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ABSTRACT

Disentangling SF and AGN emission is essential for understanding galaxy evolution, yet remains challenging in merg-
ing systems where both processes are enhanced and spatially intertwined. Galaxy mergers drive gas inflows that si-
multaneously fuel nuclear starbursts and black hole accretion, shaping morphology from nuclear (< 250 pc) to large-
scale (= 500 pc) regions. Radio interferometry provides an unobscured view, but separating compact nuclear starbursts,
AGN, and diffuse star formation requires multiscale, multifrequency observations. We present a systematic method to
characterize multiscale radio properties in 15 local (z < 0.1) luminous and ultraluminous infrared galaxies (U/LIRGSs)
(Lir > 10'Lg). Using e-MERLIN and VLA at 1.4, 6.0, and 33.0 GHz, we probe physical scales from ~ 10-250 pc to ~ 0.5-
3.0kpc. We decompose radio emission into nuclear (compact cores and nuclear extended) and large-scale (total and
diffuse) components, comparing morphological properties (emission fractions, sizes, luminosities, surface densities) and
investigating correlations with source classes, merger stages, and infrared luminosities. We find: (i) nuclear emission
contributes ~50 per cent of total radio emission on average; (ii) total multiscale diffuse emission (SF-related) contributes
~80 per cent to total power; (iii) nuclear emission components act together to correlate with total radio and infrared
luminosities, which increase with merger stage, whilst diffuse emission at larger scales shows no clear dependence on
nuclear processes; (iv) sources with radio excess (lower gqir) show lower nuclear luminosity ratios LE,B /Lgﬁ, indicating
a deficit of high-frequency radio emission; since 33.0 GHz traces recent star formation, this suggests the radio excess is
dominated by non-thermal emission at lower frequencies, likely AGN-related, rather than enhanced star formation.

Key words: techniques: image processing— techniques: interferometric— galaxies: interaction - galaxies: nuclei-
galaxies: starburst - radio continuum: galaxies.

1 INTRODUCTION

Understanding the co-evolution of star formation (SF) and ac-
tive galactic nuclei (AGNs) is fundamental to our knowledge of
galaxy evolution (P. F. Hopkins et al. 2008; A. C. Fabian 2012; J.
Kormendy & L. C. Ho 2013; T. M. Heckman & P. N. Best 2014).
Galaxy mergers provide unique environments where this SF-
AGN connection becomes evident, as gravitational interactions
drive gas inflows that can simultaneously fuel nuclear starbursts
and black hole accretion (D. B. Sanders & I. F. Mirabel 1996; T. Di
Matteo, V. Springel & L. Hernquist 2005; P. F. Hopkins et al. 2006;
J. Kormendy & L. C. Ho 2013). However, disentangling the rel-
ative contributions of SF and AGN requires observations across
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multiple spatial scales, from compact nuclear regions where
AGN and/or nuclear starbursts dominate, to extended regions
where large-scale star formation is evident (R. Herrero-Illana,
M. A. Pérez-Torres & A. Alberdi 2012; L. Barcos-Mufioz et al.
2015; M. Pereira-Santaella et al. 2015; N. Ramirez-Olivencia et al.
2022).

Luminous and ultraluminous infrared galaxies (U/LIRGS),
having infrared luminosities of Liz[8-1000 um] > 10! L, (D. B.
Sanders et al. 1988; D. B. Sanders & I. F. Mirabel 1996) represent
ideal laboratories for such studies, as they host both intense star
formation and frequent AGN activity (D. B. Sanders et al. 2003; S.
Veilleux et al. 2009). However, these systems are heavily obscured
at optical and infrared wavelengths due to high dust content (R.
Genzel et al. 1998; L. Armus et al. 2009). Radio interferometry
offers an attractive solution, providing unobscured views of both
SF and AGN emission across the required spatial scales (J. J. Con-
don et al. 1991; J.J. Condon 1992; E. J. Murphy et al. 2012). Previ-
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ous radio studies have revealed the complex nature of U/LIRGs,
showing compact nuclear sources embedded within extended
emission (H. E. Smith, C. J. Lonsdale & C. J. Lonsdale 1998; M. S.
Clemens et al. 2008; E. Vardoulaki et al. 2015; R. Herrero-Illana
etal. 2017; L. Barcos-Mufiioz et al. 2017), yet systematic multiscale
analyses remain limited (L. Barcos-Mufioz et al. 2017; Y. Song
etal. 2021, 2022).

