 Component S1 

omponent S1 was first suggested to be the AGN by Muxlow
t al. ( 1996 ). The flat radio spectrum is associated with non-thermal
mission from continuous particle injection, expected from the AGN
see Table 2 ). In recent works by Gallimore & Impellizzeri ( 2023 ),
bservations of blue and red shifted nuclear H 2 O masers rotating
bout component S1 with a calculated central mass of 1.7 × 10 7 M �
ith the Very Long Baseline Array (VLBA), further shows that S1

s the AGN. In this work, we report a spectral index of 0.0 ± 0.1 for
1. 
Hard X-ray observations (2 −10 keV) show that the brightest point

s coincident with S1 (Young, Wilson & Shopbell 2002 ). An Fe K α

ine was detected at 6.4 keV, indicative of reflection of X-ray photons
y the torus around the AGN (Mouchet, Collin & Dumont 2001 ),
urther suggesting S1 as the AGN. 

.1.4 Component S2 

omponent S2 lies south of the AGN and forms the start of the
outhern jet component. It is the closest compact component to the
GN at a distance of ∼ 0.12 arcsec ( ∼ 8.6 pc). We calculate α =
0.74 ± 0.02 for this component. This is indicative of synchrotron

adiation from a relatively old relativistic plasma. The spectrum is
atter at VLBA scales, α = −0.15 ± 0.08 between 5 and 21 GHz
Gallimore, Baum & O’Dea 2004b ). The VLBA data resolve more
ux than e -MERLIN, giving component sizes of ∼ 0.006 and 0.06
rcsec, respectiv ely. This e xplains why the spectral inde x measured
etween the e -MERLIN and VLBA scales is different. The VLBA
pectral index is flatter as there is a localized region where more
elativistic particles are hitting the gas clouds. The larger beam size
f e -MERLIN collects additional old synchrotron emission from the
 xtended re gion of the component, steepening the spectral inde x
ompared to VLBA fluxes. 



Radio jets in NGC 1068 11763 

4

W  

b  

0
0  

w  

c

4

4

T  

c
t  

e  

k  

T  

p  

F  

r
(  

i
 

o  

∼
∼
N  

o  

9  

l  

N
 

V  

e

L

 

i  

v
o  

w  

a  

a
M  

4  

L

P

6  

p  

P  

C  

M  

o  

u  

o
 

b  

c

6  

t  

o  

e
 

s  

h
−
b
M  

(  

b
a
K

4

C  

I  

t  

n
t  

a  

(  

c
t  

S  

p

4

T  

m  

o
 

r
e  

a  

b  

s  

e
 

i  

T  

w
 

d  

B  

d
o  

s
i  

b  

B  

o  

a
B  

o  

o  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11756/7515055 by guest on 26 January 2024
.1.5 Component S2a 

e label this unresolved component S2a in Fig. 4 , which has not
een reported before. The component is detected with peak flux of
.7 ± 0.1 mJy beam 

−1 . With an almost flat spectrum of α = −0 . 1 ±
 . 1. Component S2a is located in a region with dense molecular gas
ithin the CND (Viti et al. 2014 ). It is likely that this component is

reated as a result of jet −cloud impact along the southern jet. 

.2 The extended jet structure 

.2.1 The NE lobe 

he jet cuts through a region of dense molecular gas north of the
entral region, creating the NE limb-brightened lobe with bow shocks 
hat define the edges of an outflow (see figs 1 and 5 and Garc ́ıa-Burillo
t al. 2014 , 2017 ). The bow shocks are formed from the transfer of
inetic and radiative energy into the ISM (Wilson & Ulvestad 1987 ;
aylor, Dyson & Axon 1992 ; Tram et al. 2018 ). The shocked regions
ropagate side wards relati ve to the jet, producing radio emission (see
ig. 5 ). Dense molecular gas outflows are detected in a cone-shaped
egion coinciding in position (in 2D geometry) with the NE lobe 
Garc ́ıa-Burillo et al. 2014 , 2017 ). They suggest that the NE jet lobe
s driving the molecular gas out of this region. 

