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A B S T R A C T 

The Seyfert galaxy NGC 2639 was known to exhibit three episodes of active galactic nuclei (AGN) jet/lobe activity. We present 
here the upgraded Giant Metrewave Radio Telescope (uGMRT) 735 MHz image of NGC 2639 showing a fourth episode as 
witnessed by the disco v ery of ∼9 kpc radio lobes misaligned with the previously known ∼1.5 kpc, ∼360 pc, and ∼3 pc jet 
features detected through the Karl G. Jansky Very Large Array (VLA) and the Very Long Baseline Array (VLBA), respectively. 
Using the spectral ageing software BRATS , we derive the ages of the ∼9 kpc, ∼1.5 kpc, and ∼360 pc episodes to be, respectively, 
34 

+ 4 
−6 , 11 . 8 

+ 1 . 7 
−1 . 4 , and 2 . 8 

+ 0 . 7 
−0 . 5 Myr, and conclude that minor mergers occurred 9 −22 Myr apart. NGC 2639 shows a deficit of 

molecular gas in its central ∼6 kpc region. The GALEX NUV image also shows a deficiency of recent star formation in the same 
region, while the star formation rate surface density in NGC 2639 is lower by a factor of 5 −18 compared to the global Schmidt 
law of star-forming galaxies. This makes NGC 2639 a rare case of a Seyfert galaxy showing episodic jet activity and possible 
signatures of jet-driven AGN feedback. 

Key words: techniques: interferometric – galaxies: jets – galaxies: Seyfert – radio continuum: galaxies – galaxies: star forma- 
tion – galaxies: active. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGNs) are the high-luminosity, energetic 
entres of galaxies that are dominated by light emitted from mat- 
er accreting on to a supermassive black hole (SMBH, M BH ∼
0 6 −10 9 M �; Rees 1984 ; P ado vani et al. 2017 ). In a small fraction of
GN ( ∼ 10 per cent ), relativistic jets are launched from the SMBH
p to hundreds of kpc to even Mpc scales (Readhead, Cohen &
landford 1978 ; Orr & Browne 1982 ; Heckman & Best 2014 ). AGNs
ave been historically broadly classified into Seyfert galaxies and 
uasars, with the fundamental difference lying in their bolometric 
uminosity ( L bol ) with L bol ≤ 10 12 L � for Seyfert galaxies and higher
or quasars (Schmidt & Green 1983 ; Soifer et al. 1987 ). Based on
he presence or absence of broad bases to permitted emission lines in
he optical spectra, Seyfert galaxies are further classified into types 
 and 2 (Khachikian & Weedman 1974 ; Hickox & Alexander 2018 ).
t is widely believed that different viewing angles of the central 
ngine surrounded by an obscuring torus explain the two Seyfert 
lasses, with type 1s being viewed nearly face on, although there are
ev eral e xceptions (Antonucci 1993 ; Ho 2008 ; Netzer 2015 ). Seyfert
alaxies are primarily classified as ‘radio-quiet’ (RQ) AGN. Based 
n 6 GHz Karl G. Jansky Very Large Array ( VLA ) observations of
loan Digital Sky Survey (SDSS) quasi-stellar objects, Kellermann 
 E-mail: vvrao@umich.edu 

d

2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
t al. ( 2016 ) have suggested RQAGN to be those having 21 ≤
og[ L 6 (W Hz −1 )] ≤ 23. 

Outflows in Seyfert galaxies are not a well-understood phe- 
omenon (Panessa et al. 2019 ). Only sensitive radio observations 
eveal the presence of radio structures with typical extents ∼10 kpc
n Seyfert galaxies. Gallimore et al. ( 2006 ); Singh et al. ( 2015 ) found
hat � 40 per cent of Seyfert galaxies in statistically large samples 
xhibit kiloparsec-scale radio structures (KSRs). It is unclear how 

hese radio outflows are generated. The contribution of the AGN 

ersus star formation to the radio emission is being debated (e.g.
aum et al. 1993 ; Hota & Saikia 2006 ; Sebastian et al. 2020 ). Several
uthors (Malzac, Beloborodov & Poutanen 2001 ; Markof f, No wak &
ilms 2005 ; Behar et al. 2015 ; Kharb et al. 2015 ; Wong et al. 2016 )

ave argued the case for Seyfert outflows being outflowing accretion 
isc coronae. High-resolution Very Long Baseline Array (VLBA) 
bservations, on the other hand, have detected the presence of parsec-
cale jets in a majority of radio-bright Seyfert galaxies (e.g. Thean
t al. 2001 ; Nagar, Falcke & Wilson 2005 ; Kharb et al. 2010 , 2021 ;
ezcua & Prieto 2014 ; Baldi et al. 2018 ), making a strong case

or Seyfert galaxies being jetted AGN. Ho ( 2008 ) have argued that
mall collimated outflows in low-luminosity AGN like Seyferts can 
e agents of radiative or mechanical AGN feedback and this energy
njection can lead to unsteady, intermittent accretion with a short 
uty cycle. 
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AGNs are believed to regulate galaxy growth by injecting energy
nto the surrounding gas which has the effect of either heating and/or
xpelling star-forming material (‘negative feedback’) or facilitating
ocalized star formation (‘positive feedback’) (Alexander & Hickox
012 ; Fabian 2012 ; Harrison 2017 ; Morganti 2017 ). While AGN
feedback’ is believed to be a fundamental process of galaxy for-
ation, there are many outstanding questions from an observational

oint of view. AGN feedback has been suggested to come in the
quasar mode’ or the ‘maintenance/jet mode’ (e.g. Croton 2009 ;
ower, Benson & Crain 2012 ). The former is associated with

adiati vely dri ven AGN, where the energetic photons coupled with
he surrounding gas driv e high-v elocity winds through the host
alaxy and result in the removal of the star-forming material (e.g.
aucher-Gigu ̀ere & Quataert 2012 ; Costa et al. 2018 ), while the

atter is associated with AGN hosting radio jets that can transfer
echanical power (jets could heat, shock or entrain gas) and regulate