Such analyses are crucial because different physical mecha-
nisms coexist across multiple spatial scales of a system, from
nuclear to large-scale diffuse regions. Different physical processes
influence gas transport across these scales, resulting in character-
istic features and environmental conditions, particularly evident
in merging scenarios, where major mergers of gas-rich galaxies
efficiently transport gas from kpc scales to nuclear regions (e.g.
P. F. Hopkins & E. Quataert 2010; D. M. Alexander & R. C. Hickox
2012; P. F. Hopkins et al. 2013).

When sufficient matter accretes onto central super-massive
black holes (SMBHs) it can trigger intense nuclear activity, typi-
cally confined to small spatial scales (< 1 pc; P. F. Hopkins et al.
2010). This often produces bright core emission characteristic of
an AGN (e.g. P. Padovani et al. 2017; R. C. Hickox & D. M. Alexan-
der 2018). At scales 2 1pc, the feedback between SF and AGN
activity becomes noticeable (A. C. Fabian 2012; C. M. Harrison &
C. Ramos Almeida 2024). The AGN returns energy and material
to the interstellar medium (ISM) through outflows (C. M. Har-
rison et al. 2018), which can fuel SF processes at multiple scales
(C. Cicone et al. 2014; C. M. Harrison 2017), although it can also
suppress SF activity (e.g. E. Sturm et al. 2011; P. N. Best et al.
2014).

In these merging systems, both the SF and AGN activity is
enhanced as the interaction evolves (P. Di Matteo et al. 2007;
E. Treister et al. 2012; S. L. Ellison et al. 2013). In the local
Universe, a common evolutionary phase in mergers produces
systems with strong radio and infrared such as U/LIRGs. The
SF rates in these systems are significantly higher (> 10 Mg yr—!
up to ~ 500 Mg yr~!) than in normal spiral star-forming galaxies
(£ 1 Mg yr~1Y), hence they are a laboratory of extreme physical
processes, in particular SF. Similarly, AGN activity increases with
infrared luminosity (A. M. Medling et al. 2014; S. Veilleux et al.
2009; E. Nardini et al. 2010; K. Iwasawa et al. 2011), resulting in
more compact and dust-obscured cores (S. Stierwalt et al. 2013;
N. Falstad et al. 2021).

Local U/LIRGs (<250 Mpc) are ideal candidates to study rele-
vant physical processes in radio-emitting sources. Their intense
activity is typically confined to regions smaller than 1kpc and
often optically obscured by dust (C. Ramos Almeida & C. Ricci
2017; R. C. Hickox & D. M. Alexander 2018). Radio observations
are unaffected by dust obscuration, and high-angular resolution
interferometric observations of local sources can resolve struc-
tures down to physical scales of ~1 pc. For a comprehensive anal-
ysis, multiple telescopes, interferometric arrays and frequencies
can be combined (e.g. T. W. B. Muxlow et al. 2005, 2020; G.
Lucatelli et al. 2024) to quantify emission properties on continu-
ous spatial scales, probing various morphological structures and
emission mechanisms (e.g. R. Herrero-Illana et al. 2017).

