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ABSTRACT

Galaxy mergers have been observed to trigger nuclear activity by feeding gas to the central supermassive black hole. One such class
of objects are Ultra Luminous InfraRed Galaxies (ULIRGs), which are mostly late stage major mergers of gas-rich galaxies. Recently,
large-scale (100 kpc) radio continuum emission has been detected in a select number of ULIRGs, all of which also harbour powerful
Active Galactic Nuclei (AGN). This hints at the presence of large-scale radio emission being evidence for nuclear activity. Exploring
the origin of this radio emission and its link to nuclear activity requires high sensitivity multi-frequency data. We present such an
analysis of the ULIRG Mrk273. Using the International LOFAR telescope (ILT), we detected spectacular large-scale arcs in this
system. This detection includes, for the rsttime, a gia@®0 kpc arc in the north. We propose these arcs are fuelled by a low power
radio AGN triggered by the merger. We also identi ed a bright kpc radio ridge, which is likely related to the ionised gas nebula in

that region. We combined this with high sensitivity data from APERture Tile In Focus (Apertif) and archival data from the Very Large
Array (VLA) to explore the spectral properties. The ILT simultaneously allowed us to probe the nucleus at a resolufic®°of

where we detected three components, and, for the rst timeys emission around these components. Combining this with archival

high frequency VLA images of the nucleus allowed us to detect absorption in one component, and a steep spectrum radio AGN in
another. We then extrapolate from this case study to the importance of investigating the presence of radio emission in more ULIRGs
and what it can tell us about the link between mergers and the presence of radio activity.

Key words. galaxies: active — radio continuum: galaxies — galaxies: individual: Mrk 273 — galaxies: jets — galaxies: interactions —
techniques: high angular resolution

1. Introduction black hole (SMBH; e.g.Hopkins et al. 2008Yuan et al. 201

Gal tacul ts that id laxy mergers go through dérent phases, which can show
alaxy mergers are spectacular events that are considere ?@nse star formation or nuclear activity, and they can

be the way massive galaxies form. They are also thou%]e identi ed using dierent diagnostics. A class of objects
to be one of the mechanisms that trigger AGNS, inclu elated to a merger phase are UltraLuminous InfraRed Galax-

ing powerful radio AGNs, by helping the gas reach thg ] . .
nuclear regions and accrete onto the central supermasﬁﬂggguéleRﬁsc’iae'e%'a’sléggg)gswgr‘]i'\é'r']rz‘?:luﬁ%zfgggg?gIgg f%tr?]::.e q

? Fits les of the radio maps are only available at the CDS via anonfy major mergers of gas-riph sp.iral gallaxielsl. These are
mous ftp tocdsarc.u-strasbg.fr ~ (130.79.128.5 ) or via http: ~ extremely bright IR sources with typical luminosities lok
llcdsarc.u-strasbg.friviz-bin/cat/J/A+A/664/A25 10*?L (for a review see.onsdale et al. 2006 ULIRGs are
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known to be powered by both starbursts and AGNs (e.tpridge structure a few kiloparsecs south of the nucleus (see their
Veilleux et al. 2009Nagar et al. 2003Nardini et al. 201§ and Fig. 6). They concluded that the radio lobe emission could either
they can therefore represent drent phases in the evolution-be due to fuelling of fresh electrons by the central AGN, or in
ary sequence of a major merger. Although the properties sifu acceleration of electrons, or both.
optical and radio AGNs in mergers and their feedbackats Although the current detection rate of large-scale radio
have been investigated by many studies (&ik & Rees 1998 emission from ULIRGs is low.(10%), ongoing and upcom-
Ramos Almeida et al. 201 Cano-Diaz et al. 201 ZLresci et al. ing high sensitivity surveys like the LOFAR LBA Sky Survey
2015 Carniani et al. 2016Murphy 2013 Barcos-Mufioz et al. (LOLSS;de Gasperin et al. 2021L OFAR Two-metre Sky Sur-
2017, the presence and properties of large-scale radio emissiey (LoTSS;Shimwell et al. 20172019 2022, APERture Tile
in such systems are less known. In Focus (Apertif;van Cappellen et al. 2022nd Evolutionary
The AGN phase in mergers is understood to occur latetap of the Universe (EMUNorris et al. 201} provide a great
than the starbursts. This is due to the fact that in order to bpportunity to investigate its presence for a large sample.
accreted to the central SMBH, the gas has to reach the cen-In this paper, we present such a study of the métjdRG
tral few parsecs and lose the majority of its angular momekirk 273 using LOFAR (down to 0% using international sta-
tum (Shlosman et al. 199@i Matteo et al. 2005Hopkins et al. tions) and Apertif. Since this is a well known system, archival
2009, whereas the starburst can precede on galactic scalata with the Very Large Array (VLA) were also available,
(Mihos & Hernquist 1996Springel et al. 2006 However, opti- which we used to explore the spectral properties. Mrk 273 is a
cal imaging studies have found that AGNs are also triggergdod object for this study since it is the second nearest ULIRG
prior to the coalescence of the galaxy nuclei, that is at the pfe-= 0:0373,Lir = 10?1 L ; Kim & Sanders 199Band a late
coalescence stagd&kémos Almeida et al. 2011Bessiere et al. stage merger, with a starburst and multiple AGNs. Previous stud-
2012 Pierce et al. 2022 Pierce et al. (in prep.) have found thates have found evidence for three nuclei in the system, two in the
this is true for the majority (61%) of nearby type 2 quasars. hear-IR Knapen et al. 1997 northern (N) and south-western
general, phases of AGN activity are understood to peak eitl{8W) and a third south-eastern (SE) in the radim(don et al.
at the pre-coalescence stage or following the coalescencel®®]) and [Olll] (Rodriguez Zaurin et al. 201HereafteRZ14).
the merging nucleiNlihos & Hernquist 1996 Tadhunter et al. The presence of an AGN in these nuclei has been con rmed in
201D). the N component bKnapen et al(1997) andLiu et al. (2019
Investigating the presence of radio AGNs is interestirfgereaftei19), in the SW bylwasawa et al(2011) andL19, and
because by using the radio spectrum, we can gain informatithird AGN has been suggested in the SE componeRAi4.
about the timescales on which nuclear activity is triggered in The presence of a dense neutral and molecular gas disk
mergers. This will help us understand the role mergers pléiyondon etal. 1991Cole etal. 1999 Carilli & Taylor 2000)
in triggering radio galaxies. For instandgmonts et al(200§ and a collection of compact luminous supernovae remnants and
studied the radio properties of B2 06487 and found a signi - fadio supernovaeSpndi et al. 200y have also been con rmed
cant time delay between the merger-starburst event and the tiyih® N componentvardoulaki et al(2019 had suggested the
gering of radio activity. presence of a radlo_ AGN in the nuclear region, on the basis of
In their study of radio continuum emission from ULIRGsthe steep spectral index ( 1:1) from 1400 8415MHz, but

. they could not pin down its location to one of the three nuclear
Yun et al. (1999 (hereafterY99) estimated that only 30% components. The nuclear region also has a high star formation

of the mergers host an AGN, on the basis of mid-IR eXCe$gia (SFR) of 139M yr ! (Cicone et al. 2014