tar formation (e.g. McNamara & Nulsen 2012 ; Mahony et al.
013 ; Morganti 2017 ; Hardcastle & Croston 2020 ). While highly
ollimated jets might not be efficient agents of AGN ‘feedback’,
resumably due to the smaller working surfaces at their advancing
nds, relatively isotropic impacts via changes in jet direction can be
ighly ef fecti ve (King & Pounds 2015 ). Moreo v er, the contribution
f jets towards the total AGN energy budget has been suggested
o be � 20 per cent (Merloni & Heinz 2008 ; Shankar et al. 2008 ;
attaneo & Best 2009 ). 
Sanders ( 1984 ) has argued that individual Seyfert activity episodes

ypically have a shorter duration than the minimum statistical lifetime
f Seyfert activity in a particular galaxy (3 −7 × 10 8 yr), which
ould imply that the nuclei evolve through at least a 100 recurring
eyfert episodes. If it is assumed that Seyfert episodes in a particular
alaxy are due to accretion on to the central black hole (BH), the
hort lifetime of Seyfert events would require separate episodes to be
aused by distinct accretion events. Recent studies from the SDSS,
hough, have suggested that accretion rate changes are common
ithin a given Seyfert duty cycle, producing a much more complex
icture of accretion in Seyfert galaxies (Elitzur, Ho & Trump 2014 ;
 oulouridis 2014 ; K oulouridis et al. 2016 ). So far, only a handful of
eyfert galaxies such as Mrk 6 (Kharb et al. 2006 ) and NGC 2992
Irwin et al. 2016 ) have been known to exhibit multiple kpc-scale
adio lobes, with Mrk 6 showing three jet episodes. Here and in other
ases discussed in this paper, different jet ‘episodes’ are defined
y surface brightness discontinuities, with each jet episode being
elineated by the presence of either terminal hotspot-like features or
obes with well-defined edges, i.e. surface brightness discontinuity
f the edges is at least three times the rms noise. Saikia ( 2022 ) has
ointed out that different jets are also characterized by significant
ifferences in position angle (PA; measured here from north through
ast with north being at 0 ◦) and differences in the steepness of the
pectral index. 

Interestingly, Sebastian et al. ( 2020 ) found tentative evidence for
ultiple episodes in a majority (5/9) of their Seyfert galaxy sample.
his fraction was higher than that observed in radio galaxies ( ∼ 10 −
5 per cent ; Jurlin et al. 2020 ) and was consistent with the theoretical
xpectation of Sanders ( 1984 ). Therefore, the rarity of known Seyfert
alaxies with episodic activity may not be due to a true absence but
ather due to the difficulty in their identification due to the low surface
rightness of their lobes, small spatial extents, lack of collimation,
nd confusion with the radio emission from star formation. Hence, it
s essential to design methods to identify various episodes of jetted
mission in Seyfert galaxies to truly understand the life cycle of jets in
hese systems and their impact on the environment. Multifrequency,

ultiscale/resolution observations are one such method. Although
NRAS 524, 1615–1624 (2023) 
everal AGNs, including radio galaxies and Seyfert galaxies, have
een shown to exhibit two episodes of jet activity (see Saikia &
amrozy 2009 ; Shabala et al. 2020 ; Saikia 2022 , and references
herein), it is scarce to find sources with three or more episodes
although see the simulations of Lalakos et al. 2022 ). Here, we report
he disco v ery of a Se yfert galaxy NGC 2639, which shows four AGN
et activity episodes. 

NGC 2639 (a.k.a UGC 4544) is a Seyfert 2 galaxy (Lacerda et al.
020 , see Fig. 1 ). At its redshift of 0.01113 (luminosity distance
8.2 Mpc), 1 arcsec corresponds to 0.229 kpc. NGC 2639 hosts water
apour megamasers most likely in a cool dense nuclear disc (Wilson,
raatz & Henkel 1995 ). The maser in this galaxy has a luminosity
f 71 L � and has a prominent emission component of 3300 km s −1 

width 5.4 km s −1 ) surrounded by some weaker emission components
Braatz, Wilson & Henkel 1994 ). Berrier et al. ( 2013 ) have estimated
he mass of the BH in NGC 2639 using the M BH − σ relation (Fer-
arese & Merritt 2000 ), which turns out to be M BH = (1.48 ± 0.43) ×
0 8 M �. A more accurate BH mass is not yet available from the water
apour megamaser data due to the non-detection of ‘satellite’ lines,
s described by Wilson et al. ( 1995 ). The stellar mass of the host
alaxy has been estimated to be 1.48 × 10 11 M � by Sweet et al.
 2018 ). The Eddington ratio for the BH in NGC 2639 is obtained to
e L bol 

L Edd 
= 4 × 10 −4 , where L bol is the bolometric luminosity and L Edd 

s the Eddington luminosity. L bol was obtained using the 2 −10 keV
bsorption-corrected X-ray luminosity L X = 46.6 × 10 40 erg s −1 

or NGC 2639 (Terashima et al. 2002 ), and was estimated via the
elation L bol = 15.8 L X (see Ho 2009 ). The Eddington luminosity

as obtained through L Edd = 1 . 26 × 10 38 
(

M BH 
M �

)
= 1 . 86 × 10 46 erg

 

−1 . The extreme dimness of the nucleus, radiating well below the
ddington limit strongly suggests that the AGN accretion flow is

adiati vely inef ficient in NGC 2639 (Heckman & Best 2014 ). 
Using multiresolution radio observations with the VLA and the

LBA, Sebastian et al. ( 2019 ) reported three pairs of radio jets/lobes
n NGC 2639. The three lobes are misaligned with each other
ithout any apparent signatures of continuity. Sebastian et al. ( 2019 )

oncluded that these three lobes were representative of three distinct
pisodes of AGN jet activity and ruled out other scenarios, including
ultiple jets from independent AGNs, slow jet precession, and jet

ending due to pressure gradients within the galaxy. The presence
f a jet precession was discounted based on the lack of supporting
vidence for the continuity in flux densities or trajectories across
he three distinct lobe pairs. Similarly, the likelihood of multiple
ndependent jets originating from different AGNs was deemed
mplausible due to their extremely low probabilities. Lastly, pressure
radients were eliminated as a possibility due to the observed
isalignment of the three lobes from the minor axis, which is

ncompatible with this hypothesis. Ho we ver, it is worth noting that
anthopoulos et al. ( 2010 ) have favoured jet-medium interaction

ather than jet precession to explain the S-shaped, east-west MERLIN
et in NGC 2639 (corresponding to the 360 pc VLA jet; see ahead). 