In particular, radio emission in the 1.0 to 33.0 GHz range arises
primarily from two physical processes: non-thermal synchrotron
emission and thermal free-free emission (E. J. Murphy 2009;
J. J. Condon & S. M. Ransom 2016). Both components trace
star formation processes, though on different time-scales and
under different physical conditions. Synchrotron emission traces

MNRAS 549, 1-18 (2026)

past star formation through supernova remnants whilst free-free
emission traces current star formation from ionized gas around
young massive stars (e.g. D. E. Osterbrock & G. J. Ferland 2006;
E. J. Murphy et al. 2012; F. S. Tabatabaei et al. 2017). Multi-
wavelength observations are essential to accurately distinguish
between these components and enable proper physical interpre-
tation of the observed emission. In some U/LIRGs, nuclear SF
can contribute more than half of the total SF budget (G. Lucatelli
et al. 2024), with surface densities reaching extreme values of
~ 103 Mg yr—* kpc~? (L. Barcos-Mufioz et al. 2015, 2017; R. M.
Crocker et al. 2018; S. Perrotta et al. 2021; G. Lucatelli et al.
2024).

Radio emission is closely linked to infrared radiation through
the infrared-radio correlation - a linear relation that connects
these luminosities across a wide range of magnitudes (E. F. Bell
2003). Deviations in the correlation indicate that either infrared
luminosities are not proportional to star SF or radio luminosities
have an excess due to bright AGN cores and/or radio jets (M. S.
Yun, N. A. Reddy & J. J. Condon 2001). Therefore, understand-
ing this connection requires decomposing the total emission into
individual processes at different spatial scales and wavelengths
(e.g. E. J. Murphy et al. 2012; J. Marvil, F. Owen & J. Eilek 2015;
F. S. Tabatabaei et al. 2017; S. T. Linden et al. 2019; Y. Song
et al. 2021, 2022). This decomposition is crucial for establishing
accurate SF rates and AGN fraction estimates and characterising
the evolutionary phases of these systems.

Morphological image analysis and spectral energy distribution
(SED) modelling reveal the structural content of radio sources
and distinguish between emission mechanisms, particularly sep-
arating SF from AGN emission (I. Mori¢ et al. 2010). These analy-
ses can unravel the diverse physical properties of galaxies, allow-
ing the study of their properties as a function of the merger stage
(E. J. Murphy 2013), and characterize, for example, the evolution
of the relative contribution of SF and AGN activity.

Multifrequency radio observations have been extensively used
to characterize different emission mechanisms across multiple
radio sources and spatial scales. E. J. Murphy et al. (2018)
used 33GHz VLA observations to study star-forming regions
at 30-300 pc resolution in sources at distances < 30 Mpc, find-
ing predominantly thermal emission (=90 per cent) that pro-
vides extinction-free measures of SF. S. T. Linden et al. (2019)
employed multi-wavelength data to characterize SF in extranu-
clear regions of Star Forming Galaxies (SFGs) and U/LIRGs
(located at < 140Mpc), while Y. Song et al. (2021) exam-
ined nuclear star-forming rings (of SFGs and LIRGs at <
70 Mpc), finding significant variations in SF efficiency. Y. Song
et al. (2022) successfully differentiated between AGN and SF
mechanisms in compact U/LIRGs (68 systems, at distances ~
17-400 Mpc), highlighting the importance of proper emission
decomposition.

In a statistical approach, O. Vega et al. (2008) analysed
30 U/LIRGs using SED modelling from near-infrared to radio
wavelengths. Their work revealed that U/LIRGs typically con-
tain compact, dust-enshrouded SBs with high extinction and ap-
proximately 60 per cent containing detectable AGN components,
though SF remained dominant in most systems.

Several detailed case studies have provided valuable insights.
E. J. Murphy et al. (2011) investigated NGC 6946 using thermal
free-free emission (26-40 GHz) to establish calibration relations
for measuring SF. N. Ramirez-Olivencia et al. (2022) investigated
Arp 299 from 150 MHz to 8.4 GHz, demonstrating the effective-
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ness of wide-frequency coverage to map emission on multiple
spatial scales. More recently, G. Chen et al. (2024) conducted
multi-component SED analysis of NGC 1365, showing how free—
free and synchrotron fractions correlate with nuclear outflow
activity.