Garc ́ıa-Burillo et al. ( 2014 ) calculated molecular outflow rates
f ∼ 63 M � yr −1 within the entire CND region (area of radius of
4 arcsec around the AGN, including the NE lobe region) and 
6 M � yr −1 around the bow-shock arc region (coincident with the 

E lobe). Therefore, the outflow rate of the NE lobe is ∼ 9 . 5 per cent
f the entire CND region. Using this ratio, we consider that about
.5 per cent of the kinetic power, L kin ∼ 5 × 10 41 erg s −1 , calcu-
ated from the entire CND (Garc ́ıa-Burillo et al. 2014 ), is from the
E lobe. This gives a value of L kin −NElobe ∼ 4 . 8 × 10 40 erg s −1 . 
The monochromatic luminosity ( L radio ) of the lobes at 5 GHz in the

LA image (see Fig. 2 a) can be computed using the relation (B ̂ ırzan
t al. 2008 ), 

 radio = 4 π × d 2 × ( 1 + z ) α−1 × S ν0 × ν0 , (1) 

where d is distance to the galaxy, z is the redshift, α is the spectral
ndex, S ν0 is the flux density, and ν0 is the observing frequency. A
alue of α = −0.6 was estimated from the total integrated fluxes 
f the NE lobe between the VLA 6 and 20 GHz data. To do this,
e drew a box around the cone-shaped region in our VLA maps,

nd extracted the total fluxes with CASA task imfit . This value is
lso consistent with other literature (e.g. Wilson & Ulvestad 1983 ; 
ichiyama et al. 2022 ). Our calculations of L radio gave a value of

.5 × 10 38 erg s −1 . We related the radio jet power, P jet −NElobe with
 radio as follows in Cavagnolo et al. ( 2010 ), 

 jet = 5 . 8 × 10 43 

(
L radio 

10 40 

)0 . 7 

erg s −1 , (2) 

Therefore, we calculate the NE lobe jet power, P jet−NElobe = 

.7 × 10 42 erg s −1 . Using the same method to estimate the total jet
ower of the entire jet structure, Garc ́ıa-Burillo et al. ( 2014 ) estimated
 jet = 1.8 × 10 43 erg s −1 using the compact radio components NE,
, S1, and S2 totalling a flux density of 840 mJy from the 1.5 GHz
ERLIN map from Gallimore et al. ( 1996a ). Our calculations focus

n the NE lobe, which has a total flux density of 367 mJy, enabling
s to relate the kinetic power of the outflows to the radio luminosity
f the NE lobe. 
According to Garc ́ıa-Burillo et al. ( 2014 ), the jet power must

e at least 30 times higher than the kinetic power in order to
ause molecular outflows, i.e. P jet 

L kin 
> 30. Relating our P jet−NE l obe = 

.7 × 10 42 erg s −1 and L kin −NE l obe ∼ 4 . 8 × 10 40 erg s −1 we find
hat the NE lobe has sufficient radio power to cause molecular
utflows within the bow-shock arc re gion ev en when low coupling
fficiency is assumed (Garc ́ıa-Burillo et al. 2014 ). 

Recent ALMA observations of the radio jet lobe, at 92 GHz,
how similar structure as our data (Michiyama et al. 2022 ). The
otspot components P1 −P4 with spectral indices of −0.50 ± 0.16, 
0.59 ± 0.14, −0.65 ± 0.10, and −0.50 ± 0.09, respectively, 

etween 15 GHz (VLA) and 250 GHz (ALMA) (discussed in 
ichiyama et al. 2022 ) are detected in our VLA 21 GHz image

see Fig. 5 a) and e -MERLIN 5 GHz image (Fig. 5 b). Hotspots can
e created by shock-driven interactions at the jet–ISM boundary, 
s evidenced in our radio observations (see simulations by Horton, 
rause & Hardcastle 2023 ). 

.2.2 Component S3 

omponent S3 is the brightest known component in the southern jet.
t is detected in all our high angular resolution radio observations of
his jet. With a steep spectral index, α = −0.9 ± 0.1, it implies that
on-thermal emission dominates the component, and it is likely due 
o old jet emission. After component S3, the southern jet diverts at
n angle of ∼ 30 ◦ to the west. ALMA maps by Garc ́ıa-Burillo et al.
 2014 ) show a dense gas cloud potentially coinciding in location with
omponent S3. We presume that the compact component identified in 
he ALMA maps is responsible for the radio emission at component
3, and is the cause of the diversion of the jet. We will explore this
ossibility in a future work. 