The jet extents of the three episodes were 1.5 kpc, 360 pc, and
 pc as revealed by the VLA image at 5.5 GHz, historical VLA
mage at 5 GHz, and VLBA image at 8.3 GHz, respectively (see
ig. 2 and Table 1 ). Following the criterion of Kellermann et al.
 2016 ), NGC 2639 is a RQAGN having log[ L 6 (W Hz −1 )] = 22.15,
btained from its 5.5 GHz VLA lobes using a spectral index of −0.6.
n this paper, we present new upgraded Giant Metrewave Radio
elescope (uGMRT; hereafter GMRT) images of NGC 2639 which
eveal an additional set of radio lobes, not previously detected at GHz
requencies (see Fig. 1 ). This paper is divided as follows. In Section 2 ,
e present the radio data analysis, followed by the spectral ageing
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Figure 1. A radio-optical o v erlay of NGC 2639. The optical image comes from SDSS r band. The dotted, white contours represent the 325 MHz Giant 
Metrewave Radio Telescope ( GMRT ) data with contour levels (1, 2, 4, 8) × 1.6 mJy beam 

−1 . The solid white contours represent the 735 MHz GMRT data with 
contour levels (1, 2, 4, 32) × 0.6 mJy beam 

−1 . The solid brown contours come from the VLA 5.5 GHz image with contour levels (2, 4, 8, 64) × 0.03 mJy 
beam 

−1 . 

Figure 2. The four AGN jet episodes of NGC 2639. ( Left ) 735 MHz GMRT total intensity image. The ∼9 kpc north-east–south-west radio lobes at PA = 34 ◦
are seen in this image. Contour levels: ( − 2, −1, 1, 2, 4, 8, 16, 32, 64, 128, 256) × 0.6 mJy beam 

−1 . Beam at the bottom left corner is of size: 5.48 arcsec 
× 3.0 arcsec at PA = 54.6 ◦. ( Top ) 5.5 GHz VLA total intensity image. Contour levels: ( − 2, −1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) × 0.03 mJy beam 

−1 . 
The ∼1.5 kpc north–south radio jets at PA = 6 ◦ are seen here. Beam size: 1.02 arcsec × 0.89 arcsec at PA = −5.8 ◦. (Right) 5 GHz VLA radio image. Contour 
levels: ( − 2, −1, 1, 2, 4, 8, 16, 32, 64, 128) × 0.164 mJy beam 

−1 . The ∼360 pc east–west lobes at PA = 106 ◦ are seen in this image. Beam size: 0.43 arcsec ×
0.30 arcsec at PA = −85.4 ◦. (Bottom ) 8.3 GHz VLB A image sho wing a ∼3 pc jet at PA = 130 ◦. Contour levels: ( − 2, −1, 1, 2, 4, 8, 16, 32, 64) × 0.239 mJy 
beam 

−1 . Beam size: 7.7 mas × 6.2 mas at PA = −4.9 ◦. 
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Table 1. Details of the different data sets used for analysis in this paper. 

Telescope Project code Observing date Frequency Array Beam size 

GMRT 

a 39 090 2020-11-15 735 MHz – 5.48 arcsec × 3.0 arcsec, PA 54.6 ◦
GMRT 

a 22 002 2012-06-09 325 MHz – 12.1 arcsec × 9.8 arcsec, PA 37.6 ◦
VLA 

a 17B-074 2017-11-04 5.5 GHz B 1.02 arcsec × 0.89 arcsec, PA −5.8 ◦
VLA GL022 1998-02-17 5.0 GHz A 0.43 arcsec × 0.30 arcsec, PA −85.4 ◦
VLA 

a AW126 1985-02-04 1.5 GHz A 1.45 arcsec × 1.12 arcsec, PA 51.9 ◦
VLBA BC196J 2011-03-12 8.3 GHz – 7.7 arcsec × 6.2 mas, PA −4.9 ◦

Note. a Indicates the data sets that have been used for the BRATS spectral ageing analysis. 

Table 2. Source parameters in the different data sets used in this paper. 

Telescope Frequency Peak source intensity (mJy beam 

−1 ) rms noise ( μJy beam 

−1 ) Total source intensity (mJy) Source PA 

GMRT 735 MHz 198 90 223 ± 22 34 ◦
GMRT 325 MHz 249 128 286 ± 29 40 ◦
VLA 5.5 GHz 42 9 57 ± 6 6 ◦
VLA 5.0 GHz 54 54 79 ± 8 106 ◦
VLA 1.5 GHz 61 82 93 ± 9 180 ◦
VLBA 8.3 GHz 29 75 33 ± 3 130 ◦
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nalysis in Section 3 . The results and discussion follow in Sections 4
nd 5 , respectively, while the conclusions follow in Section 6 . In
his paper, we have adopted the following cosmological parameters:
 0 = 73 km s −1 Mpc −1 , �mat = 0.27, �vac = 0.73. Throughout the
aper, spectral index α is defined such that flux density S ν ∝ να . 

