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A B S T R A C T 

Disentangling the radio flux contribution from star formation (SF) and active-galactic-nuclei (AGNs) activity is a long-standing 

problem in extragalactic astronomy, since at frequencies of � 10 GHz, both processes emit synchrotron radiation. We present 
in this work the general objectives of the P ARADIGM (P Anchromatic high-Resolution Analysis of DIstant Galaxy Mergers) 
project, a multi-instrument concept to explore SF and mass assembly of galaxies. We introduce two no v el general approaches 
for a detailed multiscale study of the radio emission in local (ultra) luminous infrared galaxies (U/LIRGs). In this work, we 
use archi v al interferometric data from the Very Large Array (VLA) centred at ∼ 6 GHz ( C band) and present ne w observ ations 
from the e -Multi-Element Radio-Linked Interferometer Network ( e -MERLIN) for UGC 5101, VV 705, VV 250, and UGC 8696. 
Using our image decomposition methods, we robustly disentangle the radio emission into distinct components by combining 

information from the two interferometric arrays. We use e -MERLIN as a probe of the core-compact radio emission (AGN or 
starburst) at ∼ 20 pc scales, and as a probe of nuclear diffuse emission, at scales ∼100–200 pc. With VLA, we characterize the 
source morphology and the flux density on scales from ∼200 pc up to and abo v e 1 kpc. As a result, we find deconvolved and 

convolved sizes for nuclear regions from ∼10 to ∼200 pc. At larger scales, we find sizes of 1.5–2 kpc for diffuse structures 
(with ef fecti ve sizes of ∼ 300–400 pc). We demonstrate that the radio emission from nuclear extended structures ( ∼ 100 pc) 
can dominate o v er core-compact components, pro viding a significant fraction of the total multiscale SF output. We establish a 
multiscale radio tracer for SF by combining information from different instruments. Consequently, this work sets a starting point 
to potentially correct for o v erestimations of AGN fractions and underestimates of SF activity. 

Key words: techniques: image processing – techniques: interferometric – galaxies: nuclei – galaxies: starburst – galaxies: star 
formation – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

uminous and ultraluminous infrared galaxies (U/LIRGs) are some
f the most energetic extragalactic sources in the local Universe,
mitting mostly in infrared (IR) wavelengths, with LIRGs having
uminosities of 10 11 < L IR [8–1000 μm] < 10 12 L � and ULIRGs
 IR [8–1000 μm] > 10 12 L � (e.g. Sanders & Mirabel 1996 ; Lonsdale,
arrah & Smith 2006 ). The radio emission from these sources
riginates from distinct physical processes, such as active galactic
uclei (AGNs), jets, intense star formation (SF) at the nuclear
egions – starbursts (SB), and SF activity at scales larger than ∼
00 pc. Currently, there is a challenge on how to decompose the
adio emission into each individual mechanism. It is unclear how a
ultiscale tracer of SF can be constructed in order to comprehend
 E-mail: geferson.lucatelli@postgrad.manchester.ac.uk 
 YMP is also an Adjunct Astronomer at the National Radio Astronomy 
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nderlying physical processes at all possible scales and frequencies.
aving such a metric would be ideal, since SF is one of the most

undamental physical processes that can be used as a proxy for
alaxy evolution and mass assembly studies (e.g. Bauer et al. 2013 ;
lbert et al. 2013 ; Madau & Dickinson 2014 ). SF is responsible for
onverting interstellar gas clouds into star clusters, characterized by
he efficiency and rate at which the gas is converted (Hattori et al.
004 ; Shangguan et al. 2019 ). This acts as a major constituent of
he dynamics and evolution of a galaxy. SF is also related to the
nteraction between gas, dust and ionized gas caused by supernova
xplosions which keeps inducing energy to form new stars, and
nhancing the magnetic field strength (e.g. Thompson et al. 2006 ;
hompson, Quataert & Murray 2009 ; Drzazga et al. 2011 ; Schober,
chleicher & Klessen 2016 ; Vollmer, Soida & Dallant 2022 ). 
Due to the presence of dust, these nuclear regions are almost

ompletely optically obscured, especially in the most compact
egions at the centre of galaxies (e.g. Ricci et al. 2017 ; Hickox &
le xander 2018 ; F alstad et al. 2021 ). IR and radio observations are

hus essential because they are able to see through the dust, which
© 2024 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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e-emits the ultraviolet radiation from young stars in the far-IR (FIR).
uch observations are, therefore, suitable tracers for SF (e.g Farrah 
t al. 2008 ; Rieke et al. 2009 ; Tabatabaei et al. 2017 ; Algera et al.
022 ; Arango-Toro et al. 2023 ) and provide high-angular resolution 
 � 0.1 arcmin) imaging reconstruction of these regions. At radio 
requencies of � 10 GHz, the dominating form of radio emission is
on-thermal synchrotron radiation, which is produced by both AGN 

nd SF activity (Condon 1992 ). Non-thermal emission related to SF
s produced by core-collapse supernovae from massive stars with 
 8 M � (Linden et al. 2019 ), it is optically thin and not affected

y dust. At intermediate frequencies, ∼ 10–100 GHz, the dominant 
orm of radiation is the free–free bremsstrahlung thermal emission 
Burke, Graham-Smith & Wilkinson 2019 ) produced by ionized gas 
nd photoionization of neutral hydrogen around massive SF regions 
H II regions, Murphy et al. 2011 ), and at frequencies � 100 GHz,
hermal dust emission becomes dominant. 

Most U/LIRGs in the local Universe ( z � 0.3) are mergers ( ∼
0 per cent, e.g. Larson et al. 2016 ) while ∼ 20 per cent are spiral
alaxies, but these fractions change with redshift (e.g. Hung et al. 
014 ). Besides these systems being rare in the local Universe, their
ontribution to the total IR output and SF budget dominate at higher
edshift z ∼ 1–2 (Floc’h et al. 2005 ; Magnelli et al. 2009 ). Ho we ver,
here are notable differences between local U/LIRGs and high- z 
ounterparts (Hern ́an-Caballero et al. 2009 ; Rujopakarn et al. 2011 ;
hitaker et al. 2012 ; Hung et al. 2014 ) and it is unclear how

hese systems evolve in time/redshift (Lonsdale et al. 2006 ). Merger 
nteractions are also rele v ant in such scenarios since they are a trigger
f enhanced SF (Haan et al. 2013 ; Larson et al. 2016 ; Calabr ̀o
t al. 2019a ), resulting in star formation rates (SFR) from dozens
o hundreds of M � yr −1 at the present time and in the 1–10 Myr
ange. As a result, U/LIRGs are great laboratories to study in detail
heir structure and evolution (Farrah et al. 2003 ; Petric et al. 2011 ;
hen et al. 2013 ; Stierwalt et al. 2013 ; Herrero-Illana et al. 2017 ). 
Since the emission of SF happens to co-exist with AGN on multiple 

cales, it is relatively significant to understand the structure and 
he nature of the radio emission at all possible physical scales. By

apping the radio emission from nuclear regions ( ∼ 10–100 pc) up 
o galactic-scale structures ( � 1 kpc), we can determine calibrated 
ractions of the radio power associated to SF across these scales. Such
nformation is essential for estimating both the recent and historic 
ate at which stars are born in a galaxy. For that, a non-contaminated
nd multiscale assessment of the radio emission, by removing all 
ossible contributions from an AGN, would yield corrected fractions 
f the total SF activity. By combining information from different 
nstruments, we tackle this gap from previous research, introducing 
 robust multiresolution fitting approach to disentangle the radio 
mission. 

Multiple works attempt to separate spatially and spectrally the 
adio emission coming purely from an AGN and emission coming 
rom star-forming regions (spectral energy distribution (SED) fitting, 
alvin et al. 2018 ; Dey et al. 2022 ; Yamada et al. 2023 ), (using bright-
ess temperatures, Morabito et al. 2022 ), (using data combination and 
igh-resolution observations, Biggs & Ivison 2008 ), (integral field 
pectroscopy, Davies et al. 2016 ) etc. Ho we ver, uncertainties are still
resent, and obtaining unbiased measurements for the AGN/SB–SF 

ontribution is challenging. 
The aims of this work, and subsequent ones, are to establish a

anoramic view of the structure of radio emission and its constituents 
n U/LIRGs, and to investigate their connection with SF. Understand- 
ng the interplay between these processes with the accretion and 
eedback mechanisms of supermassive black holes at the centres of 
hese sources is crucial to quantify how galaxies evolves over time. 
The technical no v elty of this work is based on the combination of
nformation from distinct interferometric arrays. These allow us to 
nvestigate the structure of radio emission at different spatial scales 
imultaneously. The same fitting techniques introduced here can 
otentially be applied to multifrequency observations (including both 
adio and optical wavelengths) and multi-instrument observations, 
hereby providing resolved spatial and spectral information for each 
mission region of galaxies. 

Using the previous techniques, we can study SF and physical pro-
esses by characterizing the multiscale nature of the radio emission 
rom U/LIRGs. By having the properties of each diffuse structure, 
e can establish calibration factors for the conversion of radio and

R emission into SFR estimates. This can be used to explore how
he radio–IR correlation (Bell 2003 ) behaves through a multiscale 
haracterization, and e v aluate the physical mechanisms responsible 
or inducing deviations in the correlation. 

In this work, we use high-angular resolution observations (0.05–
.3 arcsec) from the enhanced -Multi Element Remotely Linked 
nterferometer Network ( e -MERLIN) and from the Karl G. Jansky
ery Large Array (VLA). Radio interferometry offers a unique way to

econstruct high-angular resolution images, providing unprecedented 
arsec-scale details of local galaxies, unravelling the mechanisms 
esponsible for producing the associated IR and radio energies. 

To unravel the influence that an AGN/SB have on the kiloparsec
e gimes and abo v e, where diffuse SF is taking place, it is required to
nderstand the contribution that both processes have over the energy 
eneration and how nuclear structures emerge and evolve in such a
ay that they can be strong enough to shape the global morphologies
f these galaxies. Still, it is factually challenging and an open question 
o discern the contribution of the radio emission between AGN, SB
nuclear SF), and large-scale SF (P ́erez-Torres et al. 2021 ). 

The key questions we start investigating in this work and future
nes are: what is the connection between source and component 
orphologies? How does the location of radio components impact 

he brightness distribution of a source? How can SF processes solely
ule or shape a radio source? What is the behaviour of the radio–IR
orrelation when AGN contamination is remo v ed, for both thermal
nd non-thermal processes? How does the radio–IR correlation hold 
hen we break down the radio emission into different structural 

omponents and scales? We do not expect to answer these questions
n this paper, but we post them as a starting point for a series of future
orks (see Section 2 ). 
By estimating fractions of the radio emission across different 

hysical scales, this work will provide some immediate contributions. 
e can obtain corrections to the dominant sizes and flux densities

n nuclear regions over the influence of an AGN/SB and disentangle
hat from an y e xisting nuclear emission due to SF processes. This
an pinpoint that the proportions of SF emission can be higher
han previously expected, hence probing more massive galaxies 
onstrained on SF activity. As a starting point, we exploit these
ssues in this work, and our specific steps are: 

(i) Measure the sizes and flux densities of the radio emission at
istinct physical scales, from 20 to 100 pc co v ered by e -MERLIN to
he large-scale regime of ∼0.5–3 kpc observed by VLA. 

(ii) Disentangle individual subregions of the radio emission in 
rder to quantify their structural properties and compute their 
ractions to the total source flux density. 

(iii) Obtain a metric for a multiscale SF tracer: separate the nuclear
xtended ( � 100 pc) SF from the total SF. 

This is the first work of project P ARADIGM (P Anchromatic
igh-Resolution Analysis of DIstant Galaxy Mergers, see Section 
MNRAS 529, 4468–4499 (2024) 
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 ), and describes a new analysis technique that can be used to
aximize the scientific output of data from radio interferometers
ith complementary uv spacing. The first phase of PARADIGM

ocuses on preparatory science for the Square Kilometre Array
SKA), using a combination of instruments that allows us to probe the
ky accessible to the SKA in the future. This allows us to efficiently
lan SKA observational campaigns with the aim to quantitatively and
ualitativ ely e xpand the observ ed galaxies towards higher redshifts,
nd use larger statistics to measure differences as a function of galaxy
ass, morphology, and luminosity. 
This paper is structured as follows: in Section 2 , we present a

eneral context for a long-term study of U/LIRGs. In Section 3 ,
e present and discuss the observations from e -MERLIN and VLA
sed in this work. We also discuss how the data were analysed,
alibrated, combined between e -MERLIN and VLA. We end that
ection presenting the main imaging results and justify the needs
f disentangling the radio emission. In Section 4 , we introduce two
o v el methodologies to decompose the radio emission into distinct
omponents at different scales and show how integrated fluxes
ensities and associated sizes are estimated. We start by presenting
he main results obtained from our combined data in Section 5 ,
n particular, estimated flux densities and sizes for the nuclear
nd extended regions, and derived properties such as brightness
emperatures and SFRs. Consequently, we discuss the main findings
nd limitations of this work in Section 6 , and we end the paper with
nal remarks and future plans in Section 7 . In the online version of

he appendices, we provide extra material such as notes on individual
ources, additional figures, and complementary text. 

Regarding the calculation of distances, we adopt the lambda-cold
ark matter model with the following constant values: �� 

= 0.692,
m 0 = 0.308, and H 0 = 67.8 km s −1 Mpc −1 . 

 C O N T E X T  O F  A  L O N G - T E R M  

ULTIFREQU ENCY  STUDY  O F  U / L I R G S  

n this section, we provide a brief o v erview of the PARADIGM
roject for a future context, and describe the full LIRGI Sample. 

.1 The PARADIGM project 

roject PARADIGM is positioned within the o v erarching framework
f exploring the SF and mass assembly history of the Universe,
ocusing on how the combined effects of black hole activity and
F influence the energetic and chemical evolution of galaxies. Our
rimary objectives encompass: 

(i) contributing to the calibration of the empirically observed
adio-to-IR correlation across a diverse range of galaxy types and
edshifts; 

(ii) translating radio and IR luminosities into SFRs and efficiency
hile characterizing the evolution of the initial mass function as a

unction of time and environmental factors; 
(iii) disentangle the dominant gas and dust heating mechanism in

he nuclear regions of galaxies; 
(iv) characterizing the clumpiness of the interstellar medium as

ndicated by H II regions, through the assessment of the free–free
mitting medium’s smoothness/clumpiness. 

By pursuing these objectives across a wide spectrum of systems,
ncompassing various redshifts and a diverse range of phenomenolo-
ies, we aim to gain a deeper understanding of the processes that
hape galaxy evolution during the most crucial phases of cosmic
istory. 
NRAS 529, 4468–4499 (2024) 
As an initial step to achieve these goals, we aim to obtain a com-
rehensive understanding of the evolutionary phases of nuclear SBs
n local interacting galaxies situated within the range of 60–250 Mpc,
n particular in U/LIRGs. We aim to establish a phenomenological
equence for the evolution of a nuclear SB combining data spanning
IR, mm, and radio wavelengths. We plan to study a sample U/LIRGs
t different merging stages to capture the entire lifecycle of a nuclear
B from its onset to its decay. 
The primary focus of PARADIGM’s observations at this stage is

entred on using high-angular resolution instruments. This enables us
o discern various physical phenomena that predominate at different
requencies, while also disentangling the individual contributions
f structures from tens to hundreds of pc. For the local systems
onsidered, we need subarcsecond resolution for frequencies ranging
rom MHz to tens of GHz and extends into the millimetre range. Our
nalysis will co v er both morphological and kinematical information
rom high spatial and spectral resolution data using radio continuum
RC), polarization, and spectral line modes. Therefore, the core of
he observational data comes from the SKA pathfinders, the LOw-
requency ARray (LOFAR), Very Long Baseline Interferometry
VLBI), e -MERLIN (see the next section), the The European VLBI
etwork (EVN), the Very Long Baseline Array (VLBA), and the
LA, together with the Atacama Large Millimeter Array (ALMA)

nd the Northern Extended Millimetre Array (NOEMA) at mm
av elengths, each pro viding resolutions ranging from subarcseconds

o tens of milliarcseconds at their respective wavelengths. These
ngular scales align seamlessly with the capabilities of JWST ,
xtremely Large Telescope (ELT), and Hubble at near-IR and
ptical wavelengths, underscoring our emphasis on high-resolution
anchromatic view of the nuclear regions of U/LIRGs. This will
e complemented with the development of data analysis techniques
uch as the multiscale approach described in this work, as well as
ther spectral analysis in future works. 
Within this scope, this first work of the PARADIGM project

escribes a new multiscale morphological analysis and applies it to
 sample of four U/LIRGs. With this application, we show how the
bservations from the SKA pathfinders, VLA and e -MERLIN, are
ele v ant to disentangle different physical components in the nuclear
egions of these galaxies. 

.2 The LIRGI sample as a case study 

s a part of the e -MERLIN Le gac y Project, the LIRG Inv entory
LIRGI, Conway & P ́erez-Torres 2008 ) studies a northern subset
f the Great Observatories All-sky LIRG Survey sample (Armus
t al. 2009 ) selected from The Infrared Astronomical Satellite ( IRAS )
evised Bright Galaxy Sample (Sanders et al. 2003 ). It comprises
 representative sample of 33 LIRGs and 9 ULIRGs in the local
niv erse o v er a distance range from ∼60 to ∼260 Mpc. Most of

hese sources are merging/interacting systems, ranging from a merger
tage of 0 (early stage merger) to 6 (final stage merger, classification
f Haan et al. 2011 ; Kim et al. 2013 ), but a few are spiral galaxies
ndergoing high SF activity. SFRs in these systems span a range
rom 10 up to ∼ 400 M � yr −1 . 

Several sources from the LIRGI sample have been studied individ-
ally, such as Arp 299 (P ́erez-Torres et al. 2009 ; Romero-Ca ̃ nizales
t al. 2011 ; Bondi et al. 2012 ; Ram ́ırez-Olivencia et al. 2022 ), Arp 220
Barcos-Mu ̃ noz et al. 2015 ; Varenius et al. 2016 ), and additionally
GC 8387 (Modica et al. 2012 ; Romero-Ca ̃ nizales et al. 2012b ,
017 ), IRAS 23365 + 3604 (Romero-Ca ̃ nizales, P ́erez-Torres & Al-
erdi 2012a ), UGC 5101 (Lonsdale et al. 2003), UGC 8696 (Carilli &
aylor 2000 ; Kl ̈ockner & Baan 2004 ; Bondi et al. 2005 ), among
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Table 1. Existing source information from literature. 

Source RA 

† (J2000.0) Dec. † (J2000.0) log 10 ( L IR /L �) D l [Mpc] M s n c [kpc] q IR S C band 
ν [mJy] Morphology 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

UGC 5101 09h35m51.599s + 61d21m11.72s 11.97 179.27 5 0.44 1.99 61.5 ∼ 79.0 AGN/SB 

VV 705 N 15h18m06.115s + 42d44m45.06s 11.89 183.12 4 6.26 2.35 19.6 ∼ 32.0 AGN/SB 

... S 15h18m06.328s + 42d44m38.11s – ? 

UGC 8696 N 13h44m42.130s + 55d53m13.50s 12.14 169.78 5 0.77 2.27 60.3 ∼ 103.0 SB 

... SE 13h44m42.179s + 55d53m12.79s – AGN 

VV 250 SE 13h15m34.954s + 62d07m28.80s 11.77 140.58 2 42.48 2.39 19.6 HII 
... NW 13h15m30.676s + 62d07m45.40s – ? 

Notes. Column description: (1) system name, with right ascension in (2) and declination in (3). (4) Log of the IR luminosity in terms of solar luminosities. (5) 
Luminosity distance. (6) Merger stage from Haan et al. ( 2011 ) and Kim et al. ( 2013 ). (7) Nuclear separation between featured radio sources in each system. 
(8) Radio to IR q factor (Yun, Reddy & Condon 2001 ). (9) The range of total flux densities (for the full system) measured at C band (4–6 GHz) from the 
NASA/IPAC Extragalactic Database. The exception is VV 250, which contains a single measurement. (10) The radio morphology. † Coordinates refers to the 
peak brightness position in the main component of the source (see Figs 2 and 3 ). 
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thers (see P ́erez-Torres et al. 2021 , for a re vie w). These studies
ho w ho w the central and obscured AGN/SB influences the SF in
hese galaxies and the possible causes that an AGN is turned on.

hen it comes to general studies of (massive) SF activity in galaxies,
inden et al. ( 2017 , 2019 , 2020 ) explored the multifrequency nature
f the SF in both nuclear and extranuclear regions and Larson et al.
 2020 ) investigate how SF clumps are formed in LIRGs. 