Out of these AGNS, 40% host a radio AGN. Among the  The gtellar population in the nuclear region and optical tail
merger systems with an AGN identi ed in mid-IR99 observed ;¢ an age of OF??ZPIO Gyr, but there is a verygyoung stelrl)ar pop-
large (hundreds of kiloparsecs) radio continuum tails in a smglhtion of age 50 Myr present as wellRodriguez Zaurin et al.
number of cases (including Mrk 273). They concluded that “2@09. The gas kinematics in the nuclear region of Mrk273
luminosity, size, high degree of polarisation (BD%), and the is complex, and emission line studies have revealed ionised
presence of a powerful AGN in these systems suggested thatdhg out ows up to 5Skpc Rupke & Veilleux 2013 RZ14
power source for these tails were the AGNs and not the nuclSpence et al. 2016hereafterS16 Leung etal. 202l On the
starburst. Similar radio features have been detected in meli@parsec scales, optical images of the system shoBGkpc
ULIRGs recently.Hayashi et al(2021) discovered radio emis- tidal tail, laments, and di use emission to the south and north-
sion with a size of 100kpc in IRAS 010042237. The two- east of the nucleusz14, S1§ also see Figl).
sided morphology and lack of X-ray detection suggests that the Although large-scale radio emission in Mrk 273 was reported
radio emission was not powered by a cluster merger, but an AG)X Y99, their low resolution (20°Y did not allow them to
in that systemNandi et al.(2021) also observed extended radigesolve the dierent features of this emission. Using LOFAR,
emission in IRAS 150041433, which hosts an AGN as well. Apertif and VLA data, we have identi ed extended low surface
They also conclude that ULIRGs harbour youn®@@ 20Myr) brightness features in Mrk 273, and investigated their spectral
radio sources and are possible progenitors of radio galaxies.gbeperties. We have also studied the radio emission from the
these detections beg the questiorare such large-scale tailsresolved nuclear components. The paper is structured in the fol-
signposts of radio AGN activity in ULIRGs? lowing manner: In SecR, we describe the data reduction and the
To answer this question, detailed studies of the radio prgprocedure to make the spectral index maps; in Sast present
erties of ULIRGs are required. One such study investigated tifre morphology and spectral properties of the source, the spec-
ULIRG Mrk 231. Radio emission on scales of parsecs to tetral age estimates and the absorption analysis; and in et
of kiloparsecs was detected in this objeBa(m etal. 1993 discuss the origin of the radio emission and the spectral index
Ulvestad et al. 1999 Morganti et al. (2016 studied the large trends of the system. Throughout the paper, we de ne the spec-
southern radio lobe of tens of kiloparsecs size and detectesl index as:S / . The cosmology adopted in this work
a plateau of emission near the nucleus and poorly collimatessumes a at universe witHy = 71kms*Mpc %, , = 0:27
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(O ringa et al. 20102012 and averaged down to a channel
width of 12.2kHz. Direction independent calibration was then
' performed using the PREFACTORipeline e Gasperin et al.
2019 van Weeren et al. 201 8Villiams et al. 2018§.

54'00.0"

30.0" s
L 7

O NE nebula <+—|

2.1.1. Dutch array image

53'00.0"

The direction dependent self-calibration of the low-resolution
Dutch array image was done using the DDF-pipeline, described
in Shimwell et al.(2019, Tasse et al(2020. The LoTSS-DR2
data reduction is described in detail 8himwell et al.(2022.
We have used images of the eld at botA°&nd 28°resolu-
tion to trace as much of the faint large-scale emission as pos-
sible while also being able to map the details in the large-scale
structure. The ®image has an rms noise of 80y beam! and
¢ an integrated ux density of 466 47 mJy measured using 3

— — . s —_J _ contours as reference and is shown in Rigrhe integrated ux

RA (32000) density in the 26Pimage is 451 45 mJy. The error associated to

Fig. 1. Multi-wavelength emission from Mrk273. The blue contour%he measured ux densities is dominated by the ux calibration
map the 144 Mz emission rom the LOFAR 144 iz mage. red oy cmY, 18 0PI, B2 el 0 0 . e e
tours map the soft X-ray emission (02keV) fromL19, overlaid on oo more of the extended structure in this object, we have
the optical continuum image fror816at = 6572 A. The optical ﬁ'l o smoothed the Qﬁmage to a resolution of 38 as shown

continuum tail seen towards the south of the nucleus is marked. . . ity in th
extended soft X-ray nebulae seen in south-west (SW) and north-d8sf9- 2- W%\_ recover the same integrated ux density in tiié 6
and 3@%mage, within the errors. However, the structure of

(NE) can be seen as well. TR@andraX-ray image has been smoothe ) ors. 1
with a Gaussian kernel of = 10 pixels, using th€lAOpackage. the northern arc is most clearly visible in the’%tnage.

Dec (32000)

30.0" > /=5~ SW nebula

52'00.0"

+55°51'30.0"

and yac = 0:73. At the redshift of Mrk 273, ®corresponds to 2.1.2. Sub-arcsecond International array image

0.73 kpe. The calibration of the international stations data for this eld
was done using the LOFAR long baseline pip€lirkne pipeline

2. Data reduction and the data reduction for the LoTSS pointing P2B5 are
described in detail using the same eldNforabito et al(2022.

We have combined data from the International LOFAR Teldhe paper also described the procedure for the delay and self-

scope (ILT) Low Band Antenna (LBA) at 458 MHz and High calibration of the delay calibrators in the elddckson et al.

Band Antenna (HBA) at 120168 MHz, Apertif at 1.36 GHz and 2016 2021). After applying the self-calibration solutions from

VLA at 1.4 GHz and 4.7 GHz to trace the radio continuum arf§e delay calibrator to the target, we have used the proce-

spectral properties of Mrk 273 at both high and low resolution§ure fromvan Weeren et a202]) to iteratively self-calibrate
the phases and amplitudes and nally make the nal image of

the target. This procedure uses WSCle@nrfnga et al. 2014
2.1. LOFAR 144 MHz O ringa & Smirnov 201Y. Using the Briggs weighting scheme
and arobust = 1 along with a minimunuv length of 4 ,
To trace the low frequency radio continuum emission, we hayg obtain a resolution of 0°2 0:3°© and an rms noise of
used the mosaic P2@55 from the LOFAR Two-metre Sky Sur-90 Jybeam? for the target image, see Tahle The image is
vey (LoTSS;Shimwell et al. 201 Mrk 273 lies at a distance of shown in Fig.2. To recover more extended emission around the
1.2 from the phase centre. The dataset is part of LoTSS-DR@clear components, we made another image roitlust = 0
(Shimwell et al. 202p and the observations were carried owand a minimumuv length of X . This image has a resolution
with the standard LoTSS survey setup, i.e. 8 h on-source obs¥r0.4°  0:5% an rms noise of 78Jy beam! and is shown in
vations bookended on either side with a ux density calibratorig. A.1e.
in this case 3C 147. A total of 62 Dutch stations were used for
this observation, which include_d 48 core statipns with baselings | oFAR 54 MHz
up to 4km and 14 remote stations with baselines up to 120 km.
This dataset did not have all 13 international stations, whidMe have used the image from the mosaic RZ of the
have baselines up ta2000 km. Therefore, for the sub-arcseconHOFAR LBA Sky Survey (LoLSS¢le Gasperin et al. 2021The
image, we used data froMorabito et al(20229. They used data Survey observations were'carrled out with the LOFAR Low Band
from a re-observation of this eld. This re-observation also usét€nna (LBA) Dutch stations for8 h and a 24 MHz bandwidth

the standard LoTSS observational setup, and the same ux d&fPtred at 54 MHz. The time and frequency resolution were 1s
sity calibrator but has 13 international stations. and 3.052 kHz before Radio Frequency Interference (RFI) ag-

. . . . ing, and were averaged to 2s and 48.828 kHz after agging.
Both datasets were recorded with an integration time - : : .
1s, a 48MHz bandwidth centred at 144MHz and a cha%ﬁe data reduction is described in detail in the survey paper and

nel width of 3.05kHz. The data were then passed through
the standard LOFAR pre-processing pipelineleéld etal. 1 https://github.com/lofar-astron/prefactor
2010 which performed the RFI agging using the AO agger? https://github.com/Imorabit/lofar-vibi
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Fig. 2. LOFAR 144 MHz images showing emission at dient scales in Mrk 273.eft panel LoTSS-DR2 image at 30resolution shows the low

surface brightness large-scale emission, with the northern arc marked. Black cross in the northern arc marks the nearby galaxy 2MFGC 11(

at that locationMiddle panel LoTSS-DR2 image at%resolution, showing the southern arc and ridge in Mrk Zight panel sub-arcsecond

image of the nucleus of Mrk 273 at a resolution 0f%.30:2°° The north%rn (N), south-eastern (SE), south-western (SW) angeéinorth-east

(NE) components are marked. The contour levels in allimages agg 3 = 2" wheren = 0,1,2...10. msis 150 Jybeam?, 80 Jybeam! and

90 Jybeam! for the 3#°image, 6°image and sub-arcsecond image, respectively. The negative contours are marked by dashed lines and are
3 mslevel. The beam is drawn with dashed lines in the bottom right corner. Image statistics are summarisedlin Table

Table 1.Image statistics summary.