 R A D I O  OBSERVATIONS  A N D  DATA  

NALY SIS  

GC 2639 was observed with the GMRT (Project code: 39 090)
t 735 MHz (band 4) on 2020 No v ember 15. The observing band
onsisted of a single spectral window, ranging from 550 to 950 MHz,
cross 4096 channels. The total on-source time was ≈36 min.
C 147 was used as the amplitude calibrator and 0834 + 555 as the
hase calibrator. Initial data editing and calibration were carried
ut using the CAPTURE continuum imaging pipeline for GMRT
Kale & Ishwara-Chandra 2021 ) on CASA (version 6.4; McMullin
t al. 2007 ). The multiterm–multifrequency synthesis ( MT-MFS ; see
au & Cornwell 2011 , for more details) algorithm with two Taylor

erms was used while imaging in CASA to account for wide-band
elated errors while deconvolving. Four rounds of phase-only self-
alibration followed by four rounds of A&P (amplitude and phase)
elf-calibration were performed before the final image of NGC 2639
as created using the TCLEAN task in CASA . TCLEAN is the radio

nterferometric image reconstruction task that contains standard
clean’ based algorithms (e.g. H ̈ogbom 1974 ; Clark 1980 ) along
ith algorithms for multiscale and wideband image reconstruction.
he final rms noise in the resulting image was ∼90 μJy beam 

−1 . 
Calibrated data of NGC 2639 used by Sebastian et al. ( 2019 ) from

he VLA B-array at 5.5 GHz, were also available. The data were
maged using the TCLEAN task in CASA using similar steps as abo v e.
mages obtained from archi v al VLA data at 1.5 GHz from 1985 and
MRT data at 325 MHz were used along with the abo v e data sets for
 spectral-ageing analysis. In addition to this, VLA images at 5 GHz
rom 1998 and VLBA images at 8.3 GHz from 2011, which were
nalyzed by Sebastian et al. ( 2019 ), were included in our analysis
s well. These figures are included as insets in Fig. 2 . Tables 1
nd 2 include a summary of the data sets used along with their
orresponding source properties. The flux densities were estimated
sing the CASA Viewer. We made rectangular boxes around the
NRAS 524, 1615–1624 (2023) 
xtended emission using the drawing tool and noted the flux density
alues from the statistics tab of the region manager for the selected
egions. The flux density errors were obtained through the formula
 

( σrms ×
√ 

N b ) 2 + ( σp × S) 2 , where σ rms is the rms noise in the
mage, N b is the number of beams that span the source area, σ p is
he percentage error on the absolute flux density scale (assumed to
e a conserv ati ve 0.1 for the GMRT, VLA 

1 , and VLBA), and S is the
ource flux density (Kale, Shende & Parekh 2019 ). 

 SPECTRAL  AG EI NG  ANALYSI S  USI NG  BRATS 

e used the Broad-band Radio Analysis ToolS ( BRATS ) software
Harw ood et al. 2013 ; Harw ood, Hardcastle & Croston 2015 ) to
arry out a spectral ageing analysis of the different jet episodes
n NGC 2639. We estimated the ‘minimum energy’ magnetic field
 B min ) in the radio lobes assuming the equipartition of magnetic
eld and particle energy densities (e.g. Pacholczyk 1970 ) and used

his as the magnetic field input in BRATS . We used the relations
rovided in O’Dea & Owen ( 1987 ) to calculate B min . The volume-
lling factor, φ, and the ratio of energy density of ions to electrons,
, was assumed to be unity. The upper and lower radio-band
requency cutoffs, νu and ν l were taken to be 10 and 100 GHz,
espectively. The lobes were assumed to be cuboidal, with the
olume estimated using the relation l × w × w, where l and w are
he lengths and widths of the full double-sided lobes, respectively.
he input parameters, B min , and other estimates are noted in 
able 3 . 

.1 GMRT north-east–south-west lobes 

o perform a spectral age analysis using BRATS , a minimum of three
mages of the same size, resolution, and beam size at different
requencies are needed. From the calibrated GMRT band-4 data
f NGC 2639, two sub-band images at central frequencies 643 and
10 MHz were obtained using TCLEAN with similar parameters
s Section 2 . These two images were smoothed and regridded using

https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/fdscale
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Table 3. Equipartition estimates. Lobes were assumed to be cuboidal (see Section 3 ) with a volume filling factor, φ = 1, and the ratio of the energy density of 
ions to electrons, η = 1. The spectral index of each lobe was estimated by taking a spatial average over the lobe from the spectral index maps obtained through 
BRATS . The standard deviation in this is reported as the error. The sets of images used are the same as in Sections 3.1 and 3.2 . The constant c 12 which is a 
function of spectral index and radio-band frequency cutoffs has been obtained from Pacholczyk ( 1970 ). 

Lobe Frequency Length Width Total flux density Spectral index α c 12 L rad B min 

(kpc) (kpc) (mJy) (erg s −1 ) (G) 

GMRT (both lobes) 735 MHz 9.0 3.1 223 ± 22 −0.2 ± 0.2 8.3 × 10 6 2.8 × 10 40 7.6 × 10 −6 

VLA-south 5.5 GHz 0.83 0.5 1.42 ± 0.14 −0.53 ± 0.16 1.6 × 10 7 1.8 × 10 38 1.21 × 10 −5 

Note. The source flux density/ source intensity errors were estimated using the same formula as in Section 2 , with the appropriate regions selected. 

(a) (b) (c)

Figure 3. (Left ) Spectral age map of the GMRT ∼9 kpc lobes obtained using the smoothed and regridded images at 325, 643, and 810 MHz. (Centre ) The χ2 

map of the fit to the JP model. Right : The map of the error in estimated spectral age. The mean spectral age of the jet is 34 + 4 −6 Myr (Note: The purple patches at 
the top and bottom of the spectral age map along, the central AGN region, and the yellow sliver on the right of the map were excluded from calculating mean 
due to poor fitting and high errors as can be seen in the central and right-hand panels.) Contour levels are of the 643 MHz GMRT sub-band image (see Section 
3.1 ) at: (1, 2, 4, 8, 16, 32, 64) × 3.2 mJy beam 