The main goals of the Le gac y Project focuses on accessing the
F histories and galaxy assembly of local U/LIRGs using high- 
esolution observ ations. Equi v alent, understand ho w well the RC
mission is converted to SFRs, without the contamination from an 
GN. To that end, specific goals are to (i) quantify the morphology
nd size of radio emission associated to SF, including diffuse 
nd compact nuclear SF (SB); (ii) detect powerful core-collapse 
adio supernovae (RSNe), used to constrain the high-mass SF; (iii) 
haracterize the existence and morphology of AGNs in these systems; 
iv) study the relations between SF, AGN accretion, and feedback 
echanisms, quantifying how the energy/material flow at the nuclear 

egions of U/LIRGs. 

 OBSERVA  TIONS,  DA  TA  C A L I B R A  T I O N ,  A N D  

MAG ING  

n this work, we set up an initial study for a subset of the LIRGI
ample (see Table 1 ) and demonstrate a methodology that will be used
ater for the entire LIRGI sample, to study the full structure of the
adio emission. Our subsample was selected by inspecting existing 
 -band VLA archi v al data, allo wing immediate combination with

ecent e -MERLIN observations at the same frequency (see Table 2 ).
he systems are, the two LIRGs VV 705 (N and S), VV 250 (SE and
W), and the two U/LIRGs UGC 5101 and UGC 8696 (N and SE).
etails of these candidates can be found in Appendix A . We have

ollowed these criteria to select the candidates: 

(i) physical: these sources sho w e vidence of extreme condition 
nvironments in radio and IR, having relatively high SF activity ( >
0 M � yr −1 ) occurring both in the central parts and in their diffuse
omponents; 

(ii) tec hnical: e xisting archi v al data at C band (6 GHz) in the VLA-
 configuration ( ∼ 0.3 arcsec angular resolution) to map the major 

raction of their extended emission (when existent) in combination 
ith current e -MERLIN observations to resolve their nuclear regions 

at ∼ 0.05 arcsec). 
These sources contain varied radio structural properties, hence we 
an experiment with how our approach performs in decomposing 
heir radio emission from core-compact (AGN or SB) structures, 
uclear diffuse emission at ∼ 100 pc scales and emission originated 
rom large-scale extended star-forming regions with scales greater 
han ∼ 1 kpc. 

.1 e -MERLIN and VLA obser v ations 

e use VLA and e -MERLIN observations at ∼ 6 GHz ( C band)
o conduct a multiscale study of the nuclear and diffuse radio
mission of four systems from LIRGI. At this frequency, the angular
esolutions of the two interferometers are 0.05 and 0.33 arcsec for
 -MERLIN and VLA, respecti vely. Equi v alently, for a source at 150
pc, the physical scales of these angular resolutions would be ∼ 36

nd ∼ 240 pc, respectively. A summary of the observational data and
heir related projects from VLA and e -MERLIN archives is presented
n Table 2 . 

The e -MERLIN observations at 6 GHz were observed between 
019 and 2020. They comprise about ∼ 370 h in total, for the 42
ources, giving an average time on source of ∼8.8 h. The total
andwidth is of about 1.5–2.0 GHz, and the average sensitivity 
rovided is ∼ 10–20 μJy beam 

−1 at C band. 
We use VLA archi v al data on the most extended VLA configura-

ion (A) in order to achieve the highest angular resolution provided by
he array (which baseline lengths up to ∼ 37 km). We have acquired
he data from NRAO archive for our four sources, with observational
ates between 2011 and 2019. The average sensitivity of the data is
0 μJy for a 30-min on-source time. Ho we ver, the project archive
ist we are using spans an on-source time between 20 min to 1 h. 

.2 Data calibration 

.2.1 Fla g ging , calibration, and averaging 

e have calibrated VLA data using the CASA software (v6.2, 
cMullin et al. 2007 ; The CASA Team et al. 2022 ), adopting

tandard procedures from the EVLA pipeline (6.2) guidelines. For 
he e -MERLIN data, the e -MERLIN CASA Pipeline (v1.1.19) was
sed (Moldon 2021 ), 1 with CASA (v5.7). 
MNRAS 529, 4468–4499 (2024) 
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Table 2. Observational data information for VLA and e -MERLIN at C band ( ∼6 GHz). 

Source Project Phase/flux and Obs date Time on Central Freq. SPWs/ 
code bandpass calibrators source [h] freq. [GHz] range [GHz] Channels 

UGC 5101 EVLA 19A-076 J0921 + 6215/3C48 09.16.19–10.20.19 0 .7 ∗ 5.1 4.1–6.2 19/128 
e -M LE1014-L14 – 10.12.19 8 .8 5.1 4.2–6.0 8/512 

VV 705 EVLA 19A-277 J1549 + 5038/3C286 10.08.19 1 .0 6.0 4.1–7.9 36/64 
e -M LE1014-L26 – 03.15.20 8 .8 5.2 4.5–5.8 8/512 

UGC 8696 EVLA AL746 J1349 + 5341/3C286 06.21.11–07.01.11 0 .4 5.9 4.2–7.6 16/128 
e -M LE1014-L24 J1337 + 5501/3C286 10.07.20–03.13.20 26 .4 5.2 4.2–6.2 8/512 

VV 250 EVLA AL746 J1339 + 6328/3C286 06.21.11–07.01.11 0 .4 5.9 4.2–7.6 16/128 
e -M LE1014-L21 – 12.27.19 8 .8 5.2 4.2–6.2 8/512 

Note. ∗Between the nine epochs, only a single one was used. 

Table 3. Template of solution intervals used during calibration of VLA data 
using the phase reference sources. 

Project Shorter solint ( p ) Solint long ( p and ap ) 

AL746 48 s 60s, inf 
19A-277 16 s 60s, inf 
19A-076 16 s 60s, inf 
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The basic steps of the calibration are summarized as: 

(i) Standard pre-flagging of the data (e.g. observational flags,
hadowing, clipping, and quack). 

(ii) Visual inspections of each visibility in order to look for bad
ata, RFIs, antenna issues, and others. 
(iii) Different steps of autoflagging, using tfcrop prior to

alibration and rflag after calibration: 

(a) A first pass of tfcrop was applied after pre-flagging
(before any pre-calibration step) since this method is suitable
for uncalibrated data. 

(b) When pre-calibration was established and applied, we
performed a first-pass of rflag on the pre-calibrated data. 

(c) After achieving the final calibration tables and applied to
the data, we performed another pass of rflag , including also
the target fields. 

(iv) If new issues or bad data are identified in the final calibrated
ata, they are appended to the manual flagging file and the calibration
s performed again from start. 

Since on average VLA observations contain 128 channels, we con-
ider averaging our e -MERLIN data in frequency, from 512 channels
o 128. We use this averaged data to conduct all phase-referencing
alibration through the e -MERLIN pipeline. We reserve spectral line
nalysis for a future work. For the VLA data, we use the native
pectral and temporal resolution of each observation to perform
hase-referencing calibration. During calibration of VLA data, we
onsidered trying three different shorter solutions intervals to correct
he more rapid phase variations, named solint short = 16s ,
olint mid = 32s , and solint long = 48s . The calibra-

ion tables were inspected in order to check which one performed
etter and flagged fe wer data, gi ven that the signal-to-noise ratio
n each observation is different. We also combined these solutions
ith a longer solution interval of 60s and a final solint inf
 inf solution interval to calibrate scan-related offsets in phase

nd amplitude. For project AL746, the longer shorter solution interval
 ork ed better, while for 19A-076 and 19A-277, the shorter one was
ore suitable. For reference, see Table 3 . 
NRAS 529, 4468–4499 (2024) 
.2.2 Self-calibration 

fter having achieved the desired calibration of each observation in
oth instruments, we prepared the data for self-calibration. Further
ime averaging is done up to a factor of two of the integration time for
 -MERLIN, down to 8 s. We do this because there are no concerns
elated to time smearing and frequency aliasing since all our sources
re near the phase pointing centre. We also averaged the VLA data in
ime up to 8 s to match with our e -MERLIN observations. A summary
f the observation properties is given in Table 2 . 
We conducted self-calibration individually for VLA, e -MERLIN

nd combined data (see belo w). Dif ferent steps of self-calibration
ere performed for each source because of the nature of

heir structures, observational setups, and phase-referencing
uality. To image the data, we used the CASA task TCLEAN .
o account for the intrinsic spectral inde x, we hav e used the
tmfs deconvolver with three Taylor terms ( nterms = 3 ),

n combination with the multiscale deconvolver (Rau &
ornwell 2011 ), enabling it by setting different scales, that is,
cales = [0,2,4,8,16,32,64] . This is required since
e consider that, in general, sources have extended emission.
he masking during deconvolution was created manually (setting
terative = True and usemask = ‘user’ in TCLEAN ). 
We have used a standard initial number of steps for self-

alibration: 1:phase + 2:phase + 3:phase . When possible,
aving enough flux density for an amplitude self-calibration, we
pplied 1:phase + 2:phase + 3:amp/phase . This is the first
ttempt to impro v e data quality. Ho we ver, for sources UGC 8696
nd UGC 5101 involving VLA data, we had to perform additional
teps of phase-self-calibration, decreasing the solution interval each
ime in order to achieve higher image fidelity. Where required, we
lso considered combining polarizations (in gaincal , by setting
aintype = ‘T’ ) to impro v e the signal-to-noise ratio of the
olutions. In each case, in the first self-calibration iteration, we
onsidered a lower Briggs robust parameter (e.g. -0.5 or 0.0 ,
epending on how bright the source is), so that only the most compact
mission is used in the first loop. In the subsequent iterations, a
igher robust parameter was considered (e.g. 0.5-2.0 ), to account
or more diffuse structures. 

After the self-calibration step, we estimate the average rms-based
alue of each visibility weight, labelled w 

VLA and w 

e M for VLA
nd e -MERLIN, respectively. We have used the task statwt in
ASA , with the default parameter options. These weights are used for
ata combination in Section 3.2.3 . Finally, after performing all the
ata calibration steps, the amount of data flagged for sources within
roject AL746 was ∼ 40 per cent, while for 19A-277 (VV 705) it
as ∼ 37 per cent and 15 per cent for 19A-076 (UGC 5101). For e -



The multiscale structure of U/LIRGSAArticle 4473 

Figure 1. Typical uv co v erage (e.g. VV 705) with e -MERLIN ( ∼ 8.8 h on 
source) at longer baselines ( ∼ 4000 k λ) and VLA ( ∼ 1 h on source) at shorter 
baselines ( ∼1000 k λ). 
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ERLIN, the amount of data flagged was 54 per cent for VV 705,
0 per cent for VV 250, 55 per cent for UGC 5101, and 64 per cent for
GC 8696. We report that for the e -MERLIN observation of VV 250,

he high fraction of data flagged was also due to a period during the
bservation that the source was abo v e an ele v ation of 80 ◦, so most
f the calibration solutions failed. 

.2.3 Data combination: e -MERLIN and VLA 

aving e -MERLIN and VLA observations, we can achieve a suit-
ble balance between sensitivity and resolution by combining data 
etween both interferometers. VLA observations in A configuration 
nable us to fill the short spacing for longer baseline interferometers 
e.g. Muxlow et al. 2005 ; Muxlow et al. 2020 ; Williams et al.
019 ). An example of the uv coverage for a particular combined
isibility is presented in Fig. 1 , with e -MERLIN in purple and VLA
n black. As can be seen, the shorter baselines in e -MERLIN match
he longest baselines in VLA and the combination of both arrays
rovides a smooth transition between scales. Also, both arrays have 
atching sensitivity, and because of these two factors, it is possible

o compute multiple images with different weighting schemes that 
eco v er physical structures from small to large scales continuously. 

When concatenating the calibrated visibilities with the CASA task 
oncat , weight scaling factors v w must be multiplied to each 
isibility via the argument visweightscale with the weights 
 

VLA and w 

e M previously calculated. In this approach, if we im-
ose that both visibilities have the same weight, we require that 
 

VLA 
w w 

VLA = v e M 

w w 

e M . We can for simplicity keep the e -MERLIN
caling factor to unity, that is, v e M 

w = 1, and change the one for VLA
ccordingly. Therefore, the VLA scaling factor is chosen to satisfy 

 

VLA 
w ×

(
w 

e M 

w 

VLA 

)−1 

= v e M 

w = 1 . 0 ( balanced visibility ) , (1) 

here v VLA 
w represents a combined visibility with balanced weights 

etween both arrays. 

.2.4 Astrometry check 

rior to concatenating the interferometric data, we performed align- 
ent checks and two assumptions were made. We used e -MERLIN
s the coordinate reference due to its higher resolution and greater
ositional accuracy (10–20 mas at C band). Moreover, it is important
o note that the peak flux location in e -MERLIN may not align
erfectly with that of VLA, so we can not use the peak brightness
osition for alignment when sources are not point-like structures. 
To align the interferometric images, comparing multiple point-like 

ources is a common approach. Ho we ver, in our case, there are very
ew sources in each field, except for VV 250. Hence, we can utilize
he phase reference centre of the e -MERLIN observation and shift
he VLA centre to match e -MERLIN’s centre. Furthermore, we can
otentially correct significant errors in the phase shift through self- 
alibration using the combined data by producing a combined model 
uring cleaning. 

.2.5 Relative flux density scaling 

egarding data combination, additional checks were performed to 
nderstand the relative amplitude between e -MERLIN and VLA. We 
ave plotted the visibilities between both instruments on common 
aselines in the uv –λ space. The amplitude revealed to be the same.
mall corrections were potentially corrected when performing self- 
alibration in the combined data (usually by an infinite amplitude 
omplex gain correction). If large differences are present (not in our
our cases), relative scaling factors must be enforced to the data to
orrect the differences, since self-calibration will not correct for such 
arge differences. 

.3 Imaging and gridding weights 

inal image products were produced using the WSCLEAN algorithm 

v3.1.0), a w-stacking fast imager. After combining the data, we used
wo weighting schemes during imaging, by changing the deconvolu- 
ion gridding weights or by applying uv tapering. In the first case, on-
he-fly weighting imaging can be changed with the Briggs robust
arameter (Briggs 1995 ) in CASA or WSCLEAN . For each combined
nterferometric data (having similar visibility weights, equation 1 ), 
e generated a series of images by varying the Briggs robust
arameter between -1.5 and 2.0 . Lo wer v alues yielded predomi-
antly e -MERLIN characteristics (compact emission), while values 
bo v e zero trended towards VLA features (unresolved and extended
mission). We also individually imaged pure e -MERLIN and VLA 

isibilities with typical robust parameters of 0.0 , 0.5 and 2.0 . 
In order to account for flux density systematics due to the point

pread function (PSF) effects during deconvolution of combined 
nterferometric data, we follow the solutions discussed in Radcliffe 
t al. ( 2024 ) and Radcliffe (private communication). With WSCLEAN ,
e configure the deconvolution by setting the options -auto- 
hreshold and -auto-masking to values 0.01 and 3.0 , 

espectively. In the particular cases of VV 250 and UGC 8696, we
lso considered the use of uv tapering, which we discuss individually
n Appendix A . 

For standard Stoke I continuum imaging, we have used only 
R and LL correlations for imaging the combined data. With 
SCLEAN , we have used the multiscale deconvolver (Rau & Cornwell 

011 ) with scales [0,2,4,8,16,32,64] , setting both the -- 
ultiscale-gain and --gain parameters to 0.05 . In WS- 
LEAN , the multifrequency synthesis is enabled by cleaning channels 

ointly, which takes into account the spectral variation of the sky. The
rguments for this mode are -join-channels -channels- 
ut nc , where nc is the number of sub-band images to be used,
ach one at a different frequency (for more details, see Offringa
MNRAS 529, 4468–4499 (2024) 
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Figure 2. Radio emission from VV705 (VV 705 N on top row and VV 705 S on middle row) and UGC 8696 (third row) obtained with e -MERLIN and VLA 

interferometric data. The first column on the left is a pure e -MERLIN cleaned image, while the last on the right is a pure VLA cleaned image. The two images 
in between were created by using different weights during deconvolution. The solid grey contours (white to black) are created automatically with a geometric 
progression in log scale, from the peak to 5 × σmad . The brown continuum contours represent the lo w-le vel emission, at 4 σmad and 3 σmad , respectively, and the 
black dashed lines are the ne gativ e contours at −3 σmad . The beam shape is represented by the black ellipse or additionally, in case of being too small, by the 
label (as θmaj × θmin ) in arcsec. 
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t al. 2014 ; Offringa & Smirnov 2017 ). 2 We do not use these
pectral images in this work nor perform spectral index analysis,
ence we leave this for a future study. Ho we ver, the final synthesized
mage, which is a result of an interpolation between these spectral
mages, contains the spectral information on it. Furthermore, spectral
nformation was also considered during self-calibration with CASA ,
hen the visibilities were imaged with the mtmfs deconvolver (Rau
 Cornwell 2011 ). Additionally, since our systems are near the field

ointing centre, no direction-dependent corrections were applied to
ur data, and also, we did not apply primary beam corrections. The
nly source that contained a bright outlier source far from the pointing
entre, that could affect imaging, was VV 250, about 100 arcsec. We
maged the entire area for this observation. 

.4 Imaging results: the multiscale structure of radio emission 

n Fig. 2 , we present a grid of multiscale images of VV 705 (N and
 components) and UGC 8696 (all components), and in Fig. 3 of
NRAS 529, 4468–4499 (2024) 

 See https:// wsclean.readthedocs.io/ en/ latest/ index.html . 

t  

i  

B  
V 250 (SE and NW) and UGC 5101. These images were produced
y using different weighting schemes on combined interferometric
ata and also individual e -MERLIN and VLA data. The first column
n the left side displays the radio emission as seen by e -MERLIN,
y which we use as a probe of core-compact components and
uclear diffuse emission. On the right side, we have pure VLA
mages, which are the maps we use to quantify the radio emission
hat it is extended in nature (after removing the contamination
rom core-compact structures). The two middle images are the
ombined images (simply labelled by two different weights, w 1 and
 2 ) representing the radio emission on intermediate angular/linear

cales. They capture the variation of the radio emission when
alancing sensitivity against resolution. 
Each image has a different field of view, we decided to keep in

his way for better representation of the radio emission on different
cales. Therefore, note that we display distinct angular offsets in
ach panel, according to coordinates of the peak brightness listed in
able 1 . The scale bar also informs the brightness intensity scale of

he maps, distinct for each panel. The restoring beam is also indicated
n the bottom of each panel (by a black ellipsis alongside of a label).
asic properties of these radio maps are listed in Table 4 . In each

https://wsclean.readthedocs.io/en/latest/index.html


The multiscale structure of U/LIRGSAArticle 4475 

Figure 3. The same as Fig. 2 , but for the other sources: from top to bottom rows, VV 250 SE, VV 250 NW, and UGC 5101. Notes: For VV 250 NW, the 
e -MERLIN emission was only reco v ered by using a sky taper of 0.025 arcsec, with a robustness parameter of 2.0 . 
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lock property, the quantities are calculated for each image in the 
ame order they appear in Figs 2 and 3 : for e -MERLIN images,
ombined images w 1 , w 2 , and VLA images. 

The structure of these systems is distinct at every spatial scale, 
nd valuable information can be obtained by using appropriate 
nstruments that both resolve their nuclear regions and are sensitive 
nough to map the large-scale extended emission. Therefore, it 
ould be essential to have a methodology capable of combining 
ultiscale information to characterise their diversified structures, 

s illustrated in Figs 2 and 3 . Thus, it allows us to connect their
hysical and morphological properties such as component positions, 
izes, associated flux densities and SFRs at each scale. 

 A NA LY S I N G  T H E  MULTISCALE  STRUCTURE  

F  R A D I O  EMISSION  

he structure of the radio emission changes significantly across 
ifferent linear scales (Figs 2 and 3 ). A feasible way to differentiate
he total radio power of the source in relation to core-compact 
omponents (i.e. AGN/SB nuclei) is to combine interferometric data 
nd compare higher resolution images ( e -MERLIN) with lower reso-
ution, sensitive radio maps (e.g. VLA). We see in these maps clearly
hat, as the sensitivity of large-scale structures increases, the diffuse 
mission becomes more evident, shaping the radio morphology of 
he source. Therefore, with combined data, our objectives are to 
(i) disentangle the core-compact flux from the extended flux in 
rder to account for their contributions to the total flux density and
FRs; 
(ii) determine the relative sizes of nuclear regions (core-compact 

tructures, nuclear discs, etc.) and the sizes of large-scale extended 
omponents; 

(iii) and analyse the radio emission for each rele v ant subre-
ion/component individually. 