R. Herrero-Illana et al. (2014) conducted a comprehensive in-
vestigation of NGC 1614, revealing a circumnuclear ring of SF
with no AGN activity, while R. Herrero-Illana et al. (2017) char-
acterized 11 LIRGs, confirming that most LIRG luminosity de-
rives from SF. F. S. Tabatabaei et al. (2017) decomposed thermal
and non-thermal radio emission in nearby galaxies, establishing
improved SF calibrations with reduced uncertainty.

Few studies have combined high-resolution observations
across multiple spatial scales. Exceptions include the multiscale
work by C. Romero-Canizales, M. A. Perez-Torres & A. Alberdi
(2012), which used e-MERLIN and VLBI observations at multiple
frequencies to unveil the nature of the nuclear region of IC 883,
pointing out a a mixed influence of a nuclear SB and an AGN,
further charactering the AGN properties with multi-instrument
and multifrequency observations in C. Romero-Caiiizales et al.
(2017). In E. Varenius et al. (2016), the authors studied Arp 220
from 150 MHz to 33 GHz, mapping structures from < 100 pc
to 2 2 kpc, and L. Barcos-Mufioz et al. (2015) conducted high-
resolution measurements of the two nuclear disks of Arp 220,
identifying remarkably high SF surface densities approaching
theoretical Eddington limits. L. Barcos-Muiioz et al. (2017) ex-
tended this analysis to 22 local major mergers, showing how
energetically dominant regions become more compact and cen-
trally concentrated as mergers progress. Recently, L. Gajovic et al.
(2024) performed a spatially resolved spectral analysis of M 51
from 1.4-15 GHz, revealing significant spatial variations in spec-
tral index and thermal fractions across the galaxy.

A key challenge to study these systems is to distinguish be-
tween the potential confusion between the radio emission of a
compact nuclear starburst (SB) and the AGN core (S. Haan et al.
2013; B. T. Dullo et al. 2023; L. K. Morabito et al. 2022; R. Herrero-
Illana et al. 2017). This confusion can lead to misinterpretations
of the physical processes at play, particularly in systems with
extreme nuclear activity. Furthermore, diffuse emission from SF
and AGN jets can exhibit similar radio properties, making them
difficult to distinguish (J. J. Condon 1992). These complexities
often make difficult to separate different emission mechanisms
in radio sources (e.g. I. Moric et al. 2010; F. Panessa et al. 2019;
R. D. Baldi et al. 2021; A. Wang et al. 2023).

In this study, we aim to characterize the radio emission in
local U/LIRGs in terms of compact and extended features across
observable physical scales, based on the multiscale analysis con-
ducted in G. Lucatelli et al. (2024) (hereafter LP1). Our primary
objective is to distinguish emission components across different
spatial scales. At large scales, we aim to separate diffuse emission
from SF processes (diffuse SF, extranuclear rings/disks, etc, on
scales of 2 1.0 kpc) from extended AGN components such as
jets. At nuclear scales (< 200 pc), we seek to distinguish com-
pact starburst (SB) emission, associated with circumnuclear discs
(CNDs; which may contain also supernovae and supernova rem-
nants) from AGN core emission and compact AGN components
such as mini jets (if visible). We introduce a multiscale tracer for
the total extended emission. Through this approach, we seek to
provide insights into the characterization of radio sources, pre-
senting some preliminary understanding of the physical mecha-
nisms in systems with extreme nuclear activity while providing
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a framework for comprehensive physical investigations in future
studies.