−1 . 
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MSMOOTH and IMREGRID in CASA to match the resolution, image 
ize, and beam size of the lower resolution 325 MHz archival GMRT
mage. The final common restoring beam used was 12.1 arcsec ×
.8 arcsec at PA = 37.6 ◦. In doing so, it was assumed that the
ower resolution 325 MHz GMRT image contained the unresolved 
obes which were seen at 735 MHz. The Jaffe-Perola (JP) model 
as used for fitting the synchrotron spectrum of the three radio 

mages on BRATS (see Harwood et al. 2013 , 2015 , for details). A 5 σ
etection threshold was used with only the source regions selected. 
he injection index was chosen as −0.2 as this was the approximate
pectral index of the core. In doing so, it was assumed that electrons
re being accelerated near the centre as opposed to the progressing
dges of the lobes as in F anaroff-Rile y Class II (FRII) radio galaxies
e.g. Mahatma et al. 2020 ). This was because no hotspots were
bserved in any of the radio images and the source resembles an
RI-type or Seyfert-like jet. The magnetic field ( BFIELD ) was set to

he equipartition value of 7.6 × 10 −6 G and the spectral age map was
btained using the FITJPMODEL task on BRATS with levels = 5
nd Myrs = 60 . 

.2 VLA north–south lobes 

rom the calibrated 5.5 GHz full-band VLA data of NGC 2639, two
ub-band images at central frequencies 5 and 6 GHz were obtained 
sing TCLEAN . These two images were smoothed and regridded 
sing IMSMOOTH and IMREGRID on CASA to match the resolution, 
mage size, and beam size of the lower resolution 1.5 GHz archival
LA image, in which only the southern lobe was visible. The final

ommon restoring beam used was 1.45 arcsec × 1.12 arcsec at 
A = 51.9 ◦. With the core and southern lobe regions selected and
 5 σ detection threshold, the synchrotron spectrum of the radio 
mages were fitted with the JP model on BRATS . The injection index
as again chosen to be −0.2 and the magnetic field was taken as
.2 × 10 −5 G from the equipartition estimate. The spectral age map
as obtained from the FITJPMODEL task with levels = 5 and
yr = 20 . 

 RESULTS  

ig. 1 shows the total radio intensity image contours at 325 MHz,
35 MHz, and 5.5 GHz superimposed on the SDSS r band colour map
f NGC 2639. Fig. 2 shows the total intensity image from GMRT,
s well as the total intensity images from VLA and VLBA. The
ew north-east–south-west radio lobes, which were previously not 
etected in GHz frequency observations with the VLA, are clearly 
een in Figs 1 and 2 . The linear extents of each of these lobes are
4.5 kpc. The PA of the host galaxy disc is 136 ◦ whereas the PA of

he north-east–south-west lobes is 34 ◦. The surface discontinuity of 
he outermost contour of this lobe is ∼7 times the rms noise. The PA
f the VLA north–south lobes is 6 ◦ and that of the east–west lobes is
06 ◦. The surface discontinuities of the outermost contours for the
wo sets of lobes are � 3 times the rms noise. The GMRT image at
25 MHz do not resolve these lobes clearly but detects additional
adio emission from the host galaxy itself (see Fig. 1 ). 

.1 Episodic activity and AGN jet duty cycle 

sing multifrequency arcsec-scale radio data, we have carried out 
 spectral ageing analysis using BRATS , as described in Section 3 .
igs 3 and 4 show the spectral age maps of the GMRT and VLA
MNRAS 524, 1615–1624 (2023) 
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(a) (b) (c)

Figure 4. ( Left ) Spectral age map of the VLA core and the ∼0.8 kpc south lobe obtained using the smoothed and regridded images at 1.4, 5.0, and 6.0 GHz. 
(Centre ) The χ2 map of the fit to the JP model. ( Right ) The map of the error in estimated spectral age. The mean spectral age of the southern lobe is 12 + 1 . 7 −1 . 4 Myr 

and the mean spectral age of the core is 2 . 8 + 0 . 7 −0 . 5 Myr (Note: The yellow regions with high χ2 in the χ2 map were excluded from calculating mean.) Contour 
levels are of the 5 GHz VLA sub-band image (see Section 3.2 ) at: (1, 3, 9, 27, 81) × 0.036 mJy beam 

−1 . 

(a) (b) (c)

Figure 5. ( Left ) Moment 0 image of the CO(1–0) molecular gas emission line from the CARMA EDGE surv e y, o v erlaid with the 735 MHz GMRT radio 
contours. This image represents the integrated CO intensity and shows a deficiency of CO(1–0) molecular gas in the central ∼6 kpc. (Centre ) The Moment 1 
image representing the velocity of the CO molecular gas. The distribution shows uniform rotation. ( Right ) The Moment 2 image with the same contour levels, 
represents the velocity dispersion of the CO molecular gas. Higher velocity dispersion values are observed around the jet edges. Common contour levels are (1, 
2, 4, 32) × 0.6 mJy beam 
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obes, respectively. The mean spectral age of the north-east–south-
est GMRT lobes is 34 + 4 

−6 Myr, that of the southern VLA lobe
s 11 . 8 + 1 . 7 

−1 . 4 Myr, and that of the core is 2 . 8 + 0 . 7 
−0 . 5 Myr. The ages of

he southern lobe and core obtained are comparable to the electron
ifetime estimates obtained by Sebastian et al. ( 2019 ) of 12 −16 and
.8 Myr, respectively. The PA offset of ∼30 ◦ between the north-east–
outh-west GMRT lobes and the north-south VLA lobes put together
ith the spectral ages, which are deduced from the steepness of

he radio spectrum, indicate that the two are distinct jet episodes.
hus, the GMRT, VLA, and VLBA data show that NGC 2639 is
 candidate for an AGN with four jet episodes. We note that it is
ossible that the VLBA jet is feeding the east–west VLA lobes (e.g.
harb et al. 2010 ), which could reduce the number of episodes

o three. Ho we ver, in vie w of the ∼30 ◦ PA of fset between the
LBA jet and the VLA east–west lobes, we will continue to refer