To achieve our goals, we use similar image fitting techniques from
ptical studies that disentangle structural components from imaging 
ata. Ho we ver, we recognize that radio emission is complex in nature
nd presents challenges to be characterized (e.g. Calabr ̀o et al. 2019b ;
anessa et al. 2019 ; P ́erez-Torres et al. 2021 ). Decoupling the fraction
f luminosity from core-compact structures such as AGN or SB 

egions in relation to the diffuse surrounding radiation, generated 
y intense SF activity or radio jets, is nevertheless challenging (e.g.
arcos-Mu ̃ noz et al. 2017 ; Mancuso et al. 2017 ; Magliocchetti 2022 ).
o we ver, by successfully doing so, one can characterize the effect

nd influence that the AGN/SB has o v er the physics of the source, and
ence compute what is the total contribution to the radio power that
F has, from small to large physical scales. Additionally, we reiterate

hat in this work we do not distinguish AGN from SB components
ue to data limitation, since these two structures have similar angular
MNRAS 529, 4468–4499 (2024) 
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Table 4. Basic source and observational RC properties derived from the data. 

Source Image S ν S peak θa × θb σmad 

[mJy] [mJy beam 

−1 ] [arcsec] [ μJy beam 

−1 ] 
(1) (2) (3) (4) (5) (6) 

VV 705 N e -MERLIN 6.0 ± 1.3 2 .4 0.04 × 0.03 18 .6 
w 1 7.5 ± 1.0 2 .9 0.09 × 0.06 14 .9 
w 2 10.2 ± 0.4 4 .1 0.19 × 0.17 8 .1 

VLA 12.7 ± 0.2 6 .4 0.51 × 0.40 3 .3 

VV 705 S e -MERLIN 1.2 ± 0.3 0 .5 0.04 × 0.03 18 .4 
w 1 1.8 ± 0.4 0 .7 0.09 × 0.06 14 .9 
w 2 4.5 ± 0.7 1 .2 0.19 × 0.17 8 .0 

VLA 6.2 ± 0.2 2 .0 0.51 × 0.40 3 .5 

UGC 5101 e -MERLIN 37.3 ± 5.5 12 .6 0.04 × 0.03 31 .6 
w 1 54.9 ± 3.4 21 .3 0.11 × 0.08 26 .2 
w 2 58.5 ± 1.1 29 .0 0.29 × 0.18 14 .2 

VLA 60.5 ± 0.5 41 .7 0.60 × 0.49 8 .8 

UGC 8696 e -MERLIN 40.9 ± 7.1 5 .2 0.05 × 0.04 66 .0 
w 1 47.2 ± 2.6 6 .5 0.09 × 0.06 15 .4 
w 2 51.4 ± 1.4 17 .4 0.22 × 0.20 10 .1 

VLA 53.3 ± 0.8 26 .9 0.40 × 0.34 8 .8 

VV 250 SE e -MERLIN 5.6 ± 0.9 0 .4 0.07 × 0.03 24 .2 
w 1 13.3 ± 1.7 1 .5 0.14 × 0.12 29 .4 
w 2 16.8 ± 0.9 3 .2 0.23 × 0.22 11 .0 

VLA 17.9 ± 0.5 7 .5 0.60 × 0.46 7 .6 

VV 250 NW e -MERLIN 1.4 ± 0.3 0 .2 0.12 × 0.09 24 .5 
w 1 1.7 ± 0.4 0 .4 0.16 × 0.14 22 .2 
w 2 2.5 ± 0.3 0 .8 0.23 × 0.22 7 .4 

VLA 3.3 ± 0.4 1 .2 0.60 × 0.46 7 .1 

Notes. This table presents: (1) source name. (2) From which image the measurement was made. (3) The total continuum integrated flux density S ν in mJy, here 
at C band ( ∼ 5–6 GHz). For simplicity, we have not corrected S ν for the spectral variation of the flux density from 5 to 6 GHz, given that each observation is 
centred at a different frequency in that range, see Table 1 . (4) The peak brightness flux density S peak , in μJy beam 

−1 . (5) The restoring beam size, in arcsec. 
(7) The median absolute standard deviation noise level ( σmad ), in μJy beam 

−1 , measured in each image’s residual map. These values were computed for each 
source, for four different images (as indicated by column 2). These images are presented in Figs 2 and 3 . (i) For UGC 5101 and UGC 8696, since the nuclear 
separation between the subcomponents are small, we display these flux densities for the total emission. (ii) Errors for S ν are only statistical, computed in the 
convolved residual map, inside the masked region of the source (see equation 3 ). 
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izes when unresolved, typically on scales � 5–10 pc (unresolved by
 -MERLIN in our sample). 

With the no v el fitting method presented here (see below), we can
nco v er physical information from the radio emission that was pre-
iously inaccessible. This process can be further refined by utilizing
ultiwavelength observations in conjunction with complementary

v co v erage. The full scope of our method’s applicability extends
e yond the objectiv es of this paper and will be addressed in future
ublications. 

.1 Quantifying flux densities estimates 

o robustly estimate flux densities, we use a general approach based
n a mask dilation technique (morphological transformation, Serra
984 ). Consider Fig. D1 as an example. First, only a portion of the
mission is selected, abo v e a certain threshold level σ . Secondly,
he mask is dilated to account for more lo w-le vel emission in
he vicinity of that region. This allows to catch the faint diffuse
mission encompassing the source. To measure σ , we adopt a
obust approach through the standard deviation based on the median
bsolute deviation (MAD; Astropy Collaboration 2022 ): 

mad = 

MAD 

	 

−1 (3 / 4) 
≈ 1 . 48 MAD , MAD = med { | h i − med ( h ) | } , (2) 
NRAS 529, 4468–4499 (2024) 

t

here 	 

−1 (3/4) is the normal inv erse cumulativ e distribution with
robability 3/4, and h is a generic variable with discrete values
 i and median med( h ). We made a number of tests and a suitable
ask is achieved when considering emission within 6 × σ mad . The

ransformation requires a dilation size which is naturally defined to
e half of the averaged size of the restoring beam of the image, that
s, 
√ 

θmaj × θmin / 2, in pixels. The total expansion of a region is a
nity of the beam size. All contour levels on our images presented in
his work are created using multiples of σ mad . 

Flux density errors are estimated o v er the residual maps generated
uring cleaning with WSCLEAN . The residual flux density is computed
sing the same mask that was discussed previously, by computing
he sum of all pixels inside the mask. The error based on the root
ean square of the residual map ε rms within the area of emission is

efined as 

 rms = 

√ ∑ 

ij 

(
R ij ∗ mask ij − 〈 R mask 〉 

)2 ×
√ 

mask A 
B A 

[ Jy ] , (3) 

ith: mask A being the total dilated mask area (in pixels square)
here the flux is computed; R ij is the pixel intensity value of the

esidual map at position i , j , in units of Jy beam 

−1 ; 〈 R mask 〉 is the
ean of the residual inside the mask, in units of Jy beam 

−1 ; and B A 

s the restoring beam area, in pixel square, used to convert the sum
o Jy. 
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Figure 4. A representation of how the interferometric decomposition works. 
The black line represents the 1D slice of a surface brightness distribution: 
the left one is a pure e -MERLIN and the right one is a combination between 
e -MERLIN and VLA. The grey-shaded area represents the background noise 
level, and the blue horizontal line is the selection of the optimized threshold. 
On the right, the offset l o is linked to the amount of e -MERLIN flux that should 
be convolved ( ∗) with θ2 to produce a map having the large-scale diffuse 
emission only, which is represented by the orange-shaded area. Therefore, 
the optimization works in the following way: on the left, the blue horizontal 
line is mo v ed up and down to put the blue horizontal line on the right on 
the same level (or at least close) to the level of the diffuse emission. The red 
line on the left highlights the 5 σ minimum limit that we assume during the 
minimization so that noise/uncertain flux is not included. 

Figure 5. Flowchart showing the iterative process of the interferometric 
decomposition. See also Figs 4 and 6 . 

t  

a  

a

4

C  

c
p
i  

t  

s
c
e  

c  

M

M

R

I  

a

s  

M
t  

p

I

I  

l  

w  

r
i  

s  

f  

t
a  

σ  

u  

i  

i
a

 

t  

r
t  

s
e  

i
 

c
W  

c
p

R

w  

m
h

M

T  

e
o  

d
t  

t
(  

R
 

u  

b
a

 

c
c  

a  

a

3 The same principle is applied when modelling a complex radio structure 
with multi-Gaussian or multi-S ́ersic fitting. Because the total model is simply 
the linear combination of all individual model subcomponents, see Section 
4.3 . 
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Results for flux densities and associated errors for the representa- 
ive maps presented in Figs 2 and 3 are provided in Table 4 . Results
re shown separately for pure e -MERLIN and VLA images, as well
s combined images (denoted by weights w 1 and w 2 ). 

.2 Interferometric decomposition 

onsider Figs 4 –6 , and let I 1 be a pure e -MERLIN image, I 2 a
ombined cleaned image between VLA and e -MERLIN, and I 3 a 
ure VLA image. Also, consider that the restoring beams for each 
mage are θ1 , θ2 , and θ3 , respectively, where θ1 < θ2 < θ3 . Whilst
he emission is being observed by a larger beam ( θ2 or θ3 ), we can
till simulate how the higher resolution emission ( θ1 ) downscales by 
onvolving it with θ2 (or θ3 ). To estimate the fraction of extended 
mission in a lower resolution map in relation to e -MERLIN, one
an convolve I 1 with θ2 and remove the result from I 2 (see Fig. 4 ).
athematically, this is expressed as 

 1 , 2 = I mask 
1 [ σopt ] ∗ θ2 , (4) 

 1 , 2 = I 2 − M 1 , 2 . (5) 

n the abo v e equation, ‘ ∗’ stands for a convolution, and R 1 , 2 is
 residual map containing the extended emission on intermediate 
cales. The quantity M 1 , 2 is the convolution result of a masked e -
ERLIN emission with θ2 . This involves an optimization process 

o select only trusted emission, so that noisy information is not
ropagated o v er the convolution: 

 

mask 
1 [ σopt ] = min 

{
I 2 − M 1 , 2 [ σ ] + l o 

}
. (6) 

n the abo v e equation, σ opt is the optimized standard deviation
evel of the e -MERLIN emission that is selected to be convolved
ith θ2 (third upper panel in Fig. 6 ) and remo v ed from the lower

esolution map, minimizing ne gativ e residuals (fourth upper panel 
n Fig. 6 ) through the offset parameter l o . The emission level after
ubtraction is controlled with l o (see Fig. 4 ), and a good compromise
or convergence is l o = 

1 
2 × std ( I mask 

2 ). For this case, we must use the
raditional standard deviation, which takes into account the relative 
mplitude of the signal. We also impose a minimum limit to σ ,
min = 5.0, to a v oid including significant lo w-le vel emission that is
ncertain or noisy. A chart of these steps is presented in Fig. 5 . It is an
terative procedure that can be performed, in principle, by any pair of
nterferometric images with distinct resolutions, matching baselines 
nd sensitivities. 

Now, consider the pure VLA image I 3 (where θ3 > θ2 ) and again
he flowchart in Fig. 5 . Since I 2 (and R 1 , 2 ) are at an intermediate
esolution, containing partial information of the extended emission, 
hey are not capturing the full size of the emission. We can apply the
ame procedure as previously but taking R 1 , 2 as the high-resolution 
mission to be convolved with the restoring beam of I 3 . This example
s given in the lower left panel of Fig. 6 . 

The simplest case of a composite radio emission is defined by a
ompact/unresolved and an extended component (in a generic scale). 
hen modelling these, one can assume that the total model is a linear

ombination between the extended part with the compact/unresolved 
arts. 3 In this way, we can write 

 T ( a, b) = min ( I 3 − aM 1 , 3 − bM 2 , 3 ) . (7) 

here a and b are the coefficients of the linear combination used to
inimize the residual on the pure VLA emission. M 1 , 3 and M 2 , 3 

ave similar definitions as M 1 , 2 : 

 1 , 3 = I mask 
1 [ σopt ] ∗ θ3 , M 2 , 3 = R 

mask 
1 , 2 ∗ θ3 . (8) 

he quantity R T represents the total VLA residual map of the
mission, which can still contain significant emission, depending 
n which previous combined image ( I 2 ) was used to perform the
ecomposition. Still, we can use this extended residual emission 
o correct for the total flux density which was not printed in R 1 , 2 ,
herefore getting the full morphology of the most extended emission 
see R T in the lower right panel of Fig. 6 ). Further, we note that
 T ( a, b) ∼ 0 when θ2 ∼ θ3 . 
To deal with any bias caused by the choice of which image we

se to do this decomposition, we use the continuous set of images
etween e -MERLIN and VLA, balancing the trade-off between 
ngular resolution and sensitivity to diffuse emission. 

We do this for each e -MERLIN image I 1 , iterating o v er the
ombined images I 2 mapping intermediate scales in the diffuse and 
ore-compact parts in comparison with a pure VLA image I 3 (see
gain Fig. 5 ). Complementing to Fig. 6 , we display in Fig. D2 , the
ssociated azimuthally averaged intensity profiles of the previously 
MNRAS 529, 4468–4499 (2024) 
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Figure 6. Multiscale interferometric decomposition to disentangle the nuclear e -MERLIN emission from the VLA extended emission. Top row: we have two 
main images, I mask 

1 on the left, which is the e -MERLIN image of VV 705 N (equation 6 ) with the optimized threshold, and I 2 which is a combined image 
between VLA and e -MERLIN. Hence, the quantity M 1 , 2 = I mask 

1 ∗ θ2 (equation 4 ) is remo v ed from I 2 in order to obtain the extended residual emission R 1 , 2 

(equation ( 5 ) on the combined image. See Fig. 4 . Bottom row: last step of the method (equation 7 ), where R 1 , 2 is taken to be the emission to be convolved with 
a pure VLA beam θ3 from I 3 , which results in the map in the third lower panel. Then, I 3 is subtracted from that map, providing the total residual R T . For this 
example, the values of the linear combination parameters in equation ( 7 ) are: a = 0.73 and b = 1.02. 

d  

5

4

M  

i  

t  

2  

F  

F  

a  

e  

b  

(  

P  

f  

a  

1  

a  

S
 

o  

f  

H  

s  

c  

M  

c

4

F  

b

S

w  

t  

i  

I
 

e  

m  

i  

b  

(  

d
 

d  

2

R

w  

F  

q  

R  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/4468/7636515 by C
halm

ers Tekniska H
ogskola user on 21 M

ay 2024
iscussed images. We discuss the results of this method in Section
.3 . 

.3 General S ́ersic fitting 

odelling the brightness distribution in galaxy astronomical images
n order to characterize individual components is a widely adopted
echnique: in optical studies (Simard et al. 2002 ; De Jong et al.
004 ; de Souza, Gadotti & dos Anjos 2004 ; Peng et al. 2010 ;
errari, de Carvalho & Trevisan 2015 ; Gao & Ho 2017 ; Lucatelli &
errari 2019 ), IR (Gadotti et al. 2007 ), X-ray (Iw asaw a et al. 2011 ),
nd radio (Barcos-Mu ̃ noz et al. 2015 ; Hodge et al. 2019 ; Song
t al. 2021 ). The number of mathematical models is diversified
ut usually confined to a group of three main functions: Gaussian
Condon 1997 ; Condon et al. 1998 ) and multi-Gaussian fitting (e.g.
YBDSF , Mohan & Rafferty 2015 ; Calabr ̀o et al. 2019a ); exponential
unctions (describing the brightness distribution of discs of spiral
nd lenticular galaxies, Freeman 1970 ); and the S ́ersic law (S ́ersic
963 ; Caon, Capaccioli & D’Onofrio 1993 ; Ciotti & Bertin 1999 ),
 generalization that can reproduce the first two by introducing the
 ́ersic index n . 
In the majority of radio sources, the surface brightness distribution

f unresolved structures (e.g. nuclear region, blobs of SF, etc.)
ollow a Gaussian shape, resembling the Gaussian beam shape.
ence, it is common to perform image decomposition with this

et of Gaussian basis functions. Additionally, extended emission
an be approximated by exponential disc-like distributions (e.g.
urphy et al. 2017 ). All these cases can be expressed in terms of a

ombination of S ́ersic functions. 
NRAS 529, 4468–4499 (2024) 
.3.1 Implementation 

or simplicity, for a 1D function, the alternative S ́ersic law S is given
y (e.g. Caon et al. 1993 ) 

 ( n, R) = I n exp 

{ 

−b n 

[ (
R 

R n 

)1 /n 

− 1 

] } 

, b n ≈ 2 n − 1 

3 
, 

(9) 

here R is the projected radius on the image plane; R n is known as
he ef fecti ve radius, the radial distance that contains half of the total
ntegrated luminosity or flux density S ν : S ( n, R = R n ) = S ν/ 2; and
 n is the intensity at R = R n , that is, I n = S ( n, R = R n ). 

By using the S ́ersic profile, we can robustly model the radio
mission with distinct components. We have implemented the mini-
ization in a general way, ho we ver we do not force arbitrary S ́ersic

nde x es n during the fitting. Most radio sources are well described
y elliptical Gaussian functions (Condon et al. 1998 ). With equation
 9 ), a Gaussian distribution is reco v ered when n = 0.5 and a disc
istribution when n = 1. 
For the radial distance in a 2D space, a generalized ellipse is

escribed by a radial geometrical grid of the form (e.g. Peng et al.
010 ) 

 G 

= 

( 

| x − x 0 | C+ 2 + 

∣∣∣∣y − y 0 

q 

∣∣∣∣
C+ 2 

) 

1 
C+ 2 

, (10) 

here C is a parameter that controls how round or boxy the ellipse is.
or a usual ellipse, C = 0, and we use this value in the current work;
 is the factor that deforms the ellipse in relation to its semimajor
 a and minor R b axes (e.g. q = R b / R a ). This parameter is controlled
y the aspect ratio of the radial grid; x 0 and y 0 are the origin of the
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Figure 7. Representation of the structure of a U/LIRG, composed of distinct 
components on different spatial scales. The objectives are to disentangle the 
radio emission properties in each individual component. In Tables 7 , 8 (a), 
and 9 we present the decomposition results based on this cartoon. 
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adial grid (which will correspond to the centre of each component). 
o obtain the position angle, rotations are performed on the radial 
rid R G for each model component. Hence, in equation ( 9 ), the 1D
adius R is simply replaced by R G . 

In Fig. 7 , we show a cartoon that clarifies the scales we aim to
erform the image decomposition. We use that cartoon as a guide to
ur ideas for the next sections. More details of how the modelling
f the radio emission is performed are given in Appendix B and
n the GITHUB repository MORPHEN . 4 We also show a description 
f how we perform source extraction from the data, using SEP
Bertin & Arnouts 1996 ; Barbary et al. 2016 ) and PETROFIT (Geda
t al. 2022 ), so that the initial conditions for each model component
uring the fitting are constrained with the data itself. An example 
f the application of this technique is presented in Fig. 8 , where we
emonstrate the multicomponent detection and image decomposition 
f the radio emission. 

.4 Image shape analysis 

ur primary objectives are to disentangle the properties of the nuclear 
egion in terms of the emission that may be linked to an AGN/SB
nd the emission that is due to the nuclear diffuse and large-scale
xtended emission. The latter is interpreted to be related to SF, but we
o not distinguish between AGN and SB emission, where SB is also
n SF process. To quantify the radio emission, we perform a series
f global morphometric measurements on all continuum images, and 
lso quantify properties of each individual model components fitted 
o our continuum images. The strategy is summarized below: 

(i) From the flux growth curve (Fig. D1 ), we estimate the ef fecti ve
rea/region enclosing half of the total flux density, A 50 . This is a
onserv ati ve size (as it is done in Barcos-Mu ̃ noz et al. 2017 ) but
rovides a ‘safe’ characterization of the source dimension in the 
ost energetic region. Ho we ver, for sources that have both a diffuse

nd a core-compact or unresolved components, the A 50 region has 
ore intrinsic information about the core-compact part itself. That 

s why we require an alternative description for the diffuse size (see
elow). 
 https:// github.com/ lucatelli/ morphen . 