We follow a methodical approach to disentangle the complex
multiscale radio emission properties in U/LIRGs. Our observa-
tional framework is presented in Section 2, where we describe
our sample selection criteria and the radio observations. The
analytical process focuses on the spatial decomposition of radio
structures using image processing techniques (Section 3). In Sec-
tion 4, we discuss the relationships between emission proper-
ties at different spatial scales, identifying connections between
nuclear activity and large-scale diffuse emission. This system-
atic decomposition allows us to disentangle the relative contri-
butions of AGN activity and emission related to SF processes
across multiple spatial scales. Finally, in Section 5, we present
the conclusions of our work. In Appendix A, we summarize the
observational VLA code projects. In Appendix B, we discuss the
self-calibration strategy which was critical to improve imaging
quality. We also add some details on source characterization. In
Appendix C, we provide all the high-angular resolution radio
maps made with e-MERLIN at ~6.0 GHz, showcasing detailed
structures and features of each source. For distance calculation,
we adopt the Lambda cold dark matter (ACMD) model with the
following constants: Q, = 0.692, Q,,, = 0.308 and Hy = 67.8 km
s~ Mpct.

2 OBSERVATIONAL DATA AND CALIBRATION

In this work, we use multi-frequency and multiscale observations
from VLA and e-MERLIN to study the radio emission of local
U/LIRGsS. Details of the observational data and a summary of the
sources studied are provided below. For reference, Table A1 lists
the project codes for all VLA data. The present analysis focuses
specifically on a multiscale study at three key frequencies: 1.4, 6.0,
and 33 GHz. Our primary goal is to comprehensively decompose
the radio emission across various spatial scales at these frequen-
cies, allowing us to distinguish between compact and extended
emission components.

2.1 Sample selection

A subset of 15 U/LIRG systems was selected from the 42 sys-
tems in the LIRGI Sample (J. E. Conway & M. A. Pérez-Torres
2008).! This selection includes the four systems previously dis-
cussed in LP1, along with 11 additional systems presented in
Table 1. The distances span a range from ~ 72 Mpc (MCG+12-
02-001) to ~ 238.9 Mpc (IRASF17132+-5313), corresponding to
linear scales of ~ 34.6 and ~ 112.7pc per 0.1arcsec, respec-
tively. This selection aims to accommodate: (i) systems at various
merger stages, (ii) the availability of data across different scales
and frequencies, particularly e-MERLIN-L observations, (iii) di-
verse morphologies with respect to their nuclear activity, and
(iv) a focus on some U/LIRGs that have not yet been extensively
studied. Although the number of systems is limited, they offer
valuable insights and motivations for an in-depth investigation of
U/LIRGs.

Lhitps://www.e-merlin.ac.uk/legacy/proposals/e-MERLIN_Legacy_
LIRGLpdf.
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Table 1. Basic source information of our sub-sample.

Source Name RM SC MS log Lir Dy,
[Lol [Mpc]

UGC 5101 AGN/SB L, Syl.5 4 11.95 182.3

MCG+12-02-001 - Hu 3 11.44 72.0

(S-CE) UN (AGN/SB?) -

(S-WE) SB -

Mrk 331 AGN/SB H1, Sy2 1 11.41 81.8

NGC 5256 - Sy2 2 11.49 133.1

(CE) SB -

(NE) AGN/SB L -

(SWE) AGN/SB Sy2 -

UGC 8696 - L, Sy2 4 12.14 178.0

(NWE) AGN/SB -

(SE) AGN/SB -

NGC 7674 AGN H1i, Sy2 1 11.50 129.1

UGC 04881 - L, HII 3 11.69 182.2

(NE) AGN/SB L -

(SWE) SB H1 _

IRAS 2343645257 - ? 3 11.51 154.0

N) UN (SB?)