Frequency Telescope Resolution (BPA) rms noise Integrated ux dengtyor
(MHz) ( Jybeam?) (mJy)

54 LOFAR LBA Dutch 18° 15%9(90) 1600 622 94

144 LOFAR HBA Dutch 8° 6% (90) 80 466 47

1360 Apertif 16° 120(0) 35 154 8

1455 VLA C con guration 16.8° 13°(15) 60 159 8

4700 VLA D con guration 18.8° 13:2°9(63) 28 80 4

144 LOFAR HBA international 0% 0:3%°( 2) 90 258 26

4700 VLA A con guration 0.4%8° 0:38(24) 30 62 3

8415 VLA C con guration 0.36° 0:30°°00) 28 43 2

Notes.Image statistics of the low resolution images are summarised in the rst ve rows. The last three rows summarise measurements from tf
high resolution image of the nucleus of Mrk 273.

in de Gasperin et a(2020. The image resolution was 9%vith  tion of Mrk 273 were taken on the 22 December 2020 (ObsID
an rms noise of 1.6 mJy beam' and is shown in FigA.1a. 201222016) with a total observing time of 11 h. 3C 196 was used
as the ux calibrator. The data of the beams including Mrk 273
were agged and cross calibrated by the automatic Apertif
pipeline, Apercal Adebahr et al. 2022 The self-calibration and
The APERture Tile In Focus (Apertif) phased-array feethe nalimage were made manually using MIRIAB4ult et al.
(PAF) system is installed at the Westerbork Synthesis Radi®95, followed by the primary beam correction (Kutkin et al.,
Telescope (WSRT) and operates around 1400MHz (segrep?). The image is shown in Figh.1b and has an rms noise
van Cappellen et al. 202for the full description). Because ofof 35 Jy beam! and a restoring beam of 42 1°°(PA = 0),

the large eld of view (the total area covered in one observati®ee Tabld.

by such a mosaic is abouts3 3 ) combined with the sensi-
tivity of the radio continuum images (about 3@0 Jy) and the .
spatial resolution of about ¥2 12%sin , Apertif is an ideal 2-4- Archival data

survey instrument and provides an ideal complement to the spi4 1. Low resolution VLA 1.45 GHz and 4.7 GHz

veys done with LOFAR. )

The AperUf |mag|ng surveys started on 1 Ju'y, 2019, W|tWe reprocessed archival VLA 1.45 GHZ and 4.7 GHZ.ObserVa'
the aim of Covering up to 2500 Square degrees of the northuons Of the target 1.45 GHZ ObservatlonS_WeI’e Ca_r”ed on 31
ern sky. The rst data from the Apertif surveys — providing?ctober 2010 with the VLA in C con guration (Project code:
radio continuum, HI, and polarisation images and cubes — hayfB-212). The target was observed f&0 min with an integra-
become publicly available in the rst data-release, which wadi9n time of 1s and a 128 MHz bandwidth split into 64 channels

done in November 2020 The observations covering the posiof 2MHz each. 3C 286 and J1345341 were used as the ux
and phase calibrators respectively.

2.3. Apertif 1360 MHz

3 http://hdl.handle.net/21.12136/
B014022C-978B-40F6-96C6-1A3B1F4A3DB0 4 https://github.com/akutkin/amosaic
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Mrk 273 was also observed at 4.7 GHz on 29 August 2011 -
with the VLA in D con guration (Project code: AL746). The 700
target was observed foré min with an integration time of 1s r i
and a bandwidth of 1024 MHz. The entire bandwidth was spli 500 =
into 8 equal width sub-bands of 128 MHz, with a sub-band spli i 0
into 64 channels of 2 MHz each. 3C 286 was used as the u.  3g9 | ‘15
calibrator and J133%6328 and J13485341 were used as the
phase calibrators.

The data were manually agged and cross-calibrated ir
Astronomical Image Processing System (AlPBeisen 2008
The ux scale was set according Rerley & Butler(2013. Flag-
ging on the C band data was done using the tBERGRn
AIPS. This data was then self-calibrated and imaged using Con
mon Astronomy Software Applications (CASRicMullin et al.
2007. The nal images were made using Briggs weighting with 50
arobust = 0.5 for the 1.45GHz and 4.7 GHz image. Self- " é
calibration of the dataset was done initially with phase only self - Lo L
calibration, followed by amplitude and phase self-calibration 50 100 200 1000 2000 6000
The resolution obtained was 18°8 13°° (PA=15) for the v (MH2)
1.45GHz image and 186 13:2°°(PA=63) for the 4.7 GHz
image. The rms noise is 6@y beam? for the 1.45 GHz image Fig. 3. Integrated ux densities of Mrk273 from our low resolution
and 28 Jybeam? for the 4.7 GHz image, see Figh.1 and images, measured using Zontours for reference and NED. The red
Table 1. Primary beam correction was done for both imag%’E'ms show measurements from this study and orange points mark the
using the taskmpbcor in CASA. D values.

NED -
LOFAR LBA 7
LOFAR HBA ]|
APERTIF

VLA L band -~
VLA C band
200 -

& D i Il KB KO

Sy(mJy)
®

100

T T
—3e
|

2.4.2. High resolution VLA 4.7 GHz and 8.4 GHz has a much lower resolution of4.5, an_d therefore collects all
the low level ux also from the companions that we excluded.

We have reprocessed VLA 4.7 GHz data to image the nucleus of

Mrk 273 and match the spatial resolution of the LOFAR inter-

national stations data. Mrk 273 was observed with the VLA @ Results

22 June 2011 in A con guration (Project code: AL746). The tar- )

get was observed for8 min with an integration time of 1 s andWe describe here the morphology of the larg@@0 kpc) and

a bandwidth of 1024 MHz split into 8 equal width sub-band§mall ( 4 kpc) scale emission in Mrk 273, followed by the spec-

3C 286 and J134%341 were used as the ux density calibratral properties and the estimation of the spectral age of the

tor and phase calibrator respectively. Similar to the low resgmission.

lution VLA images, the data was agged, cross-calibrated and

band.pass callibrated in AIPS. This.data was then self-calibrateg Morphology

and imaged in CASA with the Briggs weighting scheme and

arobust = 0.5 . For the self-calibration, phase only calibraMrk 273 shows interesting morphology on both small and large-

tion was performed rst, followed by amplitude and phase&cales which we describe below.

calibration. Primary beam correction was again done for the

image using the tasknpbcor. The nal resolution obtained was

0.45° 0:3%and an rms noise of 3QJy beam?.

We have also used the 8.4 GHz image fr@undon etal. The radio morphology of the Mrk273 nucleus has been
(1991), made with the VLA in A con guration. The image hasobserved before at GHz frequencies with sub-arcsecond reso-
a resolution of 0.% 0:3%and an rms noise of 28Jy beam?®. |ution (Cole et al. 1999Bondi et al. 2005 and multiple com-

The images are shown in Fig.1 and image statistics are sumponents were identi ed. As mentioned before, dual AGNs have
marised in Tabld. been identi ed in the X-ray in the N and SW component, and
another AGN has been proposed in the SE component. Our new
144 MHz sub-arcsecond image is shown in FlgTwo bright
components, N and SE, of0.9kpc size can be seen, sepa-
An accurate ux density scale is necessary for studying the spesated by 0.7 kpc. Two bright knots of emission0.6 kpc apart

tral properties of the emission. To check the accuracy of then also be seen for the rst time in the SW component, along
ux scale of our low resolution images, we have plotted theith some di use emission. We also observe dse emission
integrated ux densities of Mrk 273 along with the values fromof about 1kpc and 0.4 kpc in the north-east (NE) and north-
NED. In our low resolution images, the integrated ux densitiegest (NW). In our long baseline image at 144 MHz with a lower
were measured using 3.s contours as reference. We used a uxninimum uv length and a 0%resolution (Fig.A.1e), we also
density scale error of 15% for LOFAR LBA, 10% for LOFARdetect di use emission around the components. The interesting
HBA, and 5% for Apertif 1.36 GHz, VLA 1.45GHz, 4.7 GHzfeature to note in the gure is the emission extending 105 kpc

and 8.4 GHz data. The plot is shown in F&gand shows that our southwards of the SE component, possibly linking it to the south-
ux scale is in agreement with the literature. Our 144 MHz uxern arc or ridge emission. Some more ae emission has been
density is lower, although in agreement within errors with thgetected around the SW component. The N, SE and SW com-
literature value at 150 MHz, which is taken from the 6C survgyonent had been detected before at 8.4 GHz®ynflon et al.
(Hales et al. 1990 This is likely due to the fact that 6C survey1991). However, at 144 MHz, the SE component is the brightest