.2.3 The SW lobe 

he complex orientation of the southern jet, behind the galactic plane
akes it harder to determine the causes of the emission. A number

f possibilities can explain the radio emission from the SW lobe. 
First, it is possible that star formation can partially explain the

adio emission. Radio emission in 1.5 GHz VLA images (Gallimore 
t al. 1996a ) shows that a star -b urst (SB) bar connects from the spiral
rms to the CND. The radio jet of NGC 1068 is oriented along the SB
ar (Gallimore et al. 1996a ; Garc ́ıa-Burillo et al. 2014 ). Therefore,
tar formation in the SB bar could possibly explain some of the radio
mission. 

Secondly, the emission could be relic, coming from the radio jet
n the past activity and marking different era’s of the AGN activity.
his can only be tested by spectral ageing analysis of the jet, a task
e aim to carry out in the next paper. 
Ho we ver, it is most plausible that the emission is produced by a jet

eflected by dense molecular clouds at component S3 [see Garc ́ıa-
urillo et al. ( 2014 ), where the location of S3 is coincident with
ense molecular clouds]. The deflected southern jet then travels west 
f component S3. The jet connects directly to the rest of the SW lobe
tructure through component S3 at higher contour levels, as shown 
n Fig. 2 . This is also demonstrated with VLA A - array 1.5 GHz ( L
and) images of NGC 1068 by Gallimore et al. ( 1996a ) and VLA
 - array 5 GHz images by Ho & Ulvestad ( 2001 ). The presence
f component S3 would cause jet diversion as long as it is dense
nd massive enough to overcome the jet’s kinetic power (Gallimore, 
aum & O’Dea 2004a ). The impact would cause the jet to spread
ut as it travels through the starburst region. ALMA 92 GHz images
f the jet by Michiyama et al. ( 2022 ) show the SW lobe connecting
o component S3. 
MNRAS 527, 11756–11765 (2024) 
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.3 Comparison with other nearby Seyfert galaxies 

bout 10 per cent of all the observable galaxies in the Universe are
eyfert galaxies (Maiolino & Rieke 1995 ). These sources are part of
 larger class of galaxies that host an AGN. Our images show that the
MBH in NGC 1068 is actively accreting material and producing the
adio jets (about 0.5 kpc from the SMBH) shown in Fig. 4 . In more
owerful radio sources such as 3C 465 ( z = 0.03035), the radio
ets extend well beyond 150 kpc from the AGN (Bempong-Manful
t al. 2020 ); about 30 times larger than the radio jets in NGC 1068.
eyfert galaxies are low power AGN, some with radio jets that lie
ithin their galactic bulge, shaping the dynamics of ISM within the
alaxy, as is the case with NGC 1068 and Circinus galaxy (Israel
992 ; Elmouttie et al. 1998 ; Panessa et al. 2019 ). 
Ho we v er, not all Se yfert galaxies hav e well-defined radio jets. F or

 xample, a VLA surv e y of galaxies by Ho & Ulv estad ( 2001 ), showed
hat while NGC 1068, NGC 6951, NGC 358, NGC 3031, and NGC
516 had well-defined jet-like extensions and lobes, NGC 3079 had
n irregular structure within the core that could not be easily defined
s a jet. Another surv e y by Baldi et al. ( 2021b ) found that out of 13
eyfert galaxies detected in the radio, 6 had a core/core-jet and only
/13 showed large-scale jets akin to those in NGC 1068. About 44
er cent (19/43) of radio quiet AGN in a surv e y by Gallimore et al.
 2006 ) were found to be Seyfert galaxies that hosted a kilo-parsec
cale radio (KSR) outflows. Such structures can be detected when
nterferometric observations are not artificially suppressed by leaving
ut short baselines (VLA B, C, and D arrays) hence biasing towards
uclear dominated jet structures. Such KSRs may be connected to
uclear jet emission as is the case with NGC 1068 where the extended
et lobes on kpc scales join the nuclear jets when observed with
igher resolution interferometers (see Fig. 1 ). For Seyfert galaxies
hat have radio jets, some have jet lobes such as NGC 1068 (the NE
nd SW such as shown in Fig. 4 ), while others like NGC 4151 show
ndividual components in a line (Williams et al. 2017 ). Other radio
uiet AGN like NGC 1377 have been disco v ered to hav e apparent
adio jets with collimated jet-like molecular outflows (Aalto et al. 
020 ). 
Seyfert galaxies have been reported to show radio flux variability