o four jet episodes in NGC 2639. The spectral age results indicate
hat the jets were launched 9–22 Myr apart with the 9 kpc, north-
ast–south-west, GMRT jets being launched first followed by the
.5 kpc, north–south VLA jets, and the 360 pc east–west VLA
ets, respectively, where the age of the core in Fig. 4 is taken
NRAS 524, 1615–1624 (2023) 
o be indicative of the age of the 360 pc long east–west VLA
et. Defining the AGN jet duty cycle as ε = t on /( t on + t off ) (see
larke & Burns 1991 ), we use the ages of the VLA east–west

obes and north–south lobes to obtain ε = 11.8/(11.8 + 9.0) =
.57. Similarly, using the ages of the VLA north–south lobes and
he GMRT lobes, we obtain ε = 34.0/(34.0 + 22.2) = 0.60. The
GN jet duty cycle in NGC 2639 is, therefore, ∼60 per cent. These
ata, ho we ver, cannot directly answer whether other AGN activity
pisodes that might not have produced radio jets occurred in this
ource. For instance, these data cannot rule out episodic ‘wind’
ctivity that may be unrelated to the radio jets (e.g. King & Pounds
015 ), leaving an o v erall uncertainty in the true AGN duty cycle in
GC 2639. 

.2 Looking for the jet-gas connection 

he left-hand panel of Fig. 5 shows the Moment-0 image of
he CO(1–0) molecular gas emission line in NGC 2639 from the
ARMA-EDGE surv e y (Bolatto et al. 2017 ). This image represents

he integrated CO intensity and clearly shows the deficit of CO(1–0)
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(a) (b)

Figure 6. (Left ) NUV and (Right ) FUV image of NGC 2639 from GALEX o v erlaid with the 735 MHz GMRT radio contours at (1, 2, 4, 32) × 0.6 mJy beam 

−1 . 
The central ∼6 kpc shows a relativ e deficienc y of NUV emission, barring emission from the AGN, indicating a lack of star formation. The AGN is likely 
obscured in the FUV image due to dust. 
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olecular gas emission in the central ∼6 kpc region; the integrated 
ntensity is 5–7 times higher in the ring than in the central regions.
sing the same CO(1–0) map, Ellison et al. ( 2021 ) obtained the
olecular gas surface densities ( � H 2 ) for NGC 2639 using the CO-

o-H 2 conversion factor αCO = 4.3 M � pc −2 (K km s −1 ) −1 . Selecting
or AGN and star-forming spaxels using optical line widths from the 
alar Alto Le gac y Inte gral Field Area (CALIFA; S ́anchez et al. 2012 )

urv e y, the y concluded that the molecular gas fractions of central
GN regions are ∼2 lower than in star-forming regions, suggesting 

hat the AGN has affected the central molecular gas reservoir. It is
orth noting that in comparison to the other three galaxies in their

ample, NGC 2639 exhibited the highest AGN luminosity and a more 
ronounced lack of molecular gas. While it is possible that the hard
onizing radiation field from the AGN or nuclear star formation can 
ffect the CO spectral line energy distributions, and thereby the low 

O transitions, it cannot explain the observed velocity dispersion 
alues (see ahead). Thus, as in Ellison et al. ( 2021 ), we continue
o treat the lack of CO(1–0) molecular gas emission as a lack of
olecular gas. Here, and in other sections, by molecular gas we 

rimarily mean H 2 gas traced by the CO(1–0) emission line. 
The CO(1–0) Moment 1 map of NGC 2639 (central panel of 

ig. 5 ) suggests a rotating molecular gas that appears to be largely
egular; clear signatures of turbulence are not directly observed. The 

oment 2 map, ho we ver, re veals slightly higher velocity-dispersion 
alues (of the order of 100 km s −1 ) around the GMRT jet edges
see right-hand panel of Fig. 5 ). This could suggest that the jet does
mpact the molecular gas by injecting turbulent kinetic energy into the 

edium. If the molecular gas ring is a result of gas being pushed aside
ue to the radio jet in NGC 2639, we can estimate the PV (pressure
imes volume) amount of work required to create such a cavity. Using
he typical temperature ( T ) and density ( n ) of the molecular medium
f the galactic interstellar medium (ISM), i.e. T 	 20 K, and n > 10 3 

m 

−3 (see Brinks 1990 ), and assuming it to be similar in NGC 2639,
e can estimate the molecular gas pressure as P = nk B T , where
 B is the Boltzmann constant. For the molecular gas ring radius of
 kpc, the volume of the disc-like cavity is 1.25 × 10 66 cm 

3 and the
V work required is > 3.44 × 10 54 erg. It is worth noting that the

emperature in the ISM may be higher in the vicinity of the AGN,
hich will increase the required amount of work. Ho we ver, a much
igher temperature will lead to photodissociation of the molecules 
hemselves (Omont 2007 ). 

We can also estimate the jet mechanical powers using the relations
erived for low luminosity AGN by Merloni & Heinz ( 2007 ). Using
nly the lobe flux densities 2 at 5 GHz ( ∼13 mJy), we find that the
et power for the east–west VLA lobes is 7.7 × 10 42 erg s −1 and the
ime-averaged power (for a spectral age of 2.8 Myr) is 6.8 × 10 56 

rg. Similarly, for the north–south VLA lobes having a flux density
f ∼1.4 mJy, the 5.5 GHz jet power is 1.3 × 10 42 erg s −1 , and its
ime-averaged power (over 12 Myr) is 4.9 × 10 56 erg. Finally, using
n average lobe spectral index of −0.3 and a lobe flux density of
16 mJy, the jet power for the north-east–south-west GMRT lobes 

s 5.7 × 10 42 erg s −1 , and its time-averaged power (over 34 Myr)
s 6.1 × 10 57 erg. Therefore, only ∼0.5 per cent of the east–west
et power is sufficient to push aside the molecular gas in NGC 2639;
hese numbers are ∼0.7 per cent for the north–south jets and ∼0.06
er cent for the north-east–south-west jets, respectively. 