3.1.1. Nuclear region

2.5. Flux density scale
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whereas the N component is brightest in the 8.4 GHz image. Thiter smoothing the Apertif 1360 MHz image to %0
suggests that the emission in the N component is absorbed attegolution.
frequencies. We measured the ux density of each component by Position o sets in images can be caused by phase calibration
tting a 2D Gaussian over a region of the size of 3slevel con- errors, and it is necessary to correct for suckets and align the
tours at every frequency, wherens is the local rms noise in the images before making the spectral index maps. For this purpose,
image. The ux densities, luminosities and spectral indices ofe have tted a 2D Gaussian over the nucleus of Mrk 273 in the
these components are listed in TaBle images and derived the pixel position coordinates of the peak
ux density. All images were then regridded and aligned using
3.1.2. Large-scale structure the position from one image as reference with the tdisk$EAD
e and IMREGRIOn CASA. The position oset after this proce-
Figure2 shows the large-scale emission in Mrk 273 at 144 MHgure was 0.01 pixels, which is sucient for our analysis. The
The @°map shows the southern arc with a remarkably smodgfectral index maps were made with the tldkATHh CASA.
curvature. This arc has a surface brightness ranging frdfiroughout the paper, spectral index errors are calculated as
0.15 0.30mJyarcseé and a total projected linear extent of s
100 kpc (measured using Zontours as reference). The emis- 1 S, 2 S, "2
sion is slightly more diuse at the end of the arc than near the = - —_— + — (1)
nucleus. Although the giant radio continuum “plume' had been In(=) S1 S2
reported before byr99, this is the rst time this large-scale ) » o
structure has been resolved and other features identi ed. A n@{fiere Siand S are errorsin the ux densities which include
feature we observe is the large arc in the north, shown in tpl@tistical errors in the measurements as well as uncertainties in
30°%image in Fig.2. This arc has a much lower surface brightthe overall scale. _
ness than its counterpart in the south, 0.008 mJy arcseg, To derive the spectral properties from 144100 MHz, we
and a larger projected linear extent df90 kpc. We recover part follow two approaches for the southern and northern_arc regions.
of this emission in the Apertif image as well, however, we dbhe analysis of the southern arc was done done using the spec-
not have enough sensitivity to recover this emission in the VL@l index image obtained atl6*° The main properties (that will
1455 MHz and 4700 MHz images. be described in Sec8.3.9 were rst derived using the Apertif
Another new feature of interest is the bright ridge of emiéihage and then re ned using the VLA image. The spectral index
sion, located at 25 kpc southwards from the nucleus, marked i¥@lues of the southern arc and the trends in spectral properties
Fig. 2. It is oriented almost perpendicular to the southern op#th the two were found to be in agreement, and in the remainder
cal continuum tail, shown in Figl, and is also coincident with Of the paper the analysis will be done using the image obtained
the linear feature branching out of the optical tail to the ea¥ith the VLA (Fig. 4a) because it is less acted by calibra-
It overlaps well with the ionised gaRZz14,S16 and soft X- tion artefacts. For this map, emission within the @ntours was
ray (Xia et al. 2001 L19) nebula in this region. The ridge has &/sed. _ _ o
surface brightness ranging from 0&7 mJy arcse® and a pro- In the northern arc region, the high sensitivity to low sur-
jected linear extent of 45 kpc. No radio emission is seen to théace brightness emission of the Apertif image allows it to recover
north-east of the nucleus in the low resolution images, wheRore emission than the VLA 1455 MHz image, and we use it to

extended soft X-ray emission can be seen in Eig. obtain the spectral indices in (at least part of) this region (see
Sect.3.3.2. We smoothed the Apertif map to match the LOFAR

li 20°%image and used3 emission to construct a spectral index
3.2. Spectral index maps map from 144 1360 MHz (Fig.4b). Since the LOFAR image

In order to trace the large-scale spectral properties in Mrk 27§covered more emission in the northern arc than the Apertif
we have constructed spectral index maps from 1465 MHz Image, we estimate a lower limit of the spectral index for pix-
at 16 and 26° and 14554700 MHz at 26° We do not €lsoutside 3 contours in the Apertifimage. To do this, we have
construct spectral index maps of the nucleus with our sdb%d a value of 3 as the upper limit on the ux density for these
arcsecond images. This is due to the fact that the 1400 MP#Xels. ) N
image fromCole et al.(1999 is not publicly available in FITS _ For the nucleus, we have used the integrated ux densities
format. This image is crucial to cover the frequency range froff the di erent components (see Fi).from the sub-arcsecond
144 MHz to 4700 MHz. Without the 1400 MHz image, makin%ag_es, to calculate the spectral |r_1d|ces. This is done because
a spectral index map from 144-4700 MHz would not give e_hlgh frequenqy sub-arcsecond images do not recover all the
accurate picture of the spectral properties. For the low resolut@ission we see in the 144 MHz sub-arcsecond images.

spectral index maps, we have not used the 54 MHz image since

it did not recover the extended emission as well as the highgg gpectral properties

frequency images. Spectral index maps require the images to

recover emission on the same angular scales and have the s@bfenulti-frequency images allow us to probe the spectral prop-
resolution. We have ensured that the data sets used for the &ties of the radio emission from Mrk 273. Below, we rst dis-
resolution images had short baselines to be sensitive to emisslggs the spectral properties of the nuclear components and then
at an angular scale of150°which is the size of the southern ardhe large-scale spectral properties.

(an interferometer with a shortest baselindgf;, is sensitive to

a largest angular scalg of _O.Dmin;_Tamhane et al. 2035T0. 3.1. Nuclear region

have the same resolution in both images for the spectral indéx
map, the image with higher resolution was smoothed using a ZB study the spectrum of the components in the nucleus of
Gaussian in the image plane with the taBISMOOTHCASA. Mrk 273 (right panel in Fig2), we estimated their integrated ux

To trace the spectrum of the northern arc, we also constructiEhsities and calculated their spectral indices. The ux densities
a low resolution spectral index map from 14360 MHz for these components were measured from the sub-arcsecond
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Fig. 4. Spectral index maps of large scale emission in Mrk 2a@BSpectral index map from 144455 MHz made with the LOFAR and VLA
images at 168 13%°resolution. The local rms noise,s, in the 144 MHz image is 200Jy beam* and in the 1455 MHz image is 6@y beam?.

The contours mark the 1455 MHz emission at level3,(3, 5, 10, 15, 25) s The map shows a spectral gradient across the arc, witt0:6

at the southern outer edge an@.9 at the northern inner edge. The ridge has a steep spectral index @88 0:07. () The 2(°spectral

index map from 1441360 MHz made with the LOFAR and Apertif images. The local rms noigg, in the 144 MHz image is 100Jy beam?

and in the 1360 MHz image is 30y beam®. The contours mark the 1360 MHz emission at level3, (3, 5, 10, 25, 100) no. The pixels

outside the 3 contours show the lower limit of the spectral index. The black cross marks the background galaxy present at the location of th
northern arc. The inset maps show the spectral index era@rSpectral index mapiie at 16.8° 13°resolution. ) Spectral index mapi34,

at20° 20°resolution.

Table 2. Flux densities and spectral indices for nuclear components.

Component  Sigammz Sia00MHz  SazoomHz  Ssa15MHz Moo s ar
(mJy) (mJy) (mJy) (mJy)

N 50.3 5.0 91.0 46 516 2.6 36.4 1.8 0.26 0.47 0.60

SE 1385 139 25.0 1.3 7.2 04 3.7 0.2 0.75 1.03 1.14

SW 25.8 2.6 20 0.1 1.03 0.05 0.600.03 1.12 0.55 0.93

NE 321 3.2 - 1.9 0.1 1.01 0.05 - - 1.08

Notes.Component column lists the dérent components as shown in F2gThe next four columns list the integrated ux densities. The 1400 MHz
ux densities were taken fronCole et al.(1999. The last three columns list the spectral indices. Theefrors in the spectral indices ar®.05,

144 1400 4700 i
0.06 and 0.14for 3¢, 1700and gii2respectively.

images. For the 1400 MHz ux density, we used the measurtie 144 MHz and 4700 MHz image; however, it is not detected
ments fromCole et al.(1999, who studied the 1400 MHz emis-in the 1400 MHz image ofole et al.(1999 and very faintly
sion from the nuclear components with MERLIN &.2°reso- detected in the 8415 MHz image. We estimate a spectral index
lution. We assumed a ux scale error of 5% on their values. of 353,=0:92 0:04 for this component.