2  

C
r
t  
(ii) We calculate the total area/region of the radio map, which we
ssume to be the one that encloses 95 per cent of the total integrated
ux density, A 95 . Since we are using the masking dilation, the
5 per cent area represents a good indicator of the total emission
rea. 

(iii) From these previous areas, we infer the equi v alent averaged
ircular radii using A = πR 

2 → R 50 = 

√ 

A 50 /π and R 95 = 

√ 

A 95 /π

see Section 6.3 for limitations). 
(iv) When separating the diffuse emission (nuclear and large- 

cale) from the core-compact emission using the image fitting ap- 
roach (see Fig. 8 ), we reco v er the convolv ed and deconvolv ed model
omponents, see equations ( B2 ) and ( B1 ). From that, we compute
 50 and A 95 (as well the radii R 50 and R 95 ) for the deconvolved model
omponents, respectively A 50 , d , A 95 , d , R 50 , d , and R 95 , d . 

(v) Using the deconvolved quantities, brightness temperatures are 
alculated for the main core-compact structure (see Section 5.4 ). 

(vi) Computation of SFRs and surface density SFRs, � SFR . We 
easure these quantities in two regions: (1) in the nuclear region

within the extended total nuclear area A 

ext-nuc 
95 , d ) after the AGN/SB

ontribution is subtracted and (2) the total multiscale SFR and � SFR ,
hich we take as the emission enclosed within the half-flux area A 50 .
etails of these calculations are given in Section 5.6 . 

 RESULTS  

hroughout the results and discussion sections, we will frequently 
efer to distances in the image plane between radio components, 
hich are actually projected distances. But for simplicity, we just 

efer to them as distances, unless said otherwise. We also do not
pply corrections factors for estimated sizes due to the inclination 
f our sources (e.g. Barcos-Mu ̃ noz et al. 2015 ). For simplicity, we
ssume that the image-projected distances/sizes and areas are a good 
epresentation of the source structure. 

.1 Global sizes of the radio emission 

efore applying any decomposition to the radio emission, we 
ummarize in Table 5 the main global properties of our sources
erived from all continuum images. To capture the variation of the
mission morphology across scales, we measure image properties for 
hree sets of images: combined images, pure e -MERLIN and VLA
mages. To accommodate the value of a generic quantity Q measured
n these set of images with a single notation, we adopt the following
ormat to display the measurements: 

easured quantity Q = 〈 Q VLA + e M 

〉 〈 Q VLA 〉 
〈 Q e M 〉 , (11) 

here 〈 Q VLA 〉 represents a quantity measured in a set of pure
LA images and 〈 Q e M 

〉 in a set of pure e -MERLIN images; and
 Q VLA + e M 

〉 is the intermediate (or nominal) value of a quantity
easured in a set of combined interferometric images. In the fol-

owing discussions, we refer to this mixed case as the ‘intermediate’
easurement. By quantifying properties in this way, we a v oid image

election bias and also minimize the effects of errors associated with
ow signal-to-noise images, capturing the variance between common 
inear scales. We use this notation to display measurements in Tables
–7 . 
From Table 5 , our estimated global averaged half-flux sizes among

ll sources is 〈 R 

e M 

50 〉 ∼ 47 pc for e -MERLIN maps and 〈 R 

VLA 
50 〉 ∼

51 pc for VLA. At intermediate resolutions, we obtained ∼ 142 pc.
omparing the intermediate values with e -MERLIN values, these 

esults are consistent with previous studies showing evidence that 
he radio emission originating in nuclear discs have typical sizes of
MNRAS 529, 4468–4499 (2024) 
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Figure 8. Results on fitting multiple components to VV 705 N. Top row (from left to right, respectively) shows the original pure VLA radio map, the model (sum 

of all components) and the residual. Lower left: it is demonstrated how individual regions of radio emission are identified with SEP in order to compute basic 
photometry so that they are used to constrain the non-linear least-squares minimization. Lower centre: diffuse emission with the VLA unresolved component 
remo v ed (COMP 1). Lower right: the 1D azimuthally averaged surface brightness profile of the source jointly with all decomposed model components, five in 
total. 
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100–200 pc or less (e.g. Kawakatu & Wada 2008 ; Herrero-Illana,
 ́erez-Torres & Alberdi 2012 ; Song et al. 2021 ), and the sizes of very
ompact sources have the typical extent of � 50 pc. In Sections 5.2
nd 5.3 , we compare these estimates with the sizes of disentangled
ore-compact components as well as with the disentangled diffuse
mission. 

Another critical comparison is the approximated total size of the
mission (which we adopt R 95 ), particularly in e -MERLIN images. It
s established that if there is ‘missing flux’ between two instruments
ith distinct resolving power, such as e -MERLIN and VLA, that

s an indication that diffuse emission exists on the intermediate
cales (Orienti & Prieto 2010 ). In higher resolution maps, the
verage full emission size found is 〈 R 

e M 

95 〉 ∼ 125 pc, indicating
hat the larger contribution of radio flux density is enclosed in
 region smaller than ∼ 100 pc. With respect to VLA images,
he full extent obtained is 〈 R 

VLA 
95 〉 ∼ 1.5 kpc. Ho we ver, since

e are using the A-configuration, these sizes can only represent
 lower limit. As an illustration, the extent of UGC 8696 at C
and using the VLA-D configuration exceeds 50 kpc (e.g. Kukreti
t al. 2022 ). In Appendix A , we provide a detailed discussion
ith information for every source with our derived results from
ables 5–9 . 

.2 S ́ersic fitting decomposition results 

e denote e -MERLIN flux densities by S e M 

ν and the VLA flux
ensities by S VLA 

ν . Our aim is to identify rele v ant regions of radio
NRAS 529, 4468–4499 (2024) 
mission in both instruments, using a source detection algorithm,
hich it is explained in Appendix B1 . Then, we proceed to split the
ux density contribution into different components and scales. At the
mallest scales, we have the core-compact flux density S core-comp 

ν and
he extended nuclear flux density S ext-nuc 

ν , both probed by e -MERLIN.
t the largest scales, we have the core-unresolved flux density
 

core-unre 
ν (which is basically the ‘compact’ unresolved component
y VLA) and the large-scale diffuse flux density S ext 

ν . 
For simplicity, Fig. 8 highlights the S ́ersic fitting decomposition

or a pure VLA image of VV 705 N. Source detected structures
re labelled with ‘ID’ and model components with ‘COMP ’. For
his source, we have used five model components, three were
utomatically added from the source detection, COMP 1, COMP 2,
nd COMP 3, and two were manually added under visual inspection
see Appendix B1 ). To characterize the diffuse emission around
he most compact structure (COMP 1), we used model component
OMP 4. To model the larger scale ( > 1 kpc) of the diffuse emission,
e used component COMP 5. Hence, ID1 is the parent structure,
aving COMP 4 and COMP 5 as subcomponents of COMP 1. 
The top panel of Fig. 8 shows the maps related to the data

left), model (centre), and residual (right). The lower panel, display
he multicomponent detection (left) (see Appendix B ), the diffuse
mission after removing the compact components COMP 1 and
OMP 3 (centre), and the 1D slices of their azimuthally averaged

urface brightness profiles (right). These compare individual model
omponents (dashed lines) with data (purple dotted line), residual
black dotted line), and total model (thick dashed lime-green line). 
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Table 5. Derived global source properties from our imaging data. For a given 
quantity Q , we express the results as 〈 Q VLA + e M 

〉 〈 Q VLA 〉 
〈 Q e M 〉 , where upper indices 

refer to pure VLA images, while lower indices to pure e -MERLIN images. 
The intermediate (nominal) value was determined in images from combined 
interferometric data. 

Source 〈 S peak 〉 [mJy beam 

−1 ] 〈 R 50 〉 [pc] 〈 R 95 〉 [pc] R 

VLA 
max [pc] 

(1) (2) (3) (4) (5) 

VV 705 N 3 .7 5 . 6 2 . 4 109 235 
27 450 1147 

76 1805 

VV 705 S 1 .0 1 . 7 0 . 5 148 384 
19 404 1073 

39 1686 

UGC 5101 28 .2 37 . 6 
14 . 8 132 214 

41 548 801 
175 1775 

UGC 8696 17 .4 22 . 4 
5 . 9 156 180 

87 622 758 
206 1464 

UGC 8696 N 17 .4 22 . 4 
5 . 9 136 155 

81 422 475 
192 905 

UGC 8696 SE 3 .9 4 . 4 2 . 5 97 119 
32 233 281 

74 518 

VV 250 SE 2 .9 4 . 9 0 . 6 162 215 
58 475 688 

103 1393 

VV 250 NW 0 .6 0 . 9 0 . 2 156 197 
50 401 507 

79 1286 

Notes. Columns – (1): source name, (2): the peak brightness of the source, 
(3): circular aperture containing half of the total flux (i.e. using A 50 = πR 

2 
50 

(convolved quantity), and (4): total estimated size of the source (convolved 
quantity) for the set of combined images at the discussed threshold level. 
Note that lower values for R 95 are an estimate of the total size of the emission 
in e -MERLIN images. (5): The circular size of the source using a pure 
natural weighted VLA image at ∼ 6 GHz. Since this image is the lowest 
resolution possible and impro v ed sensitivity to large-scale structures, this is 
the maximum reco v erable size of the emission from the available data (see 
footnote 5 ). 
5 Note that this refers to the structure probed by VLA in A-configuration. For 
some sources, there is a significant fraction of emission coming from scales 
larger than 10 kpc, as it is the case of UGC 8696 when using the VLA-D 

configuration (e.g. Kukreti et al. 2022 ). 

Table 6. Nuclear and extended sizes estimation using the interferometric 
decomposition. The two columns on the left side of the table (under ‘Nuclear’) 
refers to the sizes of the optimized e -MERLIN emission ( I mask 

1 , as e x emplified 
in Fig. 6 ), while the right side (under ‘Extended’) refers to the size of the large- 
scale emission characterized by R 1 , 2 (as e x emplified in Fig. 6 ). Quantities 
for the extended emission from e -MERLIN images (lower indices) are not 
shown because of the limitation of the method. 

Interferometric 
decomposition Nuclear Extended 

Source 〈 R 50 〉 [pc] 〈 R 95 〉 [pc] 〈 R 50 〉 [pc] 〈 R 95 〉 [pc] 
(1) (2) (3) (4) (5) 

VV705 (N) 107 196 
34 273 471 

109 329 563 −− 748 1669 −−
VV705 (S) 95 186 

27 204 408 
58 337 553 −− 698 1371 −−

UGC 5101 138 235 
37 428 623 

168 255 396 −− 769 1696 −−
UGC 8696 115 170 

60 285 442 
123 207 315 −− 658 1160 −−

VV250 (SE) 118 189 
74 250 420 

130 273 383 −− 615 1091 −−
VV250 (NW) 108 180 

50 210 371 
79 220 465 −− 457 1029 −−

Notes. Columns – (1): source name, (2): ef fecti ve radius of the nuclear 
components, and (3) total estimated radius. (4): ef fecti ve radius of the diffuse 
emission and (5) total estimated radius. 

t
p  

a  

(
1  

n  

V  

w  

n
t
(
c
e
a  

a  

fl
r

5

U  

d
e
V

 

r
s
b

S

W
d  

f  

c
f  

r  

S  

A  

i
a
c  

u
 

d  

r
∼  

∼  

t
(  

∼  

t  

m

i
t  

d
(

S

w

T  

o  

w
o  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/4468/7636515 by C
halm

ers Tekniska H
ogskola user on 21 M

ay 2024
The fitting in pure e -MERLIN images is more complicated since 
he signal-to-noise ratio is lower and there are fewer sampling 
oints to provide a statistical good fit. The starting point was an
ttempt to model the core-compact part with a S ́ersic n = 0.5
Gaussian) – generally good (e.g. Condon 1997 ; Condon et al. 
998 ) – plus a second component ( n = 0.5 or 1.0) to model the
uclear-dif fuse emission. Ho we ver, the fit was not successful for
V 705 N and S. For these cases, a single function ( n = 0.5)
as used to fit the most compact or blob region. Since we have
ot modelled the diffuse structure, we have considered that the 
otal extended emission is simply represented by the residual image 
subtracting the compact/blob model from the data). In these two 
ases, deconvolved areas for the nuclear diffuse emission were not 
stablished. Nevertheless, for UGC 5101, UGC 8696 (N and SE), 
nd VV 250, a composite fit (compact + extended) was successful
nd the total nuclear diffuse flux density was considered to be the
ux density from the nuclear-extended model component plus the 
emaining residual emission. 

.3 Nuclear versus large-scale emission properties 

sing the concepts of Sections 4.2 and 4.3 , we describe the
isentangled properties from the nuclear radio emission probed by 
 -MERLIN (both core-compact and nuclear diffuse structures) and 
LA (unresolved compact and large-scale diffuse emission). 
With the image fitting decomposition (see Section. 5.2 ), we can

econstruct the total flux density. 5 S ext-tot 
ν that originates from any 

tructure that is not powered by (unresolved) core-compact regions 
y taking 

 

ext-tot 
ν = S VLA 

ν − S core-comp 
ν , S ext-nuc 

ν = S e M 

ν − S core-comp 
ν . (12) 

ith this approach, we probe any significant resolved nuclear 
iffuse emission reco v ered by e -MERLIN, pro viding a correction
or the total multiscale flux density that is not generated by core-
ompact components, such as nuclear emission from nuclear star- 
orming regions as well as large-scale SF. Also, we estimate the
atio of core-compact components to the total radio flux density as
 

core-comp 
ν /S VLA 

ν . This is the fraction that we compare in Appendix
 , individually for each source with values from the literature, when

t comes to AGN fractions determinations. For completeness, we 
lso compute the integrated flux density in the unresolved VLA 

omponents, S core-unre 
ν , described by the Gaussian/S ́ersic fit at the

nresolved parts (e.g. COMP 1 in Fig. 8 ). 
In Table 7 , we present the size results for the cases previously

iscussed. On average, across all sources, the value of the half-light
adii for the core-compact components is ∼ 30 pc (convolved) and 

20 pc (deconvolved). The full sizes are ∼ 60 pc (convolved) and
40 pc (deconv olved). The a veraged conv olved half-light radii for

he nuclear diffuse emission among the successful measurements 
UGC 8696 N, UGC 5101, and VV 250 SE and NW) is ∼ 100 up to

200 pc in total e xtent. F or these decomposed structures, we present
he fractional flux densities computed with the S ́ersic image fitting

ethod in Table 8 (a). 
Regarding the total flux densities and fractions calculated with the 

nterferometric decompositions from e -MERLIN and VLA maps, 
hey are presented in Table 8 (b). We quantify the extended flux
ensity in VLA, S ext 

ν as the sum of the emission from two maps: R 1 , 2 

equation 5 ) and R T (equation 7 ), that is 

 

ext 
ν = 

1 

B 

1 , 2 
A 

∑ (
R 1 , 2 × mask 1 , 2 

) + 

1 

B 

T 
A 

∑ 

( R T × mask T ) , 

(13) 

here B A is the beam area in each iteration image (see Fig. 5 ). 
When comparing fitting results in VLA and e -MERLIN images, 

ables 8 (a) and (b), we note a significant difference between fractions
f e -MERLIN to total VLA flux densities S e M 

ν /S VLA 
ν in comparison

ith S core-comp 
ν /S VLA 

ν . These differences arise from the contribution 
f the nuclear extended emission, which reduces and imposes a limit
o the value of S core-comp 

ν . For the two brightest sources, UGC 5101
MNRAS 529, 4468–4499 (2024) 
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Table 7. Decomposed properties of the radio emission using S ́ersic image fitting approach. The column block in the left ‘Core-compact and unresolved 
components’ represent the sizes of the modelled core-compact or unresolved structures, while the block column in the right ‘Nuclear and large scale diffuse 
components’ represent the sizes of the nuclear diffuse ( e -MERLIN) and large-scale extended (VLA) emission. The sizes are calculated on the resulting 
deconvolved and convolved images. The notation is the same as discussed in equation ( 11 ): the main value is the nominal quantity measured on combined 
images, lower indices refer to pure e -MERLIN images and upper indices to pure VLA images. We refer the reader to Fig. 7 for clarification. Additionally, we 
also differentiate between the deconvolved quantities as well the convolved quantities with the lower index ‘d’. The brightness temperature is measured on 
the brightest e -MERLIN core-compact deconvolved components. 

Core-compact and unresolved components Nuclear and large-scale diffuse components 
Source 〈 R 50 , d 〉 〈 R 50 〉 〈 R 95 , d 〉 〈 R 95 〉 〈 T b 〉 〈 R 50 , d 〉 〈 R 50 〉 〈 R 95 , d 〉 〈 R 95 〉 

[pc] [pc] [pc] [pc] × 10 5 [K] [pc] [pc] [pc] [pc] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

VV 705 N 

a 44 56 
12 106 153 

18 114 140 
26 269 516 

41 3.3 ± 0.9 306 448 −− 371 516 
48 893 1336 −− 1195 1590 

77 

VV 705 S b 62 58 
15 115 151 

21 138 131 
29 258 341 

42 0.4 ± 0.1 429 513 −− 504 583 −− 781 1126 −− 995 1346 −−
UGC 8696 N 81 76 

22 119 138 
27 162 153 

44 239 278 
53 7.7 ± 0.8 196 172 

139 215 219 
140 392 674 

279 430 803 
281 

UGC 8696 SE 53 53 
21 103 127 

26 106 105 
42 205 254 

52 5.1 ± 0.2 – – – –

UGC 5101 40 38 
14 100 165 

29 101 96 
60 247 412 

82 19.1 ± 3.0 235 267 
101 267 324 

130 691 1143 
177 911 1303 

240 

VV 250 SE 86 91 
54 117 145 

61 179 204 
96 249 325 

115 0.2 ± 0.1 198 270 
56 207 290 

68 383 645 
89 388 657 

113 

VV 250 NW 61 86 
26 109 155 

45 131 187 
40 233 337 

75 < 0.1 281 380 
46 298 407 

58 490 638 
73 526 697 

98 

Notes. Columns (1): source name, (2): deconvolved ef fecti ve radius of the core-compact and unresolved components, (3): similarly, b ut the conv olved ef fecti ve 
radius, (4): total deconvolved radius of the core-compact and unresolved components, (5): similarly, but the total convolved radius, (6): brightness temperature 
measured using the core-compact e -MERLIN deconvolved sizes, (7): deconvolved ef fecti ve radius of diffuse components (nuclear diffuse emission and VLA 

diffuse emission), (8): similarly, b ut the conv olved ef fecti v e radius, (9): total deconvolv ed radius of dif fuse components (nuclear dif fuse emission and VLA 

diffuse emission), and (10): similarly, but the total convolved radius. 
a For VV 705 N, the nuclear diffuse emission in e -MERLIN was not modelled, hence only its size (convolved) is provided. b For VV 705 S, the nuclear diffuse 
emission in e -MERLIN is almost absent, therefore associated sizes are uncertain and we have not shown the lower limits extracted from e -MERLIN images. 
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nd UGC 8696, the nuclear emission dominates significantly o v er the
LA-A large-scale flux density, and for the other sources, the latter
ominates o v er the nuclear flux density probed with e -MERLIN, in
xception to VV 705 N, which sho ws equi v alent contribution. It is
ele v ant to mention that since the total e -MERLIN flux density is
ot pure core-compact, it is necessary to disentangle that component
rom any nuclear diffuse portion (see Fig. 7 ), which can be reported
s compact/unresolved in a lower resolution instrument. Thus, we see
hat the multiscale diffuse flux density, interpreted as a by-product
f SF, plays a significant role in the total radio emission. This idea
s being discussed in recent studies, mainly in radio-quiet AGNs
Panessa et al. 2019 ) and radio-quiet quasars (e.g. Condon et al. 2013 ;

ang et al. 2022 , 2023 ). Accurately measuring these differences
s critical when studying high-redshift sources, since there is an
nstrumental limitation regarding angular resolution to separate such
hysical structures. 