The accumulation of clouds of dense molecular gas around the 
ucleus of this water maser galaxy seems necessary for the water
egamaser to be produced (Martin et al. 1989 ; Krause et al. 1990 ).
o we ver, Raluy, Planesas & Colina ( 1998 ) found no apparent rela-

ion between the maser luminosity and the surface density or the total
ontent of molecular gas in the innermost kpc-scale galactic regions. 
he sole correlation found involves the surface density of molecular 
as in the inner areas of galaxies, indicating an anticorrelation with
he rate of change in maser intensity. This finding suggests that the
uclear jets interacting with matter clouds surrounding the active 
ucleus at different scales may generate or boost maser emission. 
raatz et al. ( 2003 ); Pesce ( 2018 ) have noted that NGC 2639 shows
vidence for accelerating systemic features, but no high-velocity 
eatures have ever been observed for this system. 
MNRAS 524, 1615–1624 (2023) 
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Table 4. Estimates of star formation rate in NGC 2639 using different tracers. 

SFR Telescope SFR indicator Aperture � SFR Reference 
(M � yr −1 ) (arcsec) (M � yr −1 kpc −2 ) 

0.92 Nickel 1.0 m telescope at Lick Observatory H α 73.5 0.00099 (1) 
1 Spitzer Space Telescope IR 40 0.0036 (2) 
0.57 Calar Alto 3.5 m telescope H α 36 0.0026 (3) 

Notes. References: (1) Theios, Malkan & Ross ( 2016 ) using the relation, SFR (M � yr −1 ) = 5 . 37 × 10 −42 L H α (erg s −1 ) , where L H α = 10 41.23 (erg s −1 ) for 
NGC 2639 
(2) Sebastian et al. ( 2019 ) using the CLUMPYDREAM code. 
(3) Catal ́an-Torrecilla et al. ( 2015 ) using the H α line luminosity from the CALIFA surv e y. 
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.3 Indications of star formation quenching 

he Galaxy Evolution Explorer ( GALEX ) data on NGC 2639 shows a
elativ e deficienc y of near-UV (NUV, λeff = 2267 Å) emission from
he central ∼6 kpc of the galaxy (see Fig. 6 , left-hand panel), barring
he emission from the AGN itself. The far-UV (FUV, λeff = 1516 Å)
mage (Fig. 6 , right-hand panel) also shows a similar deficiency of
mission but is not as clear as in the NUV, which could be due to
he presence of dust. The absence of the AGN in the FUV image,
o we ver, would be consistent with its type 2 classification and its
bscuration from a dusty torus (see e.g Dewangan et al. 2021 ). We
ote that the NUV band is one of the most direct tracers of stars
ormed o v er the last 10 −200 Myr (K ennicutt & Ev ans 2012 ). The
entral void in the GALEX images, therefore, is consistent with the
uggestion of star formation quenching in the central few kpc in
GC 2639. We attempt to quantify this further ahead. 
The global Schmidt law for star-forming galaxies has been given

y Kennicutt ( 1998 ) as 

 SFR = (2 . 5 ± 0 . 7) × 10 −4 

(
� gas 

1 M � pc −2 

)1 . 4 ±0 . 15 

M � yr −1 kpc −2 , 

here the SFR surface density, � SFR , can be derived from gas surface
ensity, � gas . For NGC 2639, using � gas ≡ � H 2 = 21 M � pc −2 

or a region of 4.8 kpc, which is the linear size of the antenna
eam of the Institut de radioastronomie millim ́etrique (IRAM) 30 m
elescope at the distance of the galaxy (Raluy et al. 1998 ), � SFR 

hould be 0.0177 M � yr −1 kpc −2 . The SFR surface density can also
e computed from the SFR estimates using the following expression: 

 SFR = 

SFR 

πa 2 
(

d 
206265 

)2 , (2) 

here the parameter a corresponds to the semi-major axis of the
elescope aperture in arcsec and d is the distance to the galaxy in Mpc
Catal ́an-Torrecilla et al. 2015 ). Several estimates for SFR have been
erived for NGC 2639 in the literature. Table 4 provides the estimates
f � SFR obtained using different SFR tracers. The telescope details
or individual tracers are also provided. These estimates of � SFR lie
elow the global Schmidt best-fitting line for star-forming galaxies
y a factor of 5 −18, consistent with star formation quenching in
GC 2639. Kennicutt ( 1998 ) have noted that the scatter in this

elation is ±0.3 dex with individual sources deviating by as much a
actor as 7. These results are consistent with the GALEX NUV image
f NGC 2639, showing a deficit in recent star formation in the central
6 kpc region. 

 DISCUSSION  

GC 2639 is a member of the non-interacting spiral (NIS) galaxy
ample considered for a stellar population modeling study by
aragoza-Cardiel et al. ( 2018 ) and has been identified as such by
NRAS 524, 1615–1624 (2023) 
il de Paz et al. ( 2007 ). The stars of NGC 2639 are relatively
ndisturbed and are in uniform motion, as seen in the line-of-sight
elocity map obtained from the Calar Alto Le gac y Inte gral Field Area
CALIFA) surv e y (de Amorim et al. 2017 ). According to Sebastian
t al. ( 2019 ), the multiple radio lobes seen in NGC 2639 are due to
inor mergers that did not disrupt the morphology of the host galaxy.
he misaligned jets could be the result of new accretion discs formed

rom mergers, with jet directions conserving the angular momentum
f the inflowing gas (e.g. Kharb et al. 2006 ; Volonteri, Sikora &
asota 2007 ). This scenario is consistent with NGC 2639 having a

arge bulge component surrounding the nucleus (Cox et al. 2007 )
s gravitational forces and torques that result from mergers disrupt
he orbital path of stars causing randomized bulge orbits. Thus, if
he minor merger scenario were true, the spectral age results of the

ultiple lobes indicate that minor mergers occurred every 9 −22 Myr
part in the last ∼30 Myr. 