(SE) SB -

NGC 6670 - (H11?) 2 11.60 134.7

(E) UN (AGN/SB?) -

(WE) UN (SB?) -

VV 250 - Hir 2 11.74 146.2

(E) SB

(WE) UN (SB?) -

VV 705 - H1r 2 11.89 190.6

(N) SB -

S) AGN/SB -

I111Zw035 AGN/SB Hi, L 1 11.56 120.3

IRASF17132+45313 - H1r 2 11.89 238.9

(NE) SB Hu -

(SWE) AGN/SB ? -

IRAS 2035142521 UN (AGN/SB?) ? 0 11.54 155.3

11Zw096 - H1r 3 11.87 165.9

(NE) AGN/SB

(SWE) SB -

Note. Column 1-Source name; Column 2-Radio morphology (RM): AGN: active galactic
nucleus; SB: starburst; AGN/SB: composite; UN: ‘unknown’, without clear information
from the literature. Column 3-Spectral classes (SC): L - LINER; Sy1.5 - Seyfert 1.5; Sy2 -
Seyfert 2 - HII - source with H 11 characteristics; UN - ‘unknown’, without information
from the literature. For more information, see A. F. Ramos Padilla et al. (2023), R. Ya-
mada et al. (2013), O. Gonzalez-Martin et al. (2015, 2017), J. Dietrich et al. (2018) and
references therein. Column 4 - Merger stage (MS), taken from S. Haan et al. (2013):
O-isolated; 1-early stage; 2-mid stage; 3-late stage; 4-post-merger; Column 5-Infrared
luminosity (Lir) in units of solar luminosities (L ); Column 6 — Luminosity distance (Dy,)
in Mpc. For systems with galaxy pairs we have assumed the same luminosity distance,
calculated via the redshift z taken from NED, by using the interface provided by as-
tropy.astroquery.ipac.ned and assuming the cosmology stated in Section 1.

2.2 VLA observations

We present VLA observations at 1.4, 6.0, and 33 GHz, compris-
ing A-configuration (VLA-A) EVLA data (project code 23A-324)
and are complemented by archival EVLA data. Our multiscale
decomposition requires comparable angular resolutions at each
spatial scale across the frequency range. At low angular resolu-
tion (~ 0.3-1.0 arcsec), we match high-frequency (33 GHz) obser-
vations from VLA-B/C configurations with lower-frequency (1.4
and 6.0 GHz) VLA-A observations. At high angular resolution
(~ 0.05-0.2 arcsec), we complement the e-MERLIN observations
at 1.4 and 6.0 GHz (Section 2.3) with VLA-A observations at
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33 GHz, which provide comparable spatial scales at the higher
frequency. This approach allows us to analyse emission structures
at consistent spatial scales across all three frequencies, at both
resolution regimes, which is essential for our multiscale decom-
position.

We used standard calibration strategies provided by the EVLA
CASA pipeline (CASA Team 2022; J. P. McMullin et al. 2007).2 For
observations in which the EVLA CASA pipeline failed, primar-

2See https://science.nrao.edu/facilities/vla/data-processing/pipeline.
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ily due to incompatibilities with early EVLA data formats from
observations during and shortly after the VLA upgrade (between
2010 and 2012; project code AL746 in Table A1), we used our cus-
tom pipeline, SYNPHLY?, which implements similar calibration
strategies.

2.3 e-MERLIN observations

We present high-angular resolution, sensitive e-MERLIN obser-
vations at 1.4 GHz (L band) and 6.0 GHz (C band). These data are
part of the e-MERLIN Legacy Project, a comprehensive campaign
to acquire high-resolution and high-sensitivity data on U/LIRGs
within the local Universe (PT’s J. E. Conway & M. A. Pérez-
Torres 2008). The observations achieve angular resolutions of
~ 0.2 and ~ 0.05 arcsec, respectively, with average sensitivities
of ~ 10-20 wJybeam™ for an integration time of ~ 10 hours.
These high-resolution observations below 10 GHz are crucial for
direct comparison with VLA-A detections at higher frequencies,
allowing spectral analysis of emission at physical scales < 250 pc
(Lucatelli et.al., in preparation).

To calibrate e-MERLIN observations, we used the e-MERLIN
CASA Pipeline (J. Moldon 2021) (v1.1.19) with CASA v.5.8.0, fol-
lowing the standard calibration strategy. The only additional step
was applied to L-band observations, which required prior auto-
flagging of raw data using AOFLAGGER (v.2.15) (A. R. Offringa
2010) due to significant radio frequency interference (RFI) before
starting calibration within the pipeline.