.4 Brightness temperatures 

he brightness temperature T b is defined with reference to a black-
ody object (Burke et al. 2019 ). If we consider that the blackbody has
 physical temperature T b , then we can relate a source with brightness
emperature T b that will have the same brightness intensity as the
lackbody (Morabito et al. 2022 ). Since most of the sources deviates
rom a blackbody, T b is distinct for different physical processes
xistent in these sources, such as AGN, SB, and star-forming regions.
 or star-forming re gions, T b is caped at a maximum limited value

mposed by the physics of the environment (e.g. Walter et al. 2009 ;
opkins et al. 2010 ; Crocker et al. 2018 ) and also it depends on

he frequency of observation. Therefore, T b is a good discriminant
o distinguish radio components such as AGN, SB, and diffuse SF
echanisms (Morabito et al. 2022 ). Brightness temperatures that

xceed a value of ∼ 1 × 10 5 K at ∼ 6 GHz can provide an indication
f the existence of extreme compact sources. We use T b to compare
NRAS 529, 4468–4499 (2024) 
ur measurements of the nuclear regions with literature and check
GN classification. 
The brightness temperature T b is defined by (Kov ale v et al. 2005 ;

lvestad, Antonucci & Barvainis 2005 ) 

 b = 

2 ln 2 

πk B 

c 2 (1 + z) 

φmaj φmin 

S ν

ν2 
, (14) 

here k B is the Boltzmann constant, z the redshift and φmaj , φmin are
he deconvolved semimajor and minor axes of the source (equations
6 and C7 ). In our image fitting implementation, recall that radii
uantities are converted from half-light radius to FWHM (full width
t half-maximum) Gaussian quantities through φ = 2 R n ≈ 2 R 50, d 

see equation C5 ). 6 

Results for T b are just calculated for e -MERLIN images, on the
rightest core-compact component. Because of that, the results in
able 7 do not follow the formatting introduced in equation ( 11 ).
he errors presented are statistical, in terms of the variance of T b 

alculated o v er multiple e -MERLIN images reco v ered with different
eights. 

.5 Morphology of the diffuse radio emission 

fter minimizing the flux contribution of the nuclear region due
o core-compact components, we can explore the properties of the
iffuse structures. These are primarily associated with synchrotron
mission resulting from SF activity, which extends from the imme-
iate vicinity of the nuclear regions (a few parsecs) to larger scales
 > 1 kpc). For each map of the diffuse emission, quantities such as
 50 and R 95 are re-calculated, since now we do not have the con-

amination from core-compact structures. The results are presented
n Tables 6 and 7 under the label ‘Extended emission’. It should
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Table 8. Separation of nuclear or compact fluxes probed by e -MERLIN against diffuse emission, comparing two different approaches: (a) image S ́ersic and 
(b) interferometric decomposition. 

S ́ersic fitting 
decomposition 

Source S 
core-comp 
ν [mJy] S ext-nuc 

ν [mJy] S core-unre 
ν [mJy] S ext 

ν [mJy] S ext-tot 
ν [mJy] 

S ext-tot 
ν

S 
core-comp 
ν

S 
core-comp 
ν

S VLA 
νe -MERLIN e -MERLIN VLA VLA Diffuse total 

VV 705 (N) 3.7 ± 0.2 2.3 ± 1.1 6.6 ± 1.0 6.1 ± 0.9 9.3 ± 0.3 2.52 ± 0.16 0.28 ± 0.02 
VV 705 (S) 0.9 ± 0.1 0.2 ± 0.1 2.4 ± 0.6 3.6 ± 0.5 5.4 ± 0.2 6.00 ± 0.71 0.14 ± 0.02 
UGC 5101 23.8 ± 0.9 17.7 ± 4.0 33.0 ± 2.2 26.5 ± 1.3 37.5 ± 1.0 1.57 ± 0.07 0.38 ± 0.02 
UGC 8696 N 9.5 ± 0.1 24.5 ± 6.6 22.9 ± 3.0 23.4 ± 1.9 39.4 ± 0.9 4.11 ± 0.13 0.19 ± 0.01 
UGC 8696 SE 4.4 ± 0.4 ∼ 0 5.3 ± 0.2 ∼ 0 ∼ 0 ∼ 0 > 0.83 ± 0.08 
VV 250 SE � 6.2 ± 2.2 � 2.2 ± 1.8 7.9 ± 0.9 10.0 ± 0.8 11.7 ± 2.3 1.89 ± 0.76 < 0.34 ± 0.12 
VV 250 NW ∼ 0.5 ± 0.6 ∼ 0.9 ± 0.5 1.6 ± 0.1 1.7 ± 0.4 � 2.8 � 5.6 � 0.15 

Notes. Flux densities estimates for the nuclear region, core-compact and nuclear diffuse components, and the VLA extended emission, using the image fitting 
decomposition. 
Columns – (1): source name; (2): S core-comp 

ν – reco v ered core-compact component flux density from e -MERLIN; (3): S ext-nuc 
ν – estimated nuclear diffuse flux 

density in e -MERLIN; (4): S core-unre 
ν – unresolved ‘compact’ flux density in VLA; (5): S ext 

ν – large-scale diffuse flux density in VLA; and (6): S ext-tot 
ν – total 

estimated diffuse flux density (small scale + large scale), where we assume S ext-tot 
ν = S VLA 

ν − S 
core-comp 
ν . 

Interferometric 
decomposition 

Source S e -M 

ν [mJy] S ext 
ν [mJy] S ext 

ν /S e -M 

ν S e -M 

ν /S VLA 
ν S ν on R T [mJy] S VLA 

ν [mJy] 

VV705 (N) 6.0 ± 1.0 6.1 ± 0.8 1.02 ± 0.21 0.46 ± 0.08 1.9 ± 1.0 13.0 
VV705 (S) 1.2 ± 0.3 4.5 ± 0.7 3.75 ± 1.10 0.19 ± 0.04 1.2 ± 0.9 6.3 
UGC 5101 39.4 ± 3.0 20.6 ± 0.5 0.52 ± 0.04 0.64 ± 0.05 1.5 ± 0.8 61.3 
UGC 8696 31.6 ± 2.7 20.6 ± 1.3 0.65 ± 0.07 0.58 ± 0.05 1.5 ± 3.0 54.0 
VV 250 (SE) 7.3 ± 1.0 10.2 ± 0.9 1.40 ± 0.12 0.42 ± 0.06 1.4 ± 1.3 17.9 
VV 250 (NW) 1.0 ± 0.4 2.2 ± 0.3 2.29 ± 0.36 0.31 ± 0.14 0.7 ± 0.6 3.3 

Notes . Flux densities estimates for the extended and compact emission, using the interferometric decomposition method. In this table, there is no distinction 
between compact or non-compact components. The values only refers to e -MERLIN emission that is remo v ed from VLA maps. In the general case, this 
emission can be core-compact (e.g. VV 705) and/or nuclear diffuse emission around those (e.g. UGC 8696) and/or blobs of emission. Columns – (1): source 
name, (2): the flux density originated from nuclear regions or from blobs probed by e-MERLIN, (3): the estimated flux density of the diffuse emission after 
removing the e-MERLIN contribution (see Fig. 4), (4): fraction of VLA extended flux density against e-MERLIN flux density, (5): residual flux density on 
the resulting image after subtraction, and (6): total VLA flux density reco v ered at ∼ 6 GHz. (i) In these two tables, error estimates are statistical, represented 
by the statistical significance of the variance of measurements that are computed between multiple images. (ii) When computing the fractions, for example, 

S ext-tot 
ν

S 
core-comp 
ν

, we have added in quadrature the errors associated to S ext-tot 
ν and S VLA 

ν in Table 4 so that the errors attributed to the diffuse emission are properly 

propagated. 
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e noted that in Table 6 , lower indices representing e -MERLIN
mages are omitted, as we cannot probe the nuclear-extended 
mission in pure e -MERLIN images using the method discussed in 
ection 4.2 . 
A notable observation from the 50 per cent regions is that the

izes increase considerably in maps where the contribution of core- 
ompact emission has been remo v ed, compared to the original maps.
his can be seen when comparing with the measurements in Table 
 . For instance, in VV 705 N, the intermediate radial size that
ncloses half of the total flux is approximately 100 pc. None the
ess, this still incorporates significant information pertaining to the 
ore-compact structure, rather than the diffuse one. After removing 
ts contribution, the intermediate ef fecti v e convolv ed size ranges
rom 329 to ∼ 372 pc. This suggests that if this emission is due
o pure SF, the majority of the activity is confined in a region
ithin ∼ 400 pc, and not within 100 pc. Across all sources, the

verage ef fecti ve size R 50 of diffuse regions ranges from about ∼
00 to ∼ 450 pc, this more indicative of the size of the region
ominated by the diffuse component alone. This can be contrasted 
ith the average global ef fecti ve sizes of ∼ 250 pc, as computed in
able 5 . 
.6 Star formation from the radio continuum emission 

o estimate the SFR of our sources, we can assume that all the
ux density is non-thermal. Ho we ver, that is it not completely

rue since we expect a fraction of thermal contribution at 6 GHz.
dopting the calibration for the SFR from Murphy et al. ( 2011 ,
012 ) and Tabatabaei et al. ( 2017 ), where it is assumed that the
on-thermal emission is connected to the SF via SNe rates, the
ollowing expression for the SFR combines both thermal and non- 
hermal contribution from the RC emission: (

SFR 

RC 
ν

M �yr −1 

)
= 10 −27 

[ 

2 . 18 

(
T e 

10 4 K 

)0 . 45 ( ν

GHz 

)−0 . 1 
+ 15 . 1 

×
(

ν

GHz 

−αNT )]−1 (
L ν

ergs −1 Hz −1 

)
. (15) 

bo v e, L ν is the spectral luminosity at frequency ν, 

 ν = 4 πD 

2 
L ν

S ν, (16) 

ith S ν being the total flux density computed from the multiscale
iffuse emission, and D L ν , is the luminosity distance of the source
MNRAS 529, 4468–4499 (2024) 
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Table 9. Representati ve v alues of core-compact, nuclear, and large-scale dif fuse emission areas, alongside SF and surface density star formation rates, SFR and 
�, respectively. SFRs are calculated using the extended emission only, both nuclear and large scale. 

Source A 

core −comp 
95 , d A 

ext-nuc 
95 , d A 

ext-tot 
50 , d A 

ext-tot 
95 SFR 

ext-nuc SFR 

ext-tot � 

95 
ext-nuc � 

50 , d 
ext-tot 

[kpc 2 × 10 3 ] [kpc 2 × 10 3 ] [kpc 2 ] [kpc 2 ] [M �yr −1 ] [M �yr −1 ] [M �yr −1 kpc −2 ] [M �yr −1 kpc −2 ] 
(2) (3) (4) (5) (6) (7) (8) (9) 

VV 705 N 

a 2 ± 1 22 ± 14 0.982 9.099 17.6 ± 8.6 63.2 ± 3.2 454 ± 221 32 ± 3 

VV 705 S 3 ± 1 – 1.264 6.029 – 37.0 ± 2.7 – 15 ± 2 
UGC 5101 13 ± 13 177 ± 105 0.302 10.295 95.6 ± 31.3 254.6 ± 10.8 227 ± 74 420 ± 12 
UGC 8696 15 ± 4 83 ± 29 0.232 4.595 157.7 ± 32.9 251.4 ± 8.4 1046 ± 218 542 ± 23 
VV 250 SE 35 ± 23 27 ± 49 0.211 3.895 6.8 ± 4.0 57.5 ± 10.7 154 ± 127 135 ± 10 
VV 250 NW ∼ 7 ± 6 ∼ 22 ± 18 1.129 3.390 ∼ 1.7 ± 1.4 11.0 ± 2.1 ∼ 51 ± 58 5 ± 1 

Notes. Columns – (1): source name, (2): deconvolved total area of the core-compact components, (3): total deconvolved area of the nuclear diffuse emission 
after removing the core-compact structures, and (4): deconvolved half-light area of the large-scale diffuse emission. This is used to compute � 

50 , d 
ext−tot . (5): 

Total convolved area of the large-scale diffuse emission, (6): estimated SFR for the nuclear diffuse emission, after removing the core-compact contribution 
and assuming that the remaining emission is pure synchrotron (see Section 5.6 for details), (7): estimated total SFR for the entire diffuse emission (nuclear 
and large-scale) assuming that it is pure synchrotron, (8): surface density SFR at the nuclear region without core-compact components, and (9): o v erall surface 
density SFR for the total diffuse emission at the half-light area. a For VV 705 N, the convolved diffuse nuclear area was used instead, see the text for details. 
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n Mpc, given by (e.g. Condon & Matthews 2018 ) 

 L ν = D L (1 + z) −( α+ 1) / 2 , D L = (1 + z) D C . (17) 

ith D C the comoving distance in Mpc. 
In equation ( 15 ), both thermal and non-thermal radio emission is

ccounted for Murphy et al. ( 2012 ). For our purposes to estimate
he SFR, we adopt a non-thermal spectral index of αNT = −0.85, an
lectron temperature of T e = 10 4 K, and a frequency of ∼ 6 GHz. 

Two particular SF estimates of interest are: the SFR in nuclear
iffuse structures (nuclear SF), S ext-nuc 

ν , and the total multiscale SFR
n the lower resolution maps after removing the flux contribution
rom core-compact components, S ext-tot 

ν . The nuclear diffuse SF
s computed in the e -MERLIN maps without the contribution
rom core-compact components. Hence, we have that SFR 

ext-nuc =
FR 

RC 
6GHz ( S 

ext-nuc 
ν ) (see equation 12 and Table 8 ) and consequently the

uclear surface density SFR is given by � 

95 
ext-nuc = SFR 

ext-nuc /A 

ext-nuc 
95 .

e use the 95 per cent area instead of 50 per cent in order to
apture the full morphology of the nuclear diffuse emission. The
otal multiscale extended emission SFR is given by SFR 

ext-tot =
FR 

RC 
6 GHz 

(
S ext-tot 

ν

)
(see equation 12 and Table 8 ). To compute the

otal surface density of SF, we use as reference the maximum
econvolved half-light area of the VLA diffuse emission, A 

ext 
50 , d .

hen, the 6 GHz radio surface density SFR at the half-light is
 

50 
ext-tot = SFR 

ext-tot / max ( A 

ext 
50 , d ). 

To compute these values, the following assumptions are made. In
 -MERLIN images, the core-compact component does not change
ignificantly in relation to the nuclear diffuse emission when different
eighting schemes are used during cleaning (i.e. a robust >

.5 ). We assume that the total flux density of any nuclear diffuse
mission will change more than the core-compact flux density.
ence, we consider the size of the nuclear diffuse emission to be

he one related to the more natural image, that is, the one resulting
rom the larger restoring beam. Therefore, a good representative area
or this nuclear diffuse emission can be expressed in terms of the area
f this lower resolution e -MERLIN image, which is a map with the
owest angular resolution possible. In this context, the area will be
aximum. This is a safe way to ensure that all the emission will

e enclosed in that area. For completeness, the mean value of these
reas and variances in terms of the standard deviation are shown in
able 9 (under A 

ext-nuc 
95 , d ). 

The same assumption is used when using VLA images, where we
onsider that the total area of the large-scale continuum emission is
epresented by the image restored with the larger beam. Additionally,
NRAS 529, 4468–4499 (2024) 
or both cases, we use the variance of the flux measurements in the
ultiscale diffuse emission as an estimate of uncertainties for the
FR as well as the � SFR , which are also presented in Table 9 . 

 DI SCUSSI ON  

.1 Leveraging limited sensitivity to separate the nuclear and 

arge-scale diffuse emission 

nterferometers with different resolutions and sensitivities pinpoint
nique properties of radio sources. With e -MERLIN we lack the
ecessary large-scale sensitivity to characterize the diffuse emission
esulting from SF on scales � 100–200 pc. Nevertheless, we are
ble to reco v er the radio flux density from primarily nuclear (mostly
ompact) regions. In contrast, the VLA is able to only partially
esolve inner regions but performs well at mapping the radio emission
f the source, encompassing both the diffuse synchrotron radiation
rom SF and the flux originating from the compact/unresolved
arts. Hence, when considering the multiscale PARADIGM, limited
ensitivity is not an issue at all, but an advantage. If e -MERLIN
s detecting the flux mainly from AGN or SB, then it might be
ossible to subtract that flux density (and structure) from VLA
mages. Thereby, we can disentangle the radio power arising from
ifferent regions, such as circumnuclear SF, AGN, and SB. 
Still, further considerations need to be addressed. F or e xample, in

GC 8696, a considerable portion of nuclear diffuse emission exists
t scales of about ∼ 200 pc. F or single-frequenc y observations,
o separate the core-compact flux from the nuclear diffuse flux,
lternative methodologies must be employed. One could leverage
ther higher resolution data, such as VLBI, and implement the
echnique outlined in Section 4.2 , with e -EMERLIN serving as the
o wer resolution observ ation (similar to our use of VLA) or utilize the
mage fitting on images available at multiple spatial resolutions. With
ur current data, in Appendix A and Figs D4 and D5 , we provide a
omprehensiv e e xample of how to decompose the nuclear re gion of
GC 8696. 

.2 Comparison between methods 

he interferometric decomposition method in Section 4.2 does not
isentangle substructures in the higher resolution maps, as both core-
ompact and nuclear diffuse emission are used in the optimization
rocess. Ho we ver, we can use the S ́ersic fitting from Section 4.3 to
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eparate fluxes from the core-compact region from that of the rest of
he emission. 

The residuals provided by the interferometric decomposition 
pproach (Section 4.2 ) are significant, ∼2 mJy (Table 8 b). This is an
ndication of rele v ant dif fuse emission in the outskirts of the source,
s can be seen in the lower right plot of Fig. 6 (panel showing
 T ). The size results for the dominant nuclear regions, which on

 verage ha ve sizes of ∼ 200–250 pc, agree with previous studies
e.g. Colina & P ́erez-Olea 1992 ). Song et al. ( 2021 ) estimated similar
izes for nuclear ring structures in normal SF galaxies and LIRGs.
he extent of the nuclear regions is also compatible with the sizes of
uclear discs studied in Medling et al. ( 2014 ). 
The fractional fluxes S core-comp 

ν / S VLA 
ν are compared individually 

ith literature values for each source in Appendix. A . We observe a
ignificant contribution from emission originating in nuclear diffuse 
tructures ( S ext-tot 

ν /S core-comp 
ν ), especially pronounced in sources with 

ower luminosities. This observation aligns with the concept that, 
ithin local galaxies, the most luminous U/LIRGs have a higher 
roportion of their total radio power coming from core-compact 
omponents (AGN or SB) rather than diffuse components (e.g. 
ujopakarn et al. 2011 ). Ho we ver, a substantial portion of this
uclear flux is still situated in dense nuclear regions, which can 
e strongly influenced by AGN and SB activity. As of now, it
emains unclear what fraction of this flux should be attributed to 
F processes, including an SB, or solely linked to the AGN. Hence,
e require deeper investigations of these radio structures, which can 
e robustly analysed using our multiscale approach, in combination 
ith multiple observational data. 

.3 Limitations 

ize estimates. The size estimates, converted from pixel area to radii 
ia A = πR 

2 , are a good discriminant for spherical components,
lbeit not so appropriate for asymmetrical or elongated ones. For 
xample, in the case of the VLA image of VV 250 NW, R 95 is about
.3 kpc. Ho we v er, by e xamining the scale bar on the radio map in
ig. 3 , we see that the semimajor and semiminor axes are about ∼
.0 and ∼ 0.5 kpc, respectively. Hence, one dimension of the source 
s underestimated while the other is o v erestimated. In a future work,
e will adopt a more robust approach to tackle such asymmetries. 
Decon volved sizes. Decon volved sizes are obtained using image 

tting based on the parameter R n . Furthermore, we have computed 
alues such as R 50 , d and R 95 , d from individual model images within 
he deconvolved image space. In an ideal scenario characterized 
y infinite signal-to-noise ratio, both R n and R 50 , d would exhibit 
imilarity. Ho we ver, due to the presence of noise in real data, coupled
ith statistical errors and convolution effects, a brief examination 

eveals that R n is not necessarily equal to R 50 , d for a given fitted
omponent. 

Additionally, we note that for complex emission, the fit can 
nly provide an overall representation of the surface brightness 
istribution. That is also true for poor-quality images. For example, 
n the case of VV 250 (SE and NW), the emission reco v ered by
 -MERLIN contains low signal-to-noise ratio, with unreco v ered 
tructures due to the amount of data flagged, incomplete uv -co v erage,
nd possible calibration and imaging errors. The model describing 
hose structures is a smooth profile that attempts to fit the o v erall
mission of the source. Hence, the deconvolved size is not accurate 
nd only represents the o v erall size of the radio structure. 