The spectral indices of nuclear components are summarised
in Table2. In the N component, we nd an inverted spectrum 5 Large-scale emission

from 144 1400 MHz with 143,= 0:26 0:05, which steepens

to 390 = 0:47 0:06 and g% = 0:60 0:14. This tells us  goythern arc. In the integrated spectral index of the south-
that the emission (at low fr_equenmzaf) is absorbed. The $E CQdFh arc emission (excluding the nuclear region), we nd no sig-
ponent shows a spectral index ofga, = 0:75  0.05, which  pnj cant steepening of the spectrum up to 4700 MHz, 8, =
steepens at higher frequencies t§2%2 = 1:14 0:14. This 371 0:18, M4 = 0:;74 0:05and 15 = 077 0:06 (see
steep spectral index suggests the presence of a radio AGN in s 5 for spetlzztl?zgl pro les at dierent locations in the southern
component. This would be in agreement witardoulaki etal. ) A relative steepening at the high frequency end would be
(2019, who constrgcted a low resolution spectral index Malpected in a radiatively ageing population, provided sient

of the nuclear region and proposed the presence of a raﬁ'ﬂ?e has passed. To spatially resolve the spectral properties, we
AGN in it. In the SW and NE components, we detect stegpe constructed spectral index maps shown in Figsnd 6
spectral indices over all frequency range. The SW componeim 144 4700 MHz. The maps show several interesting fea-
spectrum shows a straight steep spectrum over our frequeffés. The rst property to note is that while no spectral gradi-
range, with 75, = 092 0:03 and g,;c = 0:93 0:14. The gnt is observed along the arc, a gradient across the arc can be
NE component has spectral indices of7;, = 0:81 0:03 seen in the 14¢_map in Fig.4a — from 0.8 0.9 ( 0.13) at the

and §/% = 1:.08 0:14. The NW component is detected irinner edge of the arc to 0.8.6( 0.12) at the outer edge. The
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Fig. 5.JP model ts to the spectrum of the regions marked in Fig. Fig. 7. VLA 1455 MHz image of Mrk 273 at a resolution of 20 20°°

The solid lines mark the positive contour levels at;3 2" where
I n=0,1,2...10 and ,ns = 80 Jybeam?. The negative contours are

54'00.0"
marked by dashed lines and are & s level. The regions used to
extract ux densities in SecB.4are marked and summarised in TaBle

53'00.0"

o7 Overall, this suggests that the spectral index of the northern arc

is likely steeper than its southern counterpart. We do not recover
o any emission in the northern arc in the 4700 MHz image, and do
not discuss its properties further. We discuss the spectral proper-
ties of Mrk 273 further in Sect.

52'00.0"

Dec (J2000)

51'00.0"

+55°50'00.0"

3.4. Magnetic eld and spectral age

To obtain the spectral age of the large-scale radio emis-
50005 EE, 3000s 2o 065 sion in Mrk273, we need to rst estimate the magnetic eld
_ ) _ strength. We have used the python version of the SYNCH%ode
Fig. 6. 20 spectral index map from 1458700 MHz made with the (Hardcastle et al. 19980 estimate the equipartition magnetic
XSAJ;”Bae%enfi ;:giéotchatel Lr;‘go?\‘/l’l'jze'ing;g itshimlfssa'\fn"l'zﬁqéaggn's eld in di erent regions in the source. The regions are marked
tours mark the 4700 MHz emission at levels (3, 5, 10, 15, 20, 5@)s. Itg E]Ig.r;ai\cl)veen?iissgme that star f(_)rmatlon .has no Qontrlbytlon
The inset map shows the spectral index error. . . ssion in thesg regions. Typlcally, while ?St'mat'
ing the equipartition magnetic eld, the ratio of energy in non-
radiating (protons) to radiating particles is assumed to be zero
spectral index map made with LOFAR 144 MHz and Apertif = 0), that is, no non-radiating particles are present. However,
1360 MHz image at 16°°resolution also showed a similar grastudies have shown that in more turbulent lobes of low power
dient, thus increasing our con dence in the presence of thiadio galaxies, with radio luminosities comparable to Mrk 273,
feature. In the 1355 map, we detect a steep spectral index afternal lobe pressure is not sgient to balance the pressure of
1.1 0.2 at the tail end of the arc. The spectral index froithhe external mediumQroston et al. 2003Dunn & Fabian 2004
1455 4700 MHz at the tail end of the southern arc is steep€roston & Hardcastle 20)4The extra pressure needed is pro-
than the middle region, thus we observe a gradient along the dided by either the higher magnetic eld or the entrained mate-
at this frequency range. The second property to note is the spéal; that is, the non-radiating particle€roston et al.(2018
tral index of the ridge 143,  0:81 0:07, which is steeper thanfound that a ratio of 10 between the non-radiating to radiating
the typical spectral index measured in the arc. The average spEuticles was required for the lobe pressure to balance the exter-
tral index for the ridge in the 245> map is 0.96 0.10. In these nal pressureBicknell et al. (199§ also found that the energy
spectral index maps, the nuclear region shows very little cungensity of radio jets in low power AGNs (like Seyferts) was dom-
ture ,with an average spectral index dfls. 0:45 0:06 and inated by thermal plasma. This is likely to be the case for the
‘11‘7188 0:55 0:08. radio emission in Mrk 273, given its low luminosit{{4 g
o o 5 107W Hz 1) and Seyfert 2 classi cation. Therefore, we have
Northern arc. The sensitivity of the Apertif image allowedgstimated the equipartition values, reported in Tadlaising
us to trace th.e spectral indices in the northern arc region. A§th = 0 and = 10. Our estimates are in agreement with
can be seen in Figlb, the northern arc has a typical spectrghagnetic eld strengths found in similar power radio galaxies
md_ex of 135 0:87 0:16, _W|th_|n the 3 1360 MHz contours. (Heesen et al. 201®as et al. 202)L
This could also have contribution from the background source
marked in the gure. Outside the contoursize, 0:7 0:3. ° https://github.com/mhardcastle/pysynch
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Table 3. Flux densities and model t results for southern arc and ridge regions

Region  Ssamhz Siaammz  SigssmHz  Saz00MHz inj  Bego Begio  tspeco tspecio 2 tuced
(mJy) (mJy) (mJy) (mJy) G (6 My (Myn

R 444 6.8 235 23 35 02 12 0.07 065 35 6.7 32% é 19.1@% 0.94

S1 207 35 103 10 24 0.1 12 01 055 19 3.6 22! ? ZO.Ongg 0.97

S2 19533 76 08 14 0.1 05 005 061 19 3.7 42. 2 36.@521 1.06

Notes. Region column lists the dierent regions as shown in Fig. The rst four columns list the ux densities. i,; column lists the best t
injection index.Bgqo andBgg10 column list the magnetic eld estimate with= 0 and = 10, respectivelytspeco andtspecio list the spectral ages
estimated usineqo andBeg10 respectively. feducedcolumn lists the reduced chi-squared (for two degrees of freedom) for the JP model t.