The expected minor merger rate for a galaxy like NGC 2639
redshift of 0.01113 and stellar mass of 1.48 × 10 11 M �) is ∼13 Myr
ollowing the work of Conselice et al. ( 2022 ), who used observational
ata from the Redshift Evolution and Formation in Extragalactic
ystems (REFINE) surv e y. We used their minor mergers best-fitting
ine (with stellar mass ratios of 1:10) to obtain this estimate. The
stimate of ∼10 Myr also matches the estimates obtained via
heoretical studies as well as galaxy-merger simulations (Hopkins
t al. 2010 ; Capelo et al. 2015 ). It would therefore be fair to conclude
hat at least three minor mergers have taken place in the lifetime of
GC 2639. Each of these mergers may have resulted in the formation
f a new accretion disc with no memory of the previous accretion disc
irection, primarily driven by the angular momentum of the infalling
aterial itself (e.g. Kharb et al. 2006 ). Accretion through these discs
ould have resulted in the several differently-oriented jet episodes

hat are observed in NGC 2639. As noted in Section 4.2 , each of these
et episodes have sufficient mechanical power to displace the CO and
 2 molecular gas from the central few kpc of the host galaxy. 
The early-type galaxy and LINER , NGC 1266, shows the presence

f a CO molecular outflow, no signatures of galaxy interactions, and
 possible radio jet at 1.4 GHz (Alatalo et al. 2011 ). There is also a
entrally concentrated molecular component which is different from
he case of NGC 2639, where instead, a central deficiency is observed.
latalo et al. ( 2011 ) suggest that the jet in NGC 1266 is sufficient to
rive the molecular outflow using only 2 per cent of its total power
t 1.4 GHz. We note, ho we v er, that multiresolution, multifrequenc y
adio observations are required to truly rule out the existence of
ultiple jet episodes in NGC 1266. Nesvadba et al. ( 2021 ) detected
 CO(1–2) molecular gas ring through ALMA observations in the
earby spiral galaxy J2345 −0449 with large kpc-scale radio jets.
nterestingly, the inner radius of the CO gas ring corresponds to
.2 × 2.2 kpc, very similar to what is observed in NGC 2639.
oreo v er, the y find that the molecular gas outflow in J2345 −0449
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as a kinetic energy of 1.3 × 10 57 erg. Again, only a small fraction of
he jet kinetic power in J2345 −0449 (and as it happens in NGC 2639)
an suffice to drive molecular gas outflows. It is worth noting that the
adio source in J2345 −0449 is also a restarted double–double radio 
alaxy. 

The simulations performed by Mukherjee et al. ( 2016 , 2017 ) show
hat lo w-po wer jets ( P jet � 10 44 erg s −1 ) have a more pronounced
mpact on ISM evolution in comparison to high-power jets ( P jet 

 10 45 erg s −1 ) due to their longer trapping time and therefore
he constant stirring of the turbulent ISM, ultimately leading to 
 suppression of star formation. The lo w-po wer jets also e v acuate
 1 kpc cavities, with cavity sizes increasing with decreasing power. 
he simulations show that only a small percentage of the dense 
as mass is ejected by jets. Ho we ver, the injection of turbulent
inetic energy by the jet into the ISM may temporarily suppress
tar formation in the remaining gas, as observed by Alatalo et al.
 2015 ). This suppression is temporary as the ejected mass eventually
alls back into the ISM and may become available for star formation
fter a few tens of Myr. 

Recent simulations of Mukherjee et al. ( 2018 ) and Meenakshi 
t al. ( 2022 ) have demonstrated that jet–ISM coupling is sensitive
o the relative orientation of the jet w.r.t. the gas disc, as well as the
ge of the jet. It is stronger for the jets, which are oriented at ≤45 ◦

.r.t the gas disc and young ( ≤2 Myr). Thus, the absence of CO(1–
) emission in the inner 6 kpc region of NGC 2639, the relatively
mall values of � SFR observed compared to the Schmidt law for star-
orming galaxies, and the high CO(1–0) velocity dispersion seen in 
he central regions, together paint a complex picture of ‘negative 
GN feedback’ in NG 2639. Given the directional nature of the jets

n NGC 2639, we speculate that the jets restarting repeatedly on time-
cales comparable to the fall-back time of the gas is an important
actor in launching multiple local outflows, and maintaining a 
urbulent ISM, regulating star formation. NGC 2639 is thus, another 
otential candidate to add to the increasing number of observed 
nstances (e.g. Alatalo et al. 2015 ; Venturi et al. 2021 ; Girdhar et al.
022 ) where lo w-po wer radio jets have been identified as a significant
ource of feedback. 

 C O N C L U S I O N S  

he Seyfert galaxy NGC 2639 exhibits four episodes of AGN jet 
cti vity as e videnced by 735 MHz, 5.5 GHz, and 8.3 GHz frequency
bservations via the GMRT, VLA, and the VLBA telescopes, 
espectively. Using the spectral ageing software BRATS , we derive 
he ages of the three pairs of lobes to be respectively, 34 + 4 

−6 , 11 . 8 + 1 . 7 
−1 . 4 ,

nd 2 . 8 + 0 . 7 
−0 . 5 Myr, with the GMRT lobes being the oldest (we did

ot derive an age for the VLBA jet). Using the ‘on’ and ‘off’ times
f these jets/lobes, the AGN jet duty cycle in NGC 2639 is ∼60
er cent. NGC 2639 also shows a deficiency of molecular gas in its
entral ∼6 kpc region. Less than 1 per cent of the jet mechanical
ower for each of the jet episodes taken individually, is sufficient to
o v e the molecular gas. Ho we ver, gi ven the directionality of each

et episode, the creation and maintenance of a doughnut-shaped hole 
n the molecular gas in the galactic centre likely required multiple 
ets restarting on time-scales comparable to the fall-back times of 
jected molecular gas. Like the CO(1–0) emission line image, the 
ALEX NUV image also shows a relative deficiency of star formation 

n the last 200 Myr in the inner ∼6 kpc region. Additionally, the
FR surface density is lower by a factor of 5 −18 compared to the
lobal Schmidt law of star-forming galaxies. The results suggest 
hat the central regions of NGC 2639 are influenced by multiple 
o w-po wer jets, which could be playing a key role in regulating
tar formation. This would make NGC 2639 a case of a RQAGN
howing episodic jet activity and possible signatures of jet-driven 
GN feedback. 
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