Data limitation. Our data are not able to resolve completely core- 
ompact structures ( � 20 pc) and also not able to map very extended
tructures ( � 5 kpc) since we are using the VLA-A configuration.
hen e -MERLIN cannot resolve the most compact structures, no 
nformation can be gathered regarding the origin of the radio power
or a single frequency. In that case, the core-compact flux S core-comp 

ν

ill be o v erestimated. In the VLA end, the A-configuration is less
ensitiv e to e xtended structures than the D-configuration or a single-
ish telescope, for example. When there is more flux from larger
cales ( > 10 kpc), the total diffuse flux S ext-tot 

ν may be underestimated.
ne can use complementary data or available literature information 

o correct this flux density. 
By using only single-band observations (6 GHz), we can not 

onduct studies using spectral index maps in order to obtain better
iscriminants between AGN and SB. That would provide more 
ccurate SF estimates at the nuclear re gions. F or now, we are
tatistically limited in making conclusions on a broader picture of the
hysical processes in local U/LIRGs. Nevertheless, we focused this 
aper on introducing a methodology and testing it in a small sample
ith the available data, so that it will be applied in future work to a

arger and multifrequency sample. 

 C O N C L U S I O N S  

.1 Summary 

e have presented new high-resolution radio observations ( ∼ 50 
as) using e -MERLIN at C band (6.0 GHz) for four merging

ocal U/LIRGs ( ∼ 150 Mpc). We have combined this data with
ensiti ve archi v al observ ations from the VLA at the same frequency
sing the A-configuration ( ∼ 0.3 arcsec resolution). Introducing two 
o v el image-based methodologies, we extracted valuable physical 
nsights from the radio maps at both nuclear regions ( ∼ 20–200 pc)
nd larger scales ( � 1 kpc, see Tables 7 and 8 ). Through this
nalysis, we robustly measured the sizes of the radio emission 
nd computed fractional fluxes between core-compact structures 
nd diffuse emission regions, interpreted as being associated with 
F processes. Consequently, we derived multiscale tracers for the 
xtended flux density, S ext−tot 

ν (refer to Table 8 a), and star formation
ate, SFR 

ext-tot (see Table 9 ). 
We present below the key findings of our paper: 

(i) We have introduced two novel approaches to characterize 
he multiscale structure of the radio emission in local U/LIRGs, 

aximizing the scientific output from interferometric data sensible 
o different angular scales. Within individual limitations, our results 
howed that both methods agreed with each other. Our methods are
daptable to other radio frequencies and instruments, making them 

uitable for the analysis of larger data sets, from both existing and
pcoming radio surv e ys. In particular, our image-fitting approach 
as potential applications beyond radio astronomy. For instance, 
n optical studies where S ́ersic modelling is e xtensiv ely used to
orphologically quantify the structural properties of elliptical, spiral, 

nd lenticular galaxies. 
(ii) The nuclear emission associated with a nuclear disc ( ∼ 50–

00 pc), and excluding the most compact ( � 20 pc) emission from
otential AGN/SB, is responsible for a significant fraction of the total
adio emission at 6 GHz (Table 8 a). Despite not separating the radio
mission into AGN and SB components, we robustly determined the 
izes and flux densities of the radio emission, providing upper and
ower limits through two different ways: 

(a) Interferometric decomposition (Section 4.2 and Table 6 ): 
for the nuclear regions across all sources, the estimated averaged 
ef fecti ve size is R 50 ∼ 113 pc for radio maps with intermediate
resolutions (0.10–0.25 arcsec). With e -MERLIN, we found a 
MNRAS 529, 4468–4499 (2024) 
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lower-upper limit of ∼ 46 pc, while for VLA, an upper-lower
limit of ∼ 190 pc. After removing the e -MERLIN emission from
VLA maps (e.g. Fig. 6 ), the extended emission in pure VLA
maps provided an averaged ef fecti ve radius across all sources
of 〈 R 50 〉 ∼ 438 pc, with a total extent of 〈 R 95 〉 ∼ 1326 pc. 

(b) Image decomposition (Section 4.3 and Tables 7 and 8 ): 

(1) Core-compact components: in maps with intermedi-
ate resolutions, we obtained deconvolved ef fecti ve sizes of
〈 R 50 , d 〉 ∼ 67 pc for the core-compact components (averaged
across all sources). The fitting on pure e -MERLIN maps
resulted in lower limits of 〈 R 50 , d 〉 ∼ 20 pc, and the fitting in
pure VLA images gave upper limits of 〈 R 50 , d 〉 ∼ 72 pc. In
respect to the full extent of these components, we obtained
〈 R 95 , d 〉 ∼ 143 pc on intermediate maps, with 〈 R 95 , d 〉 ∼ 41 pc
in e -MERLIN and 〈 R 95 , d 〉 ∼ 162 pc in VLA maps. 

(2) Extended emission: with e -MERLIN maps, after sub-
tracting the contribution of the core-compact components
(e.g. Table 7 and Figs D4 and D5 ), the nuclear extended
emission resulted in an averaged ef fecti ve radius of 〈 R 50 〉 ∼
104 pc, having a full extent of 〈 R 95 〉 ∼ 192 pc. Alternatively,
the large-scale diffuse emission probed by VLA resulted R 50 

∼ 447 pc and R 95 ∼ 1.1 kpc, obtained by subtracting the
unresolved components (e.g. Fig. 8 ). 

(iii) In each of the previously characterized regions, we were able
o reco v er fractions of flux densities compatible with previous studies
see Appendix A ). Additionally, our method enabled us to investigate
ow AGN fractions for the same source can exhibit both higher and
o wer v alues, biased by limited data. It is also worth mentioning
hat our results were derived from two interferometers, providing a
obust characterization. This serves as preliminary evidence of the
ew insights our approach can offer when utilizing two or more
nterferometers. 

(iv) From the calculated fractions of flux densities, we found that
here is an interplay between the core-compact emission coming from
GN/SB regions in relation to the nuclear diffuse emission. The latter
ave a significant contribution to the total radio power, which resulted
n larger estimates for the total multiscale extended flux density
 

ext−tot 
ν . It also brings down the fraction between the core-compact
mission in relation to the total radio emission, S core −comp 

ν /S VLA 
ν .

ence, if not performing the multiscale structural decomposition
rom high- to low-resolution maps altogether, the contribution from
ore-compact components can be o v erestimated. It is noted also that,
f we look at the total unresolved flux densities from VLA ( S core −unre 

ν ,
able 8 ), they are higher almost up to a factor two in relation to the
ux density from core-compact components probed by e -MERLIN.
his means that almost half of the total flux density of a unresolved
LA component (at scales of ∼ 200–400 pc) is resolved on smaller

cales, thus not being morphologically a core-compact structure. The
ther half, then, is core-compact at scales of � 50 pc. Ho we ver, we
ould require other instruments with higher angular resolutions to

urther dissect these fractions until we reach the subparsec physical
imit regime. 

(v) For the broader context of the physics of U/LIRGs, we need to
btain accurate determination of the aformentioned flux densities
ractions and associated sizes, understand their connection with
adio morphologies (at the local Universe) and related physical
echanisms through spectral analysis. After that, we can study other

bjects in the distant Universe, where most of their structures will be
nresolved, and then infer their properties from multiscale calibrated
tudies of local systems. Such high-redshift environments may
NRAS 529, 4468–4499 (2024) 
ontain sources with structures that harbour a substantial unresolved
ortion of their nuclear-diffuse emission. We provided a detailed
xample of this for the local system UGC 8696 (Figs D4 and D5 ). 

(vi) We conclude that it is required to apply the aforementioned
ethodologies to the full galaxy sample with a wide range of

requencies in order to properly e v aluate the fractions of core-
ompact fluxes, the multiscale diffuse emission and the fractions
f thermal and non-thermal processes across the radio spectrum.
e are particularly interested to unco v er the origin of the nuclear

iffuse emission and how it co-exists with the central energy source.
nderstanding these factors will be essential on the study of high-

edshift objects. 
(vii) We have shown that by using combined data with matching

aselines and similar sensitivity, we can map the radio emission
t different structural scales, therefore obtaining high-resolution
mages with impro v ed sensitivity. This is true since, with VLA, we
onsiderably reduce the short-spacing issue present in e -MERLIN
see Fig. 1 ). Hence, imaging combined observations with weighting
owards e -MERLIN will produce images that are not possible to
onstruct when imaging e -MERLIN data alone. The same applies to
LA, in respect to resolution. 

.2 Future work 

ur approach to quantify the sizes of the radio emission, fractions
f flux densities and associated morphologies is independent of the
nstrument and also on the frequency of observation. This strategy
an be used to disentangle more radio components, such as SB from
GN, and jets from diffuse emission. We take this opportunity

o achiev e impro v ements and turn our methodology completely
utomated in the near future. This will be essential for the next-
eneration instruments such as the SKA and the Next Generation
LA, which will provide observations with high-resolution and

imultaneously high sensitivity to all compact and diffuse scales. 
Follow-up work will consist in the same analysis conducted in

his work, for the complete LIRGI sample and in a multifrequency
asis. Multifrequency data from VLA from 1.4 to 33 GHz will be
ombined with existing e -MERLIN observations at L band (1.4 GHz)
nd C band (6 GHz). This will provide a more complete high-
esolution sampling of the uv -co v erage, as well better resolved
pectral information for a multicomponent and multiscale study of
he spectral energy distribution. Thus, establishing a comprehensive
nderstanding of the physical processes o v er the radio spectrum that
rives the evolution of local U/LIRGs, and enabling a new framework
o explore distant mergers. 
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PPENDIX  A :  C O M M E N T S  O N  I N D I V I D UA L  

O U R C E S  

he detailed analysis in the next paragraphs was derived with our 
ultiscale methods using mulitresolution radios maps, where some 

xamples are shown in Figs 2 and 3 . For reference on derived
uantities, see Tables 5–9 . 

V 705 

ystem description. This is a binary merger system (classification M3, 
upke & Veilleux 2013 ; Larson et al. 2016 ) with a nuclear separation
f ∼6–7 kpc, featuring long tidal tails ( ∼40 arcsec) revealed by
ubble Space Telescope data. VV 705 N is brighter than VV 705 S

n the IR. Over the past few years, uncertainties about the existence
f an AGN remained. As well, the AGN contribution fraction is
nclear: using the [N II ]/H α diagram, Yuan, K e wley & Sanders
2010 ) estimated AGN fractions of 0.5 and 0.3 for the north and
outh components, respectively, while no concrete evidence for an 
GN was established by (Rupke & Veilleux 2013 ), giving a fraction
f 10 per cent or less. But more recent studies suggest that this system
s facing high SF and AGN activity, multiphase outflows of ionized 
as and good evidence of feedback (e.g. Yuan et al. 2018 ; Perna et al.
019 ). 

V 705 N Global properties. The higher resolution maps indicate 
 very core-compact component ( � 27 pc) with some signs of
uclear diffuse emission ( ∼ 76 pc). More weight towards VLA 

eveals a prominent and smoothly distributed emission around the 
nresolv ed/core-compact component, e xtending to a radial scale o v er 

2 kpc. From our images, it is also possible to see a faint blob
tructure at the north region of VV 705 N, located at a distance of

1.7 kpc from the core region (component 3 in Fig. 8 ), which was
ot mentioned/identified in previous w orks [Iw asaw a et al. ( 2011 ) in
-rays, Barcos-Mu ̃ noz et al. ( 2015 ) at 33 GHz, and Vardoulaki et al.

 2015 ) at 8 GHz]. For this system (N and S), the 6 GHz images in this
ork are the highest resolution presented until now in literature. The 

otal reco v ered flux for this source in e -MERLIN is ∼ 7 mJy, while
n VLA is ∼ 12.7 mJy. The half-light global radii are in average ∼
09–235 pc, while the maximum extent is ∼ 1.8 kpc. 
Decomposition results. Half-light sizes for the core-compact 

omponent are R 50 ∼ 30pc ( R 50 , d ∼ 23 pc), while the full sizes are R 95 

69 pc ( R 95 , d ∼ 52 pc). This region contains a total integrated flux
ensity of ∼ 3.7 mJy. Using R 50 , d and equation ( 14 ), the estimated
rightness temperature is 3.3 × 10 5 K. This is a good indication of
n AGN ( > 10 5 K) which was identified by recent studies (Yuan
t al. 2018 ; Perna et al. 2019 ). Regarding the nuclear extended
omponent, the computed sizes are R 50 ∼ 48 pc and R 95 ∼ 77 pc, with
 total integrated flux of ∼ 3.4 mJy. For VLA images, the unresolved
omponent encloses a total flux of ∼ 6.1 mJy, with estimated sizes
f R 50 , d ∼ 56 pc and R 50 , d ∼ 140 pc. 
By using total nuclear extended emission with the VLA diffuse 
 

ext 
ν the estimated total multiscale extended emission provides a total 
ux of ∼ 9.3mJy, so the fraction between the core-compact flux to

he total radio flux at 6 GHz is ∼ 0.28, while if using the unresolved
LA component, it gives a fraction of 0.48, a factor of almost two. 
SFR results. In the nuclear region we obtained SFR 

ext-nuc ∼
7.6 M � yr −1 with a high nuclear surface density SFR of � 

95 
ext-nuc ∼

54 M � yr −1 kpc −2 . The total SFR for this source is ∼ 63 M � yr −1 

which already includes the nuclear contribution). This value agree 
ith previous studies, 70–80 M � yr −1 (Hickox & Alexander 2018 ;
aspaliaris et al. 2021 ; Esposito et al. 2022 ), but we still have to
ccount for the S component below. 

V 705 S Global properties . In e -MERLIN, the main core-compact
omponent is visible with an emission size of R 50 ∼ 19 pc and R 95 

39 pc. There are no signs of significant nuclear diffuse emission.
oing through the lower resolution maps another structure is visible, 

t about 0.65 kpc NE of the nuclear region, which significantly
ontributes to the total flux (e.g. the half-light region encompasses 
his structure), and this component is not mentioned in previous 
tudies. The total reco v ered flux for the S source is about 1.0 mJy
n e -MERLIN and 6.2 mJy in VLA. Half of the total VLA flux is
nclosed in a radius of R 50 ∼ 148–384 pc within a total maximum
adial size of about 1.7 kpc. 

Decomposition results. In e -MERLIN, the core-compact com- 
onent has an average half-light of R 50 ∼ 21 pc ( R 50 , d ∼ 15 pc)
nd a full extent of R 95 ∼ 42 pc ( R 95 , d ∼ 29 pc) containing ∼
.0 mJy in flux. For the brightness temperature, this yields T B ∼
.4 × 10 5 K. Additionally, nuclear extended emission is almost absent 
or negligible, < 0.2 mJy, within errors). 

With combined data, the nuclear region has an average size of
 95 ∼ 258 pc ( R 95 , d ∼ 138 pc). On pure VLA images, a significant
mount of diffuse emission appears as sensitivity is gained, with 
izes of R 50 ∼ 583 pc ( R 50 , d ∼ 513) up to a full size of R 95 ∼ 1.3 kpc
 R 95 , d ∼ 1.1 kpc). 

The fraction of core-compact flux density in relation to the 
ultiscale diffuse flux density is 0.14 for VV 705 S. For comparison,
hen using the total unresolved VLA component, that fraction would 
e 0.36. Combining the fractions between VV 705 N and S, the
otal ratio between the flux density of core-compact components in 
elation to the total radio flux density is 0.24. This value agrees well
ith the measured fraction of 0.25 by Dietrich et al. ( 2018 ) using the

R bolometric luminosity. This result is larger than the 0.1 measured
y Rupke & Veilleux ( 2013 ). Additionally, if we use the unresolved
LA component as the core-compact structure, the fractions 0.48 

nd 0.36 agrees with Yuan et al. ( 2010 ) using [N II ]/H α diagrams,
here 0.5 and 0.3 were obtained, respectively for N and S sources. 
SFR results. The nuclear diffuse flux density is almost negligible, 

o no attempt was made to compute SFR and � SFR . The total SFR
esulted in SFR 

ext-tot ∼ 37M � yr −1 with a density of � 

50 , d 
ext-tot ∼ 15 M �

r −1 kpc −2 . The SFR is higher than the value of ∼ 11 M � yr −1 

etermined by Yuan et al. ( 2018 ). Hence, combining the SFR from
ources N and S sums to an estimate of ∼ 100 M � yr −1 which is
lose to values obtained by Rupke & Veilleux ( 2013 ), De Looze
t al. ( 2014 ), and Paspaliaris et al. ( 2021 ). 

GC 5101 

ystem description. UGC 5101 is a ULIRG of merger class 5 (Haan
t al. 2011 ; U et al. 2019 ) and classified as Sy 1.5, LINER. Previous
tudies pointed out that this source has a compact unresolved core
maller than ∼ 200 pc (Soifer et al. 2000 ), and VLBI observations
MNRAS 529, 4468–4499 (2024) 
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how that the nuclear region is composed of three main core-compact
omponents (Lonsdale et al. 2003 ), with diameters smaller than ∼
 pc. There are multiple indications that UGC 5101 hosts an AGN
Imanishi, Dudley & Maloney 2001 ; Lonsdale et al. 2003 ; Grimes
t al. 2005 ; Iw asaw a et al. 2011 ; Dietrich et al. 2018 ; U et al. 2019 ).

Global properties . Our e -MERLIN images feature two clear
omponents. The main one contains a large fraction of the flux
ensity, while the faint south-east component contains about ∼ 5
er cent of the total e -MERLIN integrated flux density. The main
tructure is not completely resolved, as can be seen by its asymmetric
hape. The reason is that, from the VLBI study, its nature is
epresented by the two core-compact sources which turns to split into
ve smaller components. The half-light averaged size of the nuclear
egion probed by e -MERLIN is ∼ 41 pc. The faint diffuse blob in the
outheast region of the main component seen in our maps is revealed
o be a diffuse component by the VLBI study . Additionally , there are
ome signs of diffuse emission when using a more natural weighting
cheme in the higher resolution maps, giving an extent of R 95 ∼
75 pc. The total integrated flux density recovered in the nuclear
egion with e -MERLIN is ∼ 37 mJy. 

In the lower resolution maps (VLA), one feature of the emission
s that the core region has a different orientation in relation to
he diffuse emission, and this orientation is also distinct from the
 v erall orientation of the nuclear region probed by e -MERLIN. It
s possible also to see a second component in the north direction
f the core region, with a total integrated flux density of about

1 mJy. At larger scales, the half-light radius of UGC 5101 is
 50 ∼ 132–214 pc, reaching a full extent of R 95 ∼ 1.7 kpc. The

otal integrated flux density recovered by VLA is ∼ 60 mJy. We
dditionally report that the full extended emission is only reco v erable
hen using a natural weight during deconvolution (restoring beam
f 0.60 arcsec × 0.49 arcsec, lower rightmost plot in Fig. 2 ), and that
tructure represents a fraction of 0.1 of the total flux density. 

Decomposition results. From the higher resolution maps, the
stimated total size of the core-compact region is R 95 ∼ 82 pc
 R 95 , d ∼ 60 pc deconvolved) with a half-light radius of R 50 ∼ 29 pc
 R 50 , d ∼ 14 pc deconvolved). This component encloses a total flux
ensity of S core-comp 

ν ∼ 24 mJy. Using the deconvolved size for the
ore-compact component, we obtain a value of ∼ 19 × 10 5 K for the
rightness temperature, representing a good indication for an AGN.
ith respect to the nuclear diffuse emission, the estimated extent is
 95 ∼ 240 pc ( R 95 , d ∼ 177 pc deconvolved) with a half-light radius
f R 50 ∼ 130 pc ( R 50 , d ∼ 101 pc deconvolv ed). The inte grated flux
ensity of the nuclear diffuse emission is S ext-nuc 

ν ∼ 18 mJy. 
The unresolved component by VLA yields a total flux density of
33 mJy and the VLA extended flux density is around ∼ 26 mJy. As

efore, by removing the core-compact flux, we estimate that the total
iffuse flux density (small and large scales) is S ext-tot 

ν ∼ 37.5 mJy
nd the fraction S core-comp 

ν /S VLA 
ν is 0.38. For comparison, by using

he unresolved VLA component, that fraction would be 0.53. Results
rom literature for this fraction span a wide range of measurements,
sing different approaches. We just report some of those values:
ietrich et al. ( 2018 ) found a value of 0.76, while D ́ıaz-Santos et al.