We have extracted the ux density from all the regions, anthedium can be approximatedlg = KT, where is the parti-
used an aged synchrotron spectrum that provided a reasonatdelensity of the mediumMack et al. 1998 Using the particle
t to the ux densities. For this purpose, we have used all thenergy density obtained above, we roughly estimate a medium
images at 28 resolution. We assumed a cylindrical geometryarticle density of g = 1 10 3cm 3 for T = 10’K for the
for all the regions, shown in Fig. For regions S1 and S2 in theridge region. This is comparable to the electron nhumber density
southern arc, we used a length of%nd radius of 1% For the estimated for the southern X-ray nebula € 3 10 3cm 3)
region in the ridge, R, we used a length of%nd radius of & that overlaps with the ridge (Fid), by L19. For the southern
The injection index was varied over the typical range of 0.5, arc regions, we estimate a particle density 8f 10 “cm 3, an
with steps of 0.01, using the Broadband Radio Astronomy Toasder of magnitude lower than that found in the ridge. Therefore,
(BRATS?; Harwood et al. 201,32015 package to nd the best if such a surrounding medium is present, the low particle density
t injection index ( i) for the integrated spectra of the regionswould explain why it is not detected in the soft X-ray images at
The best t values for i, were 0.55 for S1, 0.61 for S2 and 0.65heir current sensitivity.
for R. These indices were then used to estimate the magnetic
eld strengths. These values are listed in TaBle ] ]

The spectrum of particles emitting synchrotron radiatioth Discussion
steepens due to preferential cooling of higher energy partic

(Kellermann 1966Pacholczyk 1970 Modelling the steepening \f& have traced a rare case of large-scal#00 kpc) radio con-

tinuum emission in a ULIRG. The LOFAR Dutch array images

of the radio spectra can t_herefore give us an e_S“”??‘t_e of the spee allowed us to trace spectacular and smoothly curved arcs
tral age. If a break exists in the spectra shown in bjg.is above it 100 200 kpc, in the north and south, while on kilopar-

5GHz. To model these spectra and estimate the spectral aggs, scaje a complex structure has been traced by the LOFAR
we tted the JP modelJa e & Perola 197Bto the integrated |iomational stations data. Using multi-frequency images, we
spectra, using the tasitintegrated ~ in BRATS. We note orived the spectral properties from MHz to GHz frequencies,
that there are discrepancies in spectral age between estimglgething not done in the very few cases known so far. These
using integrated spectra and a spatially resolved analysis, but i, o\ allow us to explore the properties of the merger system.
resylts should still be reliable within the regions. Hovyever, the rst discuss the radio properties of the nuclear components,
estimates may change for an analysis at lower spatial resolutigny ey piore the possibility of the presence of a radio AGN in this
(Harwood 201). The model tresults are summarised in TaBle gy stam Then we move outwards to the large-scale emission and

and shown in Figs. We nd ages of a few tens of Myr in all the s\ ss the dierent scenarios that could explain its origin, spec-
regions. Despite the steeper spectra of the ridge compared tofhe

2t ; properties and how they connect to the nuclear components.
southern arc, the ages are similar for both due to the higher magsay, "we discuss what this system tells us about presence of
netic eld in the ridge. A gradient in spectral age can also k& jaar activity in mergers.
seen from S2 to S1, which is discussed further in Se2tl
In the lobes of radio galaxies, the equipartition magnetic eld
strength is related to the minimum energy. This can give us infd-l. Nuclear components
mation about the properties of the external medium. In orde;i%
[

. : S Ne sub-arcsecond images show multiple components in the
estimate these properties (and the possible impact of the emig- . . .
sion) we use the relation given as kpc nuclear region of Mrk 273 (Fi@). The multi-wavelength

properties of some of these components have been mentioned
I before in the introduction. The presence of absorbed X-ray
B.. = Ziu o @) AGNs has been conrmed in the N and SW component
ed 7 mnoe (Iwasawa et al. 201,1.19), and an AGN has also been proposed
in the SE component in the optical emission line studiR@f4.
where unmin is the minimum energy in erg cri and Beg is iN In the radio, an AGN _had also been p_roposed in the n_ucleus of
Gauss. The particle energy density, derived using the equathdfk 273 by Vardoulaki et al.(2019 but it could not be pinned
above, can be used to approximate the particle density of the $l@wn to one nuclear component.
rounding medium. We estimated the relativistic gas pressure BsN component: The radio emission of this component is
Pr=(  1)umin, where = 4=3 for relativistic gas®Pacholczyk understood to be dominated by a starbuiBobr(di et al.
1970, and assumed that the regions are in pressure balance with2005. However,Bondi et al.(2005, in their VLBI study of
their surrounding medium. The gas pressure of the surrounding the nucleus, could not rule out the possibility that one of
the compact components could be the radio counterpart of
6 http://www.askanastronomer.co.uk/brats/ the AGN. As mentioned in Sec3.3.1, we detect broadband

[N
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N — Using the deconvolved size froi@ondon et al.(199]) as
LOFAR the path length for the N component, we estimate an elec-
NI | tron density of 25cm 2 for the ionised absorbing medium,
VLA X band which corresponds to a column density of N 5
o1l i 10%1cm 2. This is only a fraction of the column density of
oL & ] neutral hydrogen of N= 1:7 10%2cm 2 (Cole et al. 1999
1 distributed in a 250 pc disc around the starburst. The pres-

ence of absorption is interesting becatdsandi et al.(2021)
0.06 il found absorption and low spectral ages in several ULIRGs,

i 1 concluding that these are GBS sources. However, our
0.04- 4 analysis shows that in the nuclear component of a ULIRG,
e where the radio emission is dominated by a starburst, the
absorption can also be explained by FFA from the surround-
ing medium.
0.02 . L 1 1 l L 2. SE component: The SE component shows a “norma_l” spec-
01 02 04 06 10 20 40 80 tral index at low frequencies, i35, 0:75 0:05, which

v(GHz) steepenstoZ/% 1:14  0:14. Spectral index of star form-

Fig. 8. Homogeneous FFA model best t for the N component ux den- NG components are not expected to be steeper tAe8
sities. A turnover can be seen 8370 MHz. 0:13 (Niklas et al. 199Y. In their study of spectral properties

of ULIRGS, Vardoulaki et al.(2015 proposed the presence

_ o of a radio AGN in the nucleus of Mrk 273 on the basis of a
radio absorption in the N component spectrum. Although spectral index steeper than that expected from star formation,
the presence of absorption in the nuclear region had beenfrom 1.4 8.4 GHz. The steep spectral index of the SE com-
suggested bfClemens et al(2010), they did not observe a  ponent leads us to conclude that the radio AGN proposed
turnover in the spectrum and could not pinpoint the location py vardoulaki et al.(2015 is associated with this compo-
of the absorbed component. We note that theserginces nent. Its radio luminosity of (144 MHz)= 4 10P3W Hz 1
with respect to our results could be due to the low reso- \yould make it a low power radio AGN. The idea that this
lution (5°and 189 of their images, compared to our sub-  component is a separate nucleus with its own AGN was also
arcsecond images of the nucleus. Using our low frequency o ,qqested brz140n the basis of the high optical ionisation

sub-arcsecond image of the nucleus, we have detected thegiate and compact continuum emission. Theude emission
absorption to be in the N component.

Ny he ab ; hani ith extending southwards from this component (see Kide)
Investigating the absorption mechanism, either SSA (Syn- ;o4 pe the connection to the southern large-scale features
chrotron self-absorption) or FFA (free—free absorption),

) in " bout thi b SS i.e., the arc or the ridge.
can give us more information about this component. . SW and NE component: The LOFAR 144MHz sub-

requires high brightness temperatures, comparable to the ; : )
kinetic temperatures of 10!°K of the relativistic electrons ?Jf:?ﬁ?ﬁg ISn\}\{/:l%irzgg\r,]VSniognt?ﬁe ;f)?rgn;?,tv;gsgrli\éﬁ ssgoutg
(Brodgrlck&Condon 197p Condon et al(1991]) estimated _ (see Fig.2). Some di use ’emission can be seen around
the brightness temperatures of the nuclear components usingy . com- ohent in the lower resolution image in Figle
0.3%images of Mrk 273 and concluded that the brightness This cor‘ﬁponent is aligned with the morg dise omic-
temperatures 6 10°K) were too lOW. for SSA to be SIg- sion in the NE component. The SW component is also
ni cant. On the other hand, a turnover in the spectrum is also alianed in the direction of the western out ow. detected
expected in compact, nuclear starbursts due to optically thick bng214 (see their Fig. 1) andeung et al (20213 Both

FFA (Condon et al. 1991Clemens et al. 2010 eroy etal. of these components show steep spectral indices varying
2011, Murphy 2013. We therefore consider FFA to be the from 0.8 1.0. The alignment of these two components

dominant absorption mechanism for the N component, as and the overlap with optical outows suggests that this

also suggested bglemens et al(2010. We used an FFA emission could represent out owing material. The out ows

model that assumes that the absorption is caused by an exter- ; -
nal homogeneous ionised gas screen, given as could carry the radio emitting electrons from the nuclear

components, or could cause shock-acceleration of the elec-
trons present in the nuclear region. At sub-arcsecond reso-
lution with LOFAR, such steep-spectrum dise emission

. . from radio outows has been detected before in multi-
wherea and are the amplitude and spectral index of the ple objects, for example Arp 29R&mirez-Olivencia et al.

intrinsic synchrotron spectrum, and is the optical depth :
equal to (= ) %, where , is the frequency at which the (Zgiraenioszg’aﬁrz%ﬁo Warenius etal. 2096and M 82

optical depth is unity.