n their cores in the past. The radio flux variation in galactic cores is
n some cases caused by flares of ionized material being ejected from
he accretion disc. In an 8 GHz VLA surv e y of 11 Seyfert galaxies
y Mundell et al. ( 2009 ), 5 Seyferts (NGC 2110, NGC 3081, MCG-
-30-15, and NGC 5273) showed decreases in their nuclear flux
etween 1992 and 1999, while one (NGC 5273) showed an increase.
ore fluxes of six Seyfert galaxies (Mrk 607, NGC 1386, Mrk 620,
GC 3516, NGC 4968, and NGC 7465) remained unchanged o v er

he same time duration. VLBI observations of NGC 2992 at 5 GHz
eported core radio flux variation, recording a decrease by a factor
f > 3 with within a region of < 0.02 pc (Fernandez et al. 2022 ). We
id not find any noticeable change in AGN flux in NGC 1068 in all
he epochs we have. Ho we ver, we cannot rule out AGN variability
n short time-scales as our observations are more than 23 yr apart. 
Radio jets can interact with nearby ISM, creating radio blobs

hose flux may vary with time, as more relativistic particles from
he SMBH are injected into the shocked re gions. F or e xample,
omponent C4E in NGC 4151 (Mundell et al. 2003 ; Williams et al.
017 ) has been reported to increase in flux o v er a period of 22 yr from
7.14 ± 0.07 mJy to 66.76 ± 0.04 mJy (Williams et al. 2017 ). Here,
e have reported the decrease in flux of component C in NGC 1068

rom 38.5 ± 0.7 mJy in 1992 to 19 ±1 mJy in 2015 with significance
evel of 18 σ , over a 23-yr period. It is difficult to understand the
ariation patterns within such long time periods as we have. More
NRAS 527, 11756–11765 (2024) 

V

bservations may need to be conducted o v er shorter time durations
o better understand component C. 

 SUMMARY  A N D  C O N C L U S I O N S  

e have used high sensitivity e -MERLIN 5 GHz and VLA
 −23.5 GHz observations to map the radio emission from the radio
et in NGC 1068. The jet lies in the inner 4 arcsec of the galaxy,
eferred to as the circumnuclear disc (CND). For the first time, we
reated a combined 5 GHz e -MERLIN and VLA map of NGC 1068,
racing the compact central components and the extended structure
f the jet lobes. 
We summarize and conclude our key findings as follows: 

(i) The compact central components NE, C, S1, and S2 to the
xtended structure of the NE and SW jet lobes have been shown
n our combined e -MERLIN and VLA data at spacial scales of
5 k λ − 3300 k λ. 
(ii) We report the disco v ery of component S2a detected abo v e 10 σ

ith both the e -MERLIN and VLA. 
(iii) Components NE, C, and S2 have a steep spectrum of
1.1 ± 0.1, −0.9 ± 0.1, and −0.74 ± 0.02, respecti vely, indicati ve

f optically thin non-thermal emission between 5 and 21 GHz.
omponent S1 has a nearly flat spectrum of, 0.0 ± 0.1 and is the
GN. 
(iv) Component C has significantly decreased in flux by 18 σ

etween 1992 and 2015. At 21 GHz the VLA flux decreases from
8.5 ± 0.7 mJy to 19 ± 1 mJy in this time period. At 5 GHz with
 -MERLIN, the flux decreases from 59 ± 4 to 49 ± 3 mJy between
995 and 2018. High angular resolution VLBA results of the resolved
omponent C by Gallimore, Baum & O’Dea ( 2004b ) reported flux
ecrease from 27 mJy to 19 mJy in 1996 within a period of 331 d.
ur findings agree with conclusions made by Gallimore, Baum &
’Dea ( 2004b ) that component C is varying. 
(v) We detect the bow shocks in the NE jet lobes that coincide with

he molecular gas outflows observed with ALMA. The NE jet lobe
as a jet power of P jet = 6.7 × 10 42 erg s −1 believed to be responsible
or driving out dense molecular gas of mass, ∼ 9 × 10 6 M � (Garc ́ıa-
urillo et al. 2014 ) around itself. 

This work demonstrates the capabilities of e -MERLIN and VLA
o image the complex radio structure of NGC 1068 across a wide
ange of spatial scales. It remains unclear whether the emission in
he SW lobe is due to the jet or from star formation activity in the
ame region. In future studies, we aim to disentangle the nature of the
mission along the jet by calculating the spectral age of the electrons
nd by comparing to multiwavelength data of similar resolution, i.e.
LMA, to align the radio emitting regions and molecular gas in this
alaxy. 
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