 2017 ) provided 0.25 using combined diagnostics for the bolometric
GN fraction and a value of 0.41 using combined MIR diagnostics,
hich is close to our estimate. 
SFR results. The SFRs for this source is significantly high, in total
254 M � yr −1 and at the nuclear region, the estimated value is also

ignificant, ∼ 95 M � yr −1 . The total SFR is considerably higher than
revious studies, which pointed to: ∼ 100 M � yr −1 (Esposito et al.
022 ; Yamada et al. 2023 ) using X-ray and radio wavelengths; and

25 M � yr −1 (Dietrich et al. 2018 ) using IR luminosity. Ho we ver,
NRAS 529, 4468–4499 (2024) 
he value found in this work is similar to De Looze et al. ( 2014 ),
hich used an FIR tracer, getting an estimate of ∼ 223 M � yr −1 . 
The surface densities of SFR are 227 M � yr −1 kpc −2 for the nuclear

iffuse emission and ∼ 420 M � yr −1 kpc −2 within the half-light area
fter minimizing the contribution from the core-compact flux. By
bservations made by Lonsdale et al. (2003), which point out the
ossible location of an AGN on smaller scales, we conclude that
hese high SFRs using radio emission as a tracer are plausible. We
ave not considered the effects of jets in this computation, as our
ata are limited to detect any evidence of their presence. 

GC 8696 N–NE–SW 

ystem description. Also known as Mrk 273, it is a late-stage merger
nd dual-AGN ULIRG and classified as a Seyfer 1 (U et al. 2013 ;
iu et al. 2019 ; U 2022 ). It is also classified as AGN by X-ray
bservations (Yamada et al. 2021 ). This is a source that shows
ignificant changes in radio emission across multiple scales. High-
esolution observations by Kl ̈ockner & Baan ( 2004 ) using EVN
howed OH maser emission within a circumstellar disc at the
 component. Also, Bondi et al. ( 2005 ) provided high-resolution
bservations of a dense nuclear SB at the nuclear region of the N
omponent. Additionally, recent works provided good indications of
ultiphase outflows (Rodr ́ıguez Zaur ́ın et al. 2014 ; Lutz et al. 2020 ;
ubovas, Bialopetravi ̌cius & Kazlauskait ̇e 2022 ) that can extend
p to 5 kpc (Tadhunter et al. 2018 ) as also pinpointed by LOFAR
bservations (Kukreti et al. 2022 ). These latter work argues about
he possibility that this source harbours three AGNs instead of two. 

Global properties. The e -MERLIN imaging results reveal with
nough sensitivity the diffuse emission around the N component as
ell resolution to partially resolve the inner region into three main

omponents (see Fig. D4 ) where we see the main component at the
entre, one spherical structure in the SW direction at a distance of ∼
0 pc and one elongated structure in the NE direction. The sizes of
his region in e -MERLIN is R 50 ∼ 81 pc up to R 95 ∼ 192pc, with a
otal integrated flux density of ∼ 40 mJy. 

In the VLA image, on kpc scales, the source becomes more
omplex, where sensitivity is enough to map more components: NW,
E, and SW (SW1 and SW2). We can clearly see these structures

n Vardoulaki et al. ( 2015 ) and Kukreti et al. ( 2022 ). We report that
or this source in particular, it was necessary to perform nine steps
f self-calibration [i.e. 3 × ( phase + phase + ampphase )] to
e able to reco v er the e xtended structures and remo v e deconvolution
rtefacts in the NW component. 

Since the structure of this source is complex, the sizes are just an
stimation of the o v erall morphology of the radio emission, which
n VLA provided an extent of ∼ 0.9 kpc. For the total integrated
ux density, we were not able to reco v er from the maps the already
eported value of 60 mJy (including the SE component, see below,
arcos-Mu ̃ noz et al. 2017 ). Ho we ver, inspecting the amplitude
ersus uv distance, the amplitude at the shortest baselines appears to
onverge to ∼ 60 mJy. 

GC 8696 N Global properties . By using e -MERLIN, we are able
o resolve the nuclear region into two main features: a noticeable
ircumstellar disc of diffuse emission around a small region, which
ay be the location of at least three core-compact components. These
ere observed with EVN/VLBI in a much higher resolution (5 mas)

n Bondi et al. ( 2005 ) where evidence is presented supporting the
dea of a high SN rate. These authors also found that the dominating
egion size where extreme SF is taking place is of about ∼ 30 pc.
he sizes computed in e -MERLIN maps were R 50 ∼ 87 pc and R 95 



The multiscale structure of U/LIRGSAArticle 4491 

∼
f  

m  

T

v
c
c
e  

b  

t  

t  

a  

l  

t  

c
w

h  

o  

t  

m  

(
∼

t
r
f  

f  

(
t  

o
 

o
n  

h
s
r

U
i
w  

h
a
T
i  

d  

a  

i  

a

n
t
∼  

r
fl  

i
s  

i  

t  

S

A
U

W  

c
e  

–  

n  

n
t

 

o  

d
u
i
t  

e  

b  

a  

fi  

o
 

t
o  

d
d
o  

∼  

n  

p
f  

t  

t
 

t  

c  

c
∼  

s
fl  

a  

e  

n
 

(  

a  

2  

S
C  

o  

I  

o  

c  

w
r

V

S
s  

2
s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/4468/7636515 by C
halm

ers Tekniska H
ogskola user on 21 M

ay 2024
206 pc, with a total flux density of ∼ 31.6 mJy. To determine T b 

or this source, we have used only the deconvolved fitted size of the
ain component, that is, ID 1 in Fig. D4 , which provided a value of
 b ∼ 6.7 × 10 5 K. 
Moving to the large-scale structure of this source, we notice a 

ery clear relation between the alignment of the nuclear region 
omponents with the emission on scales > 1 kpc, where new 

omponents are visible – here, we use the same labels as Kukreti 
t al. ( 2022 ) – NE, NW, and SW. The SW region consists of two
lobs (SW1 and SW2) with a distance of ∼ 0.85 and ∼ 1.6 kpc from
he N component. On the north-west side, ∼ 1.2 kpc apart from N,
here is another blob of emission. Each one of these have, roughly,
 total integrated flux of ∼ 1 mJy. On the NE side of the source,
ocated at ∼ 1.6 kpc from N, we see a diffuse component ( ∼ 1 mJy)
hat is almost aligned with the N and SW components. We consider
omponents SW2 and NW as part of blob/core-compact emission, 
hile the NE and SW1 as diffuse emission. 
Decomposition results. For the core-compact region, we obtained 

alf-light radii of R 50 ∼ 27 pc ( R 50 , d ∼ 22 pc) and having a full extent
f R 95 ∼ 53 pc ( R 95 , d ∼ 44 pc). The integrated flux density within
hese components is about 10 mJy . Strinkingly , the component that

ost contributes to the total flux density is from the diffuse emission
see Appendix A ), in total, ∼ 24 mJy. Our size estimates gives R 50 

140 pc and R 95 ∼ 281 pc, with similar deconvolved counterparts. 
Taking the total corrected diffuse emission of ∼ 40 mJy against 

he core-compact flux, 14.5 mJy (the sum of both two core-compact 
egions, see discussion for UGC 8696 SE below), the calculated 
raction is 0.36. That is larger than the 0.08 using X-rays studies
rom Yamada et al. ( 2023 ) and similar to 0.34 by Veilleux et al.
 2013 ) in relation to the bolometric luminosity combining different 
racers (see their paper for details). Our value is less than half of the
ne provided by Dietrich et al. ( 2018 ), 0.66. 
SFR results . The complexity of the N component is clear. Taking

nly the diffuse emission of the circumstellar disc, we estimate a 
uclear SFR 

ext-nuc of ∼ 157 M � yr −1 , while the surface density is the
ighest between our sources, � 

95 
ext-nuc ∼ 1000 M � yr −1 kpc −2 . The 

urface density for the VLA images considering the half-light area 
esulted in an estimate of � 

50 , d 
ext-tot ∼ 542 M � yr −1 kpc −2 . 

GC 8696 SE Global properties. The SE component of UGC 8696 
s a core-compact source. With our e -MERLIN observations, we 
ere not able to probe extended emission. In Bondi et al. ( 2005 ), with
igher resolution observations, there is evidence of diffuse emission 
round this core-compact component, at scales smaller than 10 pc. 
his can explain the fact that even unresolved, the SE component 

s not completely symmetric. In VLA images, we can see a faint
iffuse structure (< 1 mJy) towards the SW direction. We also see
 connection between the N and SE components, but in this case,
t may be due to the fact that both (N and SE) are unresolved and
lmost blended. 

Decomposition results. For this source, no decomposition was 
eeded because a single model component was enough to describe 
he source structure. We obtained a deconvolved half-light radii of 

21 pc with a full deconvolved extent of R 95 , d ∼ 42 pc. After
emoving the core-compact component, which yielded an integrated 
ux of density of ∼ 5 mJy, no significant sign of diffuse emission

s present. Using its core-compact flux density and the deconvolved 
izes, we obtain a brightness temperature of T b 5.2 × 10 5 K, which
s enough to support that UGC 8696 SE host an AGN. Also, since
hat both VLA and e -MERLIN can not resolve this component, no
F estimates were attempted. 
ccurately measuring the core-compact nuclear regions of 
GC 8696: is it a dual AGN? 

hen the radio emission from a nuclear region appears to be
ompact, additional data should be used to verify whether the 
mission is physically compact (e.g. Biggs, Younger & Ivison 2010 )
AGN – or a dense region dominated by pure SF and/or a compact

uclear star cluster and/or an SB. If an AGN is confirmed, it becomes
ecessary to separate its flux density from the total source flux density 
o accurately determine SFRs. 

We take as an example the case of UGC 8696. Using e -MERLIN
bservations, it is clear that the core region of this source features
iffuse emission embedded with the other three components. When 
sing interferometric decomposition for a multifeature source it 
s almost impracticable to perform the selection of an optimized 
hreshold as both structures co-exist and a significant fraction of the
xtended emission is added to I mask 

1 (equation 6 , see also Fig. 4 ) to
e remo v ed from the VLA image. In this sense, we apply a detailed
nalysis in the main nuclear region of this source using the image
tting approach in order to disentangle the diffuse flux from these
ther compact components. 
One of the combined images of UGC 8696 N was selected, where

he three components are partially resolved (using a robust parameter 
f −1.0). We then performed a minimization in order to reco v er their
econvolved physical sizes and flux densities. After that, the nuclear 
iffuse emission was separated and the total integrated flux density 
btained for the three compact components was ∼ 10 mJy (plus the

4.5 mJy from the SE component), while the flux density on the
uclear extended component resulted in ∼ 30 mJy. In Fig. D4, we
rovide the minimization results alongside a Monte-Carlo simulation 
or each one of the ef fecti ve radii (e.g. N source only). We also show
he radio maps for the deconvolved and convolved images, as well
he resulting nuclear diffuse emission. 

From this analysis, we may infer that the contribution to the
otal flux in the nuclear region is 10 (N) + 4.5 (SE) mJy for the
ore-compact components, that is, 14.5 mJy (see Fig. D4 ) and the
ontribution to nuclear diffuse emission becomes ∼ 27 mJy, totalling 

40 mJy for the full diffuse emission, small scales, and larger
cales. Therefore, the fraction between the compact to full diffuse 
ux density results in S core-comp 

ν /S ext-tot 
ν ∼ 0.35 (see Table 8 a) which

grees with Veilleux et al. ( 2013 ), D ́ıaz-Santos et al. ( 2017 ), and Lutz
t al. ( 2020 ). Also,the fraction between the core-compact with the
uclear diffuse is 0.48. 
There are some debates about UGC 8696 hosting a dual AGN

Iw asaw a et al. 2011 ; U et al. 2013 ; Liu et al. 2019 ) (N and SW)
nd even a triplet adding the SE component (Vardoulaki et al.
015 ; Kukreti et al. 2022 ). Considering the compactness of the
E component, its brightness temperature and observations from 

arilli & Taylor ( 2000 ) and Bondi et al. ( 2005 ) one can possibly point
ut the existence of an AGN. For the SW component, using X-ray
w asaw a et al. ( 2011 ) and Liu et al. ( 2019 ) demonstrated evidence
f a dusty, buried, and absorbed AGN. Ho we ver, at 6 GHz, this
omponent is only detected in VLA and is not visible in e -MERLIN,
hich leaves unclear its location. We require using multiwavelength 

adio data in a future work to pinpoint this. 

V 250 

ystem description. VV250 is a composite early-stage merging 
ystem [predecessor–merger (PM), Jin et al. 2019 ; M2, Larson et al.
016 ] with two morphologically similar sources, having a nuclear 
eparation of ∼22 kpc (Larson et al. 2016 ). The origin of the radio
MNRAS 529, 4468–4499 (2024) 
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mission is yet unclear: H II emission was detected (Leech et al.
010 ); Vardoulaki et al. ( 2015 ) suggest that the SE source is SB in
ature due to its flat spectrum while that characterization is uncertain
or the NW source; Hattori et al. ( 2004 ) suggest that most of the H α

ux originates by a compact source in the SE source and that the H α

ux in the NW source is extended in nature. 

V 250 SE Global properties. On our higher resolution maps, this
ource is faint ( ∼ 1 mJy) in the shape of a smooth blob. Ho we ver,
ux density estimates are uncertain because of the low signal-to-
oise ratio of the resulting map. The o v erall shape of the emission
ith a more natural weighting reveals a dense nuclear region with

symmetric structure featuring multiple blobs of emission. For
V 250, deconvolution was performed by using a sky taper function
f 0.025 and 0.05 arcsec in order to impro v e the signal-to-noise
atio of the image in the balance of resolution, which helped to deal
ith PSF effects caused by e -MERLIN (e.g. Harrison et al. 2020 ;
uxlow et al. 2020 ). Since the nuclear region features some diffuse

tructures, the e -MERLIN half-light radius is larger than the sizes of
he other sources, ∼ 80 pc, extending up to 158 pc. The same quantity
erived from higher resolution maps provided ∼ 166–241 pc, having
 maximum extent R 95 ∼ 1.3 kpc on VLA maps. The total flux density
eco v ered by e -MERLIN is ∼ 8.6 mJy and ∼ 18 mJy with VLA. 

Decomposition results. From the e- MERLIN observation, we can
nfer that the nuclear region is composed by a smooth distribution of
ux, but characterized by the presence of two blobs at the centre. We
eport that the following decomposition results are approximations,
ince we have poor signal-to-noise ratio in our images. We also had
o use tapering to reco v er the emission of this source, therefore size
stimates represent upper limits. 

The estimated sizes are R 50 ∼ 61 pc ( R 50 , d ∼ 64 pc) and R 95 ∼
15 pc ( R 95 , d ∼ 96 pc). The nuclear diffuse emission has a circular
adius of R 95 ∼ 113 pc ( R 95 , d ∼ 89 pc deconvolved). The decomposed
uclear emission is highly uncertain. If the two mentioned blobs are
onsidered as core-compact, the total integrated flux density is below

6 mJy, hence the nuclear diffuse flux density is � 2 mJy. For this
ource, the value for T b is estimated to be of the order of 0.2 × 10 5 

. 
In VLA maps, the extent of the diffuse emission is about 0.8–

.3 kpc, with a total integrated flux density abo v e 11.7 mJy. It
as not possible to measure exactly the total extended emission

n nuclear regions in combination with the diffuse VLA scales
ue to uncertainties in quantifying the flux density in e -MERLIN.
onsidering that the core-compact structure is represented by the

wo main components at the centre, we estimate that its contribution
o the flux density is below 0.34. A prediction made by D ́ıaz-Santos
t al. (2017) points to a fraction below 0.05. 

SFR results. The surface density SFR in the nuclear region of this
ource is lower than the others, � 

95 
ext-tot ∼ 154 M � yr −1 kpc −2 and the

alue for the nuclear SFR is ∼ 7 M � yr −1 . We see, ho we ver, that in
oth these measurements, they contain a large fractional error. 
If we consider all the nuclear emission as SF, the density of SF

s not that high. Hence, we require additional data to investigate
his further, to probe if the most compact emission is actually core-
ompact or pure SF in origin. We note that the morphology of
his source is similar to that of NGC 1614 (e.g. Olsson et al. 2010 ;
errero-Illana et al. 2014 ), that is, the nuclear region is driven by
Frocesses. Our total SFR estimated for this source is ∼ 57 M � yr −1 .
his value is plausible with previous measurements of 75 M � yr −1 

De Looze et al. 2014 ), 64 M � yr −1 (Vivian et al. 2012 ), and 55 M �
r −1 (Cao et al. 2016 ), in contrast to an estimate of ∼ 110 M � yr −1 

rom Howell et al. ( 2010 ) and Paspaliaris et al. ( 2021 ). 
NRAS 529, 4468–4499 (2024) 
V 250 NW Global properties. Similarly as the SE component, NW
s faint with no clear signs of a core-compact region, but in the form of
 blob, it shows some evidence of a dense nuclear region. In general,
or this source, our e -MERLIN observations are not sensitive enough
o probe the origin of radio emission at the nuclear region. When
sing a natural weighting imaging, no emission with reasonable
ignal-to-noise ratio is visible in e -MERLIN. We made images
ncluding all the VV 250 components. Ho we ver, the best images
f the NW component were obtained with a combination of uv -
apering at 0.025 arcsec, and a Brigg’s weighting tending to natural-
ike values (using a robustness parameter between 1.0 and 2.0). In
he case of combined data, we obtained images with e -MERLIN
eatures also using the same sky-taper and a robust of ∼ −1.0,
hich yielded a slight better image in relation to the previous case.

n both cases, we obtained an emission with a smooth distribution
f surface brightness, of about R 50 ∼ 50 pc and R 95 ∼ 79 pc, with
n approximated integrated flux density of 1.5 mJy. Nevertheless, to
nravel the properties of the nuclear region of VV250 NW on parsec
cales, we require further observations with better sensitivity. 

On larger scales, diffuse emission is clear, e xtending o v er an
verage radial linear distance of 1.3 kpc from the centre (with a
emimajor axis of ∼ 3.0 kpc). The total flux density reco v ered by
LA is ∼ 3.5. 
Decomposition results. Using the images with a restoring beam
odified by a uv taper of 0.025 arcsec, we were able to fit a two-

omponent model to the e -MERLIN image, reco v ering the sizes of
he blob at the nuclear region of R 50 ∼ 45 pc and R 50, d ∼ 26 pc. Due
o the poor signal-to-noise ratio of our images, we only obtained a
rude estimate for the most compact region, ranging from ∼ 0.5 to

1.0 mJy. The full radial sizes of the nuclear diffuse component
esulted in R 95 ∼ 98 pc and R 95 , d ∼ 73 pc, with a flux density of ∼
.9 mJy. For T b , using the previously calculated sizes and using the
ux density from the most compact component, we obtained a value
maller than ∼ 0.1 × 10 5 K. 

Using VLA images, we reco v ered the upper limits of the unre-
olved component to be R 50 , d ∼ 86 pc and R 95 , d ∼ 187 pc, which
s a bit larger than the nuclear-diffuse size mapped by e -MERLIN.
he diffuse component in VLA was modelled with one component,
iving a half-light radii of ∼ 407 pc and with a full averaged radial
xtent of ∼ 697 pc. 

SFR results. The nuclear SFR is about ∼ 1.7 M � yr −1 , but highly
ncertain. Ho we ver, considering the same nature of this source
s VV 250 SE and NGC 1614, we can compute the nuclear SFR
onsidering the total radio emission, providing ∼ 4 M � yr −1 , with
 nuclear surface SF density of ∼ 51 M � yr −1 kpc −2 (again, likely
ncertain). These values are reasonable if we consider that the nuclear
egion is purely dominated by SF. For the total SFR, considering all
cales, we obtain an estimate of ∼ 11 M � yr −1 . Previous calculations
f SFR for VV 250 NW resulted in ∼ 11 M � yr −1 (De Looze et al.
014 ) and ∼ 8 M � yr −1 (Cao et al. 2016 ; Dutta, Srianand & Gupta
018 ). 