We tted this model to the N component spectrum and fourigV€rall; we propose that the radio AGN in Mrk 273 is located
best t parameters o = 0:11 0:01, = 051 0:03and N the SE component. This adds further evidence for the pres-

p = 0:19 0:01GHz. The model t is shown in Figg. €nce of_ three AGNs in the nucleu_s of Mrk_27_3. The low res-
For an SSA model t, we obtained similar model parameteRJUt'O” image in FigA.1le shows diuse emission around the
and quality of t to the data. Using the FFA parameters, wuclear components that had been missed by the previous sub-
obtained an emission measure o8 9 10*pccm ® (O'Dea arcsecond images at GHz frequencies. The southward exten-
1998, 30 times lower tharClemens et al(2010. This is sion from the SE component, could be the connection between
due to their assumption of a turnover g GHz whereas we the radio AGN in the SE component and the southern arc or
estimate the turnover to be a870 MHz. ridge.
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4.2. Large-scale be even larger since these observations are limited by their eld

. .. of view.
The large-scale structure can be described as a combination of,

. ) In the case of Mrk 273, recent wide- eld integral eld unit
three components — the arcs in north and south, and the ndgg 9

o ; : servations of optical emission lines have yielded no such
The direction of the southern arc, partly consistent with the op etections lleung eF?[ al. 202)Lout to a radial exte¥1t of 40 kpc

cal tail at that location (see Fid), and perpendicular to the . S : :
ridge, suggests that the southern arc and the ridge are not phgéul[ high sensitivity low frequency radio observations could

more sensitive to such winds. Therefore, the southern arc
cally related 19 also proposed that the soft X-ray nebula thfg: | P PN

. ; : . . ' result of galactic win riginating from the nucl
overlaps with the ridge, is unrelated to the tidal tail that cast uld be a resuilt of galactic winds originating fro € hucieus,

had th bul ission. Theref di tr?pﬁ::ughing into the external mediL!m. The_curvature of th_e sout_h—
shadow over (né nebula emission. Theretore, we diSCuss teseare could be caused by the interaction of these winds with
separately below. an external medium. We refer to this as Scenario A. Given the
presence of powerful AGNs in the nucleus, we propose that
4.2.1. Southern arc these winds could be driven by AGNs, but some contribution
) from the nuclear starburst cannot be ruled out. However, com-
Starbursts and AGNs are known to be the dominant power souggged to known cases of large-scale galactic winds, the southern
in ULIRGs. In Mrk273, the high SFR and the presence of gfc has a much more collimated morphology and a signi cantly
least two to possibly three AGNSs in the nuclear region mak@gger total spatial extent 0f300 kpc (southers northern arc).

it necessary to explore both as the powering mechanisms of ighough we cannot rule out this scenario, the morphological
radio emission. Below, we discuss the various scenarios for i@ perties reduce our con dence in it.

origin of the southern arc emission.

Star formation. Radio emission from galaxies also has con- ACGN. The more likely case is that the southern arc is fuelled
tribution from star formation, which emits both thermal (freeith relativistic electrons by an AGN in Mrk 273. The luminos-

. | e un
free) and non-thermal (synchrotron) radiation. The thermiy Of the southern arc, L(144MHz) 2 10° WHz “, is typical
component dominates abov@0 GHz, and has a spectral inde)! radio lobes in AGNs, although it lies on the “radio quiet” end
of 0.1. The non-thermal emission, from relativistic electrord the population Ranessa et al. 20.9vun et al. (1999 have

accelerated by supernova remnants, dominates the spectrurfi ap Sudgested that the luminosity and high degree of polarisa-
to 10 GHz. Assuming that all the radio emission in the arc Hpr?ofthe extended emission in Mrk 273 points towards an AGN

1.4 GHz is from star formation, and using the calibration frofi'9'n- In this case, the southern arc would be fuelled by a rad!o
Yun et al. (2003, we estimate an SFR of 24.27.4M yr . AGN in the nucleu_s, i.e. the SE component. However, the radio
Although such high SFRs are seen in some ULIRGS, they éﬁg‘N cou!d have _e|ther already been present in one of the merg-
not expected at distances 000 kpc from the nucleus, in the!"9 gaIr;mes which we refer to as Scenario Bor could have
form of an arc. This SFR corresponds to an slirface bright- been triggered by the mergermwhich we refer to as Scenario C.
ness of 6 10 7ergs®cm 2arcsec? (Kennicutt 199%. S16 1. In Scenario B, the smooth curvature of the arc would then
study the H emission in Mrk273, and have a sensitivity of trace the infall of the radio AGN. But such plasma left behind
1 10 7ergs'cm 2 but recover no H emission coinciding as the merger progresses would also be expected to show
with the southern arc, out to 100 kpc. There is also no optical signs of strong (  1:2 or 0:5) spectral ageing, as
continuum emission detected along the arc from the stars beingdiscussed above, which we do not detect. We do nd that
formed. No emission from dust has been detected along the arcthe spectral index is steeper at the tail end (S2) than at the
either, which could hide the optical emission. The optical con- leading end (S1, SecB.3.2. The spectral age of the arc
tinuum and H emission is only seen out to a radial extent of emission is also higher, 3&2 Myr, at the tail end (S2) than
45 kpc to the south of the nucleusig, which overlaps with at the leading end (S1), 2@2 Myr. If we assume that the
the radio ridge. This tells us that star formation in the arc is not age di erence is due to the motion of the infalling galaxy as
the origin of the radio emission. mentioned above, and use the éience in the spectral ages
as the time taken by the infalling galaxy to cover the dis-
tance between the regions, we can approximate, to rstorder,
an infall speed of the galaxy ( d/tsped. Using 55 kpc for
the distance between the two regions, we estimate an infall
speed of 2500 3300 km s?. During interaction of galaxies
in non-cluster environments, the velocities are expected to be
of the order of the typical gravitational motions in galaxies,
i.e., several hundred km’ For instance, the collisions in
Ta y galaxies are understood to occur &00 800kms?

Tidal origin. Another possibility is that the southern (and
northern) arc have tidal origin. In this scenario, the radio emis-
sion would be associated with supernovae from the stars stripped
from the merging galaxies. However, a lack of emission from
stars (no optical continuum) and gas (no HI or ionised gas
emission) over these regions makes it unlikeRZ(4S16
Leung etal. 202l The dynamical timescale of the merger
is also much larger than the typical synchrotron lifetime of

40 Myr for the emitting electrons. Therefore, if the southern
arc was made up of tidally stripped relativistic plasma left behind (seeC_ondon et _al. 1993’\/oll_mer etal. 2012 Howe_ver,_the .
elocity we estimate, albeit a rst order approximation, is

as the merger progressed, there would be more signs of SpeCtrarnuch higher than seen before for interacting galaxies. There-
ageing, which we do not detect. This suggests that the southernfore if scenario B were true, it points to other processes

arc does not have a tidal origin. like in situ particle reacceleration, being present in the arc.
Galactic winds. Nuclear starbursts and AGNs in galaxies can Such processes have also been suggested to be present in the

also drive large-scale galactic winds, that can be detected at dif- nearby ULIRG Mrk 231.

ferent wavelengthsHeckman et al. 1990veilleux et al. 2003 2. In Scenario C, the southern arc would be a radio lobe fuelled