PPENDI X  B:  MULTI-S  ́ERSIC  

ECOMPOSI TI ON  

o conduct the analysis of the current work, we started the develop-
ent of data processing tools combining functionalities with other

xisting astrophysical packages (e.g. MORFOMETRYKA , PETROFIT ,
ASA , and PYBDSF ). These will facilitate the analysis of radio
stronomical images, image structural decomposition, common tasks
or radio interferometry (e.g. self-calibration and imaging), and
pcoming features that will be implemented as we progress on
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8 In future versions, this will be done automatically by computing a first-order 
residual map on the nuclear emission as well others regions. If significant 
residuals are present, then that is an indication that a diffuse emission 
component is required to be modelled altogether. 
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his research. Code availability, usage instructions, and additional 
nformation can be found at the GITHUB repository called MORPHEN . 7 

1 Subcomponent detection of the radio emission 

o identify multiple radio components, being core-compact, blobs 
r extended, we approach the problem by performing a source 
xtraction analysis from the radio emission maps. Ho we ver, carrying 
ut the identification of multiple components in radio images, 
specially in wide-field images from radio surv e ys, still presents
hallenges, due to the complexity of radio structures (e.g. Song et al.
022 ). Additionally, fitting model components to complex or even 
imple image structures can be problematic if the initial parameters 
f the model are not well set up (see H ̈aussler et al. 2007 ; Andrae,
ahnke & Melchior 2011 , e.g. in optical studies), or at least, not
onstrained to an interval of values that represent the actual physical 
tructure of the source. 

In this work, we attempt to disentangle the radio emission into 
if ferent components: core-compact/unresolved; nuclear dif fuse; and 
arge-scale dif fuse emission. Belo w, we list the general steps behind
his, to construct suitable initial conditions for the minimization, 
hich has pro v ed to be very ef fecti ve: 

(i) First, cutouts are made for all images ( e -MERLIN, combined, 
nd VLA) around the radio emission and centred in reference to the
osition of the main e -MERLIN component. The image sizes are 
arge enough to enclose all the diffuse VLA emission. 

(ii) Secondly, a source finding is applied to a combined image 
 I 2 ) in order to identify the locations of rele v ant radio emission.
hese regions are labelled and sorted by total flux density (see 
n example in the lower left panel of Fig. 8 ). In this routine, the
inimum subcomponent detection size (or its total number of pixels) 

s delimited to have the same size as the number of pixels within the
estoring beam of that particular image – this helps with issues related 
o our o v ersampled VLA images. 

(iii) Then, for each one of these regions, rele v ant structural prop-
rties can be extracted via basic photometry, such as the local peak
f flux and its position, the local half-light radius R 50 and the contour
t R 50 , which is interpreted as a possible initial guess for I 50 . Other
ritical quantities are also recorded, such as the major and minor 
emi-axis of the emission, R a and R b , respectively, and the position
ngle, PA. To perform these initial measurements, the PYTHON 

ackages PETROFIT (Geda et al. 2022 ) and SEP (Bertin & Arnouts
996 ; Barbary et al. 2016 ) are used. To maximize run-time efficiency
nd minimize fitting issues due to the complexity of the mathematical 
pproach and also sources structures, the coordinates ( x 0 , y 0 ) of the
etected structures (IDs) are fixed to their detection positions, with 
 free interval of ±5 pix els. Pro viding these initial conditions to the
odel-fitting minimization pro v ed critical in the code’s performance 

ecause we are relying on constraining the parameter space with 
ntrinsic properties computed on the actual emission. This can be 
eneralized and used for any particular astronomical image where 
he S ́ersic model can be used as a proxy (e.g. optical studies). The
nly parameter that is not initially constrained in this study is the
 ́ersic index n (for that, see Andrae et al. 2011 ; Breda et al. 2019 ),
ut we keep it to n = 0.5 or 1 in some exceptions when modelling
iffuse emission. 
(iv) The general case of a core-compact region is that it is

urrounded by nuclear diffuse emission, for example, circumstellar 
 ht tps://github.com/lucat elli/morphen . 

1

a
a

egions of SF and accretion processes. In this case, a single mathe-
atical model may not be able to describe the emission completely. 
or each detected structure, a single-component fitting is performed, 
nd then we analyse the residuals. Any significant residual flux can be 
inked to (nuclear) extended emission, therefore careful inspections 
re conducted to check if another model component must be added
o the fitting, with the same coordinates as the parent ID object (see
he bottom panel of Fig. 8 ). If that is deemed true, the minimization
s repeated. Since large-scale structures are more asymmetric, the 
arameter range for the central coordinates of these additional 
omponents can be larger than the detected ones, usually ± 30–
0 pixels. Currently, this is done manually by specifying the parent
D where a new component should be added so that the emission can
e successfully modelled with two or three components. 8 

(v) Before the fitting, additional options can be changed, such as 
eeping the S ́ersic index fixed or not; as well as the positions of the
omponents and providing the maximum ranges. 

After the abo v e steps, we proceed with the minimization. The
tting implementation in this work is performed with the PYTHON 

ackage LMFIT , 9 (Newville et al. 2014 ) using a non-linear least-
quares minimization, based on the Levenberg–Marquardt and the 
rust Re gion Reflectiv e (Branch, Coleman & Li 1999 ) methods. Each
ptimization is run twice for better convergence of parameters. We 
se this to compute the standard errors from the covariance matrix.
he parameters that can be minimized are those from equations ( 9 )
nd ( 10 ): I n , R n , x 0 , y 0 , q , PA and, when requested, n and C . 

Due to the complexity of radio emission, this implementation was 
ade available online with e xamples. F or optimization purposes, it

s designed to run using standard PYTHON libraries in combination 
ith JAX (Bradbury et al. 2018 ), which features auto-multiprocessing 

nd/or CUDA GPU acceleration (if present). Comprehensiv e e xam- 
les are provided in the online documentation. 10 

2 Fitting the deconv olv ed image plane 

ach interferometric data has a different restoring beam, and a 
ombined observation will have one which is intermediate to the 
wo interferometers alone (Muxlow et al. 2005 ). So, for each image
leaned with different weights will have distinct restoring beam 

hapes. Their shapes are defined by the averaged distribution of 
aselines and weights. In the context of image synthesis, the beam
ize can be thought of as the size of the Gaussian PSF that blurs the
eal image of the source brightness distribution to produce what we
ctually see on a radio map – which means, convolution (Thompson, 
oran & Swenson 2017 ). Therefore, accessing information from 

he deconvolved data would provide closer measurements to the true 
tructure of the source, such as true sizes. 

In the context of image fitting, it would be ideal to get the
rue physical sizes of components, instead of the convolved ones. 
onsider that D is the observed data (radio map) and M is the model
tted to it. In the image decomposition approach, one can work the
inimization problem min ( D − M ) in two different ways: 
MNRAS 529, 4468–4499 (2024) 

See at ht tps://lmfit .git hub.io/lmfit -py/. 
0 PYTHON notebooks, packages, and documentation are made available online 
t ht tps://github.com/lucat elli/morphen and are expected to receive updates 
nd be maintained in the future. 

https://github.com/lucatelli/morphen
https://lmfit.github.io/lmfit-py/
https://github.com/lucatelli/morphen
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(i) minimize the parameters of a convolved model such as 

min ( D − M ) ∼ 0; or (B1) 

(ii) minimize the parameters of a deconvolved model such as 

min ( D − PSFBEAM ∗ M ) ∼ 0 . (B2) 

where PSFBEAM is the elliptical PSF Gaussian representing the
estoring beam of an image. In this work, we use the second approach
nd for that, we use the CASA function componentlist to generate
 2D PSF image with the same size/shape as the restoring beam and
his PSF will be used subsequently during the image decomposition
mplementation. 

3 Modelling the radio emission 

t is known that there are de generac y issues when fitting multiple
 ́ersic functions to a common region of an image (e.g De Jong et al.
004 ; Andrae et al. 2011 ). Ho we ver, multiple functions can be fitted
n distinct regions. We model the radio emission of the galaxies in
ur sample through a combination of S ́erscic functions (equation 9 ).
n general, we have 

 

T ( R) = 

N ∑ 

i 

S 

i ( R) , (B3) 

here N is the total number of model components fitted to the
ata. The exact N is determined by performing component extraction
labelled by IDs, lower left panel of Fig. 8 ) and by inspecting the
ontinuum radio images. Typically, N is not larger than N = 3, and
n Appendix B4 we further discuss a way to minimize problems
ssociated with multiple components. After that, for each detected
tructure ID, we have looked into e -MERLIN and VLA images to
pot how many structures can be characterized with such modelling.
his inspection is rele v ant to conclude when a region can not be
odelled by a single S ́ersic or Gaussian function (a model component

COMP ’). 
When the radio emission is complex, asymmetric, and extended

i.e. not following shapes described by elementary mathematical
unctions) we do not attempt to achieve an accurate model by fitting
ultiple components. Instead, we choose to adjust a component that

aptures the o v erall shape of the emission. This leaves significant
esiduals, ho we ver, in this work, we analyse and quantify residual
roperties to understand the total output coming from faint/diffuse
esidual emission. 

The minimization strategy is based on χ2 provided by LMFIT in
rder to match the model M against the data D . To simulate a more
obust model, we include in the minimization the residual map Re

hat was generated in the interferometric deconvolution. Ho we ver,
e do not add the actual residual image because it is already a

onvolved image, and would require to obtain a deconvolved version
f the residual map. Hence, we apply a random pixel shuffling
ransformation to the residual map. This transformation will remo v e
he effect of convolution and therefore simulate a deconvolved
ackground noise image, denoted by N bkg , 

 bkg = S ⊕Re , (B4) 

here S ⊕ is a random shuffling operator. The critical point here is
hat the signal level of this mock residual is exact the same as the
riginal residual image, so that its total flux density is conserved. We
lso add a flat sky component F to take into account any additional
ffset. Therefore, the final model image is written as 

 = S 

T 
ν + N + F . (B5) 
NRAS 529, 4468–4499 (2024) 
he final metric for the optimization consists of min ( D − M ). Note
hat the data image D consisting of radio emission is actually the

SCLEAN (or CASA ) model convolved with the restoring beam added
o the interferometric residual map, that is 

 = BEAM ∗ M clean + Re . 

Therefore, this ensures that there are no residual flux offsets when
 is subtracted from M . 

4 Solving caveats on Multi-S ́ersic image decomposition 

ulti-S ́ersic decomposition is known for presenting challenges
uring minimization and by resulting in the de generac y of parameters
e.g. Andrae et al. 2011 ). Also, small perturbations of the input of
nitial conditions can cause large variations in the outcome optimiza-
ion. To work around this issue, we have found a very suitable way to
elp with this minimization problem and try to minimize the effects of
nitial conditions on the outcome. We use basic a priori photometric
nformation computed before the minimization, for example, via a
imple Petrosian analysis (Appendix B1 and Fig. 8 ). In this strategy,
he positions of subcomponents and their R 50 , I 50 , q = R b / R a and
A are calculated. This provides good starting points and constraints
or the minimization, which is naturally based on intrinsic properties
f the source structure. This prevents the algorithm for searching a
on-physical parameter space. This is an approach that was never
een done before, even in optical image decomposition. We suggest
hat this approach can be generalized and easily incorporated within
ther imaging data. We are planning a future work to conduct a
eeper analysis on simulated data in order to e v aluate the reliability
f the method. 

PPENDI X  C :  SIZE  R E L AT I O N S  

1 Relation between the S ́ersic R n and the Gaussian FWHM 

n order to relate the ef fecti ve radius of a S ́ersic function when n = 0.5
Gaussian equi v alent), namely R n = 0.5 , and the FWHM of a Gaussian,
amely θ , we can equal the S ́ersic profile S ( n, R) with the Gaussian
istribution G ( R ), 

 ( R) = a exp 

{
− R 

2 

2 c 2 

}
, FWHM ≡ θ = 2 

√ 

2 log 2 c (C1) 

hen, setting n = 0.5 in equation ( 9 ), we have 

 ( n = 0 . 5 , R) = G ( R ) a exp 

{
− R 

2 

2 c 2 

}

= I n = 0 . 5 exp 

{ 

−b 0 . 5 

[ (
R 

R n = 0 . 5 

)2 

− 1 

] } 

. (C2) 

ince this holds for any R > 0, we can set by convenience R =
 n = 0.5 , which simplifies to 

a 

I n = 0 . 5 
= exp 

{
R 

2 
n = 0 . 5 

2 c 2 

}
⇒ R 

2 
n = 0 . 5 = 2 c 2 log 

(
a 

I n = 0 . 5 

)
. (C3) 

he ef fecti ve intensity I n relates to the scaled intensity (or amplitude)
f the Gaussian as 

 n = I 0 e 
−b n with a ≡ I 0 

[ because G (0) = S ( n = 0 . 5 , 0)] , (C4) 
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11 The Lo v ell Telescope was not used in our observations. 
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herefore, for n = 0.5, we have I n = 0.5 = ae −2/3 . Using this and
 = FWHM / (2 

√ 

2 log 2 ) in equation ( C3 ), we obtain 

 n = 0 . 5 = 

θ√ 

6 log 2 
≈ θ

2 
. (C5) 

o, the ef fecti ve radius of a S ́ersic profile with a S ́ersic index equal
o n = 0.5 is half of the FWHM of an equi v alent Gaussian function. 

2 Deconv olv ed sizes 

e may also express the relation between the convolved and 
econvolved sizes for both FWHM and R n ( n = 0.5). For a Gaussian-
haped radio source, when observed by a beam having semimajor 
nd minor axes θmaj and θmin (mean beam width of θ1/2 ), the relation 
etween the true size of its major axis φmaj with its convolved semi-
ajor size ϕ maj is (e.g. Condon et al. 1998 ; Murphy et al. 2017 ) 

maj = 

√ 

ϕ 

2 
maj − θ2 

maj (C6) 

nd similarly for the minor axis, 

min = 

√ 

ϕ 

2 
min − θ2 

min . (C7) 

The link between R n when n = 0.5, namely R n = 0.5 , and φ – the
ssociated Gaussian deconvolved FWHM – is (see equation C5 ) 

 n = 0 . 5 ≈ φ

2 
. (C8) 

onsider now that the convolved ef fecti ve radius is R 

∗
n = 0 . 5 and its

econvolved counterpart is R n = 0.5 (as before), hence 

 n = 0 . 5 = 

√ 

4( R 

∗
n = 0 . 5 ) 

2 − ( θ1 / 2 ) 2 

2 
. (C9) 

his means that R 

∗
n = 0 . 5 ≈ PSFBEAM ∗ R n = 0 . 5 . Note that these rela- 

ions only hold for Gaussian functions and n = 0.5. In this sense, when
he brightness distribution of the radio emission is not Gaussian- 
haped, we face challenges in reco v ering the true physical sizes. We,
herefore, propose to optimize a minimization problem considering 
he convolution with the PSFBEAM in equation ( B2 ) so that the best
arameters of the model represents deconvolved quantities. 
Usually, single core-compact radio sources follow a Gaussian 

istribution. Hence, if the half-light radii R 50 can be measured in the
onvolved image plane via simple statistics, a good approximation 
s to set R 50 ∼ R 

∗
n = 0 . 5 and therefore one can obtain the approximated

econvolved half-light radii R 50 , d via 

 50 , d ≈
√ 

4 R 

2 
50 − θ2 

1 / 2 

2 
. (C10) 

his is particularly interesting since we do not require fitting model 
omponents to the image, hence obtaining the deconvolved ef fecti ve
adius is straightforward. 

3 Limits of resolution 

n order to check our limits in estimating sizes, we can make some
nalysis using the o v er-resolution power that an interferometer has
o resolve compact sources (Kov ale v et al. 2005 ; Popkov et al. 2021 ) 

lim 

= θmaj 

√ 

4 ln 2 

π
ln 

(
SNR 

SNR − 1 

)
, SNR ≈ S p 

σimage 
√ 

N A − 3 
, 

(C11) 

here N A is the number of antennas (i.e. 6 for our e -MERLIN data 11 )
nd σ image is the local standard deviation of the image where the radio
omponent is. 

For a particular source, UGC 5101, it features a compact and faint
omponent south-east from the nuclei, see e -MERLIN map in Fig. 3 .
his component has a size equal to the restoring beam size and is
etectable with enough signal-to-noise ratio. The beam FWHM for 
his image is 0.03 arcsec (or ∼ 24 pc) but using equation ( C11 ), we
btain that θ lim 

≈ 0.013 arcsec or ≈ 10 pc, which is particularly 
he diameter of the component located at the south-east position 
 ∼ 30 pc) from the central core. This tells us that the size of that
omponent is smaller than 10 pc. This is confirmed by the VLBI
mages shown in Lonsdale et al. (2003 ), revealing that this structure
s completely resolved. 

PPENDI X  D :  E X T R A  MATERI AL  

e present here extra figures complementary to the main text 
iscussion. Notes to some figures: 

(i) In Fig. D3 , we show Le gac y Surv e y images contourned with
ur VLA maps, to highlight the associated emission dimensions with 
he optical. 

(ii) In Fig. D4 , the flux densities for the diffuse and core-compact
lightly differ from that of Table 8 (a) because those values were
omputed in multiple images, and in Fig. D4 , in just one image. 

(iii) In Fig. D5 , the south component of UGC 8696 (would be
D 3 ) is absent in the plots. We just wanted to highlight the N
omponent. 
MNRAS 529, 4468–4499 (2024) 



4496 G. Lucatelli et al. 

M

Figure D1. Flux density estimation using the mask dilation approach (see 
Section 4.1 ). Top: total fraction of integrated flux density per level from the 
image. Bottom: radio emission with rele v ant contour levels (see below). First, 
a mask at 6 σmad is created (black solid contour) and then dilated (cyan solid 
contour). The value for sigma is taken to be the σmad of the cleaned residual 
image from deconvolution with WSCLEAN (or CASA ). The lime green solid 
line represents the region enclosing half of the total flux density, which is 
converted to a representative circular radius using A = πR 

2 . The light-blue 
solid line represents the region of 95 per cent of enclosed flux density (for 
these sizes, see Section 4.4 ). The brown line indicates the 3 σmad region. 
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igure D2. Radial profile intensities highlighting the results from equations ( 5 ), (4
n Fig. 6 . 
 ), ( 8 ), and ( 7 ), and Fig. 6 . Each label corresponds to the same labels showed 
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Figure D3. Images from the DESI Le gac y Imaging Surv e y 12 at z band (of VV 705, UGC 8696, UGC 5101, and VV 250) with VLA radio contours at 6 GHz. 

1

p
n
S
X
n
i
I
O
N
d
L
t
w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/4468/7636515 by C
h

2 The Le gac y Surv e ys consist of three individual and complementary 
rojects: the Dark Energy Camera Le gac y Surv e y (DECaLS; Proposal ID 

o. 2014B-0404; PIs: David Schlegel and Arjun Dey), the Beijing-Arizona 
k y Surv e y (B ASS; NO AO Prop. ID no. 2015A-0801; PIs: Zhou Xu and 
iaohui Fan), and the Mayall z-band Le gac y Surv e y (MzLS; Prop. ID 

o. 2016A-0453; PI: Arjun Dey). DECaLS, BASS, and MzLS together 
nclude data obtained, respectively, at the Blanco telescope, Cerro Tololo 
nter-American Observatory, NSF’s NOIRLab; the Bok telescope, Steward 
bserv atory, Uni versity of Arizona; and the Mayall telescope, Kitt Peak 
ational Observatory, NOIRLab. Pipeline processing and analyses of the 
ata were supported by NOIRLab and the La wrence Berkele y National 
aboratory (LBNL). The Le gac y Surv e ys project is honoured to be permitted 

o conduct astronomical research on Iolkam Du’ag (Kitt Peak), a mountain 
ith particular significance to the Tohono O’odham Nation. 
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Figure D4. The Markov chain Monte Carlo (MCMC) distribution for the size model parameters (left) in terms of R n (given in parsec) and disentangled 
flux densities (right) of the nuclear region of UGC 8696, featuring three core-compact components. Including the SE component of UGC 8696 (not shown in 
Fig. D5 ), the total core-compact flux density is ∼ 14 mJy. The nuclear diffuse component, containing a major fraction of the total flux density, is ∼ 27 mJy in 
the e -MERLIN image. The total multiscale extended flux density sums up to 39.9 mJy when the VLA is taken into account. 

Figure D5. Top row, from left to right: deconvolved core-compact regions, convolved core-compact regions and the original radio map. Bottom row, from 

left to right: total deconvolved modelled emission, total convolved model emission, and the recovered nuclear extended emission. Total flux densities for this 
emission are shown in Fig. D4 . 
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