In the last few years, duse emission from starburst driven by a low power radio jet from AGN activity triggered by the

galactic winds has been detected at large radial distances frommerger, in the pre-coalescence stage. The low power means

the nucleus, including at 60 kpc Hodges-Kluck et al. 2020 that the lobe could be more turbulent and less well colli-

and 50kpc Rupke et al. 201Q although the actual sizes could mated than in typical radio galaxies with powerful and highly
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collimated radio jets. A lobe fuelled by a radio jet can explaioould also be responsible for the radio emission in the southern
the large spatial extent, since the energy ux can be chaarc of Mrk 273.
nelled better than in the case of winds, allowing the plasma
to travel greater distances with relatively less energy loss.
radio jet would also produce a much more collimated mor-
phology than AGN driven winds. The smooth curvature afve detect, for the rst time, a giant190kpc arc in the north
the southern arc in this case would be due to interaction wighthe nuclear region of Mrk 273, which is much larger than its
the large-scale external medium bending the low power radiguthern counterpart (00 kpc). This component is also more
lobe. di use and has lower surface brightness than the southern arc.
We note that we do not directly detect the presence ofitaalso does not show a smooth curvature. A background galaxy
radio jetin Mrk 273 in our sub-arcsecond images. This coutMFGC 11079 ak = 0:038 also contributes to the radio emis-
be due to the jet getting decollimated, as it makes its wajon in this arc, marked in Fig. In Scenario A, the northern
out of the nucleus, to a level where its surface brightnessag: would be formed by the counter-wind as it expands into the
below the sensitivity of our sub-arcsecond images. Howevekternal medium. Scenario B cannot explain the origin of the
we do see an extension of the SE component towards H@&thern arc, since the southern arc is created locally in that sce-
southern arc, in the smoothed LOFAR sub-arcsecond imagsrio. In Scenario C, the northern arc would be formed by the
(Fig. A.1e), as mentioned in Sed@.1.1 radio lobe fuelled by the counter jet.
A new feature observed in the southern arc is the presence ofln Sect.3.3.2 we found that the spectral index in this arc
a spectral gradient across the arc, with 0.6 at the outer is likely steeper than the southern arc. Given the low power
edge and 0.9 at the inner edge (Figa). We also note an edge-of the radio AGN involved and the less collimated structure of
brightened feature at the outer edge in th&d®ntour plot at the northern arc, it is unlikely that this is a result of relativistic
144 MHz. This suggests that the plasma is interacting with Aeaming. Instead, the less collimated structure and larger size of
external medium at this location, which rejuvenates the electrdhe northern arc could be due to érent conditions of the sur-
at the outer edge. This would be expected if the plasma weeeinding medium (i.e., halo material, circumgalactic medium)
moving radially outwards, like the wind in Scenario A or radi@round it, compared to the south. A less dense medium in this
jet in Scenario C, rather than being formed locally as expectefyion would mean that the wind (Scenario A) or radio lobe
in Scenario B. Therefore, our spatially resolved spectral propéscenario C) could travel larger distances in the same time as
ties help us rule out Scenario B. Assuming that the southern #re southern arc. The scarcity of interactions with a dense sur-
plasma is in pressure balance with such a surrounding mediwoynding medium could cause a lack of rejuvenated electrons
we estimate the particle density of the medium to be lower (bgsponsible for the radio emission, leading to the lower surface
an order of magnitude) than the southern X-ray nebulB). brightness and steeper spectral index (since the feature is not
This could be a reason why such a large-scale medium has thetiected at 4700 MHz). The lack of curvature in this arc would
been detected in the current soft X-ray images. also be explained by the lack of a medium in this location to
Using our spectral age estimate at the tail end of the southéend the plasma. Such asymmetric radio emission has also been
arc (S2), we can also approximate, to rst order, the speed of theen before in the ULIRG Mrk 23Morganti et al. 2015
galactic winds required in Scenario A or radio lobe in Scenario
C. Assuming constant velocity, a distance of 100 kpc from the, 3 Ridge
nucleus for S2, and a time range of 3& Myr gives a veloc-
ity range of 2300 2700 km s?. For galactic winds in ScenarioA peculiar feature in Mrk273 is the ridge of radio emission,
A, such a high speed at a distance of 100 kpc from the nucletisa distance of 25kpc south of the nucleus. This overlaps
is highly unlikely. For instance, the speed of galactic wind aery well with the soft X-ray emission, shown in Fig, and
a distance of 50 kpc in SDSS J211824.8601729.4 (Makani; also the ionised gas nebula observed in this regrdilé, S16.
Rupke et al. 201Qis only 120kms?, and for NGC 3079 at a The emission in the nebula is understood to be due to shocks
distance of 60kpc it is 500 km st (Hodges-Kluck et al. 2020 in this region.RZ14 and S16 propose that the gas in the neb-
However, for radio lobe in Scenario C, our estimate corrgia is ionised by low velocity shocks (20800 kms?t) andL19
sponds to 0.50.7% of the speed of light. This is in agreemertonclude that the gas is heated to X-ray emitting temperatures by
with the current understanding of radio jets, which are unde&hocks that sweep through the medilrh9 also propose that the
stood to decelerate to sub-relativistic speeds at tens of ki¥-ray nebula in this region would have to be enriched by multi-
parsecs distance from the nucleusiqg & Bridle 2002 2014 ple out ows. We propose that the radio emission in this region
Hardcastle & Croston 2030Therefore, we propose Scenario @s due to a reservoir of electrons deposited by multiple out ows,
as a more favourable explanation for the origin of the southeand then accelerated by the shocks that sweep the medium. The
arc. spectral age of the ridge20 32 Myr, is also in agreement with
As mentioned before, large-scale radio continuum emissitre timescale of enrichment of the nebula by multiple out ows,
has also been detected in the ULIRG Mrk 231, also known t®.1 Gyr, estimated bi19. The radio ridge also overlaps with
host an AGN and a starburdtlorganti et al.(2016 had con- the tidal tail seen in optical continuum, and therefore has some
cluded that the large radio lobes could be fuelled by electroegntribution from the star formation in the tail.
from the central AGN by or from electrons accelerated in situ. The systematically steeper spectral index of the ridge in com-
AlthoughMorganti et al(2016 did not directly detect a radio jet parisonto the arc (2 3 signi cance) suggests that these com-
from their data either, they detected a “bridge” of emission copenents are formed by two separate electron populations. The
necting the lobe to the nucleus, which supports the fuelling frogtectron population that makes the ridge has a steeper energy
central AGN hypothesis. Although the radio power of Mrk 273 idistribution, i.e., less high energy electrons relative to the arc,
lower than Mrk 231 (146, = 1:4  107*W Hz 1), the presence leading to a steeper spectral index. This could be due to the dif-
of multiple AGNs in the nucleus, including one radio AGN (irferent powering mechanisms for the ridge and the southern arc.
the SE component), suggests that processes similar to Mrk 23 southern arc is fuelled by a radio AGN, which would be

.2. Northern arc
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more e cient at accelerating electrons than the shocks preseitted by the pointed VLA observations is an important step. This
in the ridge. illustrates the potential of the LOFAR-Apertif combination for
We do not observe any radio emission to the north-eaststfidying a large sample of these objects. Other surveys, in par-
the nucleus, where another ionised gas and soft X-ray nebuléiéslar EMU at 800 MHz, will provide comparable images for
seen (Figl). RZ14 nd quiescent gas kinematics in this regioran even larger sky area. Studying the spectral properties is useful
and conclude that the ionised gas represents tidal debris kdtause it can help pin down the origin of the radio emission and
over from a secondary merger event illuminated by one of tpeovide an estimate for the timescale of merger triggered activ-
AGNSs from the nucleud.19 also propose that this nebula is noity. This information would be crucial for our understanding of
enriched by multiple out ows. The lack of radio emission therthe relation between mergers and AGNs.
would be in line with these observations, since there would be
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P. Kukreti et al.: A radio investigation of Mrk 273

Appendix A: Continuum images

Fig. A.1. Continuum images of Mrk 273. Images in the rst and second row show the large-scale structure at (a) 54 MHz with LOFAR LBA,
(b) 1360 MHz with Apertif, (c) 1455 MHz with VLA and (d) 4700 MHz with VLA. The third and fourth row show small-scalepstructure in the
nuclear region with (e) LOFAR at 144 MHz, VLA at (f) 4700 MHz and (g) 8415 MHz. The contour levels in all images are 3 2" where
n=0,1,2...10. msis 1.5 mJybeant, 35 Jybeam?, 60 Jybeam! and 30 Jybeam! for the LOFAR 54 MHz (a), Apertif 1360 MHz (b),
VLA 1455 MHz (c) and VLA 4700 MHz (d) image, respectively. For the high resolution imaggg,is 78 Jybeam?!, 30 Jybeam! and 28

Jy beam? for the (e) LOFAR 144 MHz, (f) VLA 4700 MHz and (g) VLA 8415 MHz image, respectively. The LOFAR 144 MHz sub-arcsecond
image has a lower resolution of 6°40.5 than the one in Fig2. The negative contours are marked by dashed lines and aBe ats level. Image

statistics are summarised in Taldle
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Fig. A.1. continued.
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