In Fig. C1, we display all native high-angular resolution maps
made with e-MERLIN images at C band. We note that in this
study, we do not include e-MERLIN L-band observations for
UGC 04881, VV 250, and IRAS F17132+5313.

3 IMAGE PROCESSING

Based on our methodology in LP1, we spatially decompose the
radio emission of our sources at frequencies of 1.4, 6.0, and
33.0 GHz. We analyse compact and diffuse structures at represen-
tative scales below and greater than ~ 0.3 arcsec, distinguishing
between nuclear emission of compact cores (potentially from
AGN activity), nuclear extended emission (nuclear SB character-
ized by CNDs) and diffuse emission at larger scales (likely from
SF). This spatial decomposition allows us to investigate emission
fractions in different regions, quantify the contributions of dis-
tinct physical processes, and examine their relationships across
physical scales.

3.1 Multiscale and multifrequency imaging data

We have implemented an integrated approach to analyse radio
spectra across various spatial scales, combining high- and low-
resolution imaging on a component-by-component basis. Our
methodology includes:

(i) High-resolution imaging: We used e-MERLIN at 1.4 and
6 GHz, alongside VLA-A at 26-33 GHz (achieving 30-100 mas
resolution) to characterize emission mechanisms within nuclear
regions. These images enable the separation of compact cores and
nuclear extended components (see Section 3.3).

3Documentation and examples available at https://github.com/JBCA-
Interferometry/Synphly/tree/gain_calibration.
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(ii) Low-resolution imaging: We use VLA-A data at 1.4 and
6.0 GHz and VLA-B/C at 33 GHz to capture both nuclear regions
and diffuse structures at scales 2> 250 pc.

(iii) Multiscale decomposition: With these data we de-
compose the radio emission at a multiscale level. In partic-
ular, compact-cores from nuclear extended components and
off-nuclear emission with low-angular resolution imaging. We
are able to conduct a comprehensive analysis of the emission
throughout the sources, in particular to characterize the total
multiscale extended emission. The decomposition quantifies the
fractions of diffuse versus compact emission across spatial scales
and frequencies (see Section 4.1 and Fig. 3).

We use e-MERLIN (1.4 and 6 GHz) with VL-A (33 GHz) to
achieve consistent overlap in the uv-plane along . The overlap is
particularly optimal between e-MERLIN at ~ 6.0 GHz and VLA-
A at 33.0GHz. We use VLA observations, in A and B/C con-
figurations, at reference frequencies of 1.4, 6.0, and 33.0 GHz,
to probe the diffuse emission. The overlap of the uv coverage
between VLA-A (1.4 and 6.0 GHz) and VLA-C (33.0 GHz) pro-
vides similar angular resolutions and allows us to study both
nuclear regions and diffuse emission. This data allows us to un-
derstand the morphological properties on larger scales, which
can be compared with the properties of high-resolution data
to determine whether they are linked among distinct spatial
scales.

For each source at a given frequency, we prepare two distinct
visibilities for further processing. One is the native self-calibrated
visibilities (see Appendix B1), used to produce the final full res-
olution and sensitive radio maps (having the native uv cover-
age). The other set of visibilities is a sub-product of the previous
case, but computing the uv coverage that is common between
all multi-frequency visibilities for a given source at a specific
angular resolution. These visibilities are going to be used to pro-
duce uv and beam-matched multifrequency images. To guarantee
that these images have a similar restoring beam, a homogeneous
circular beam is specified during the deconvolution of the visi-
bilities. We use WSCLEAN as the imager (v. 3.4; A. R. Offringa
et al. 2014; A. R. Offringa & O. Smirnov 2017) to generate mul-
tifrequency images from our observations. With WSCLEAN, we
run a Multi-Frequency Synthesis (MFS) deconvolution with three
sub-bands, using the argument -channels-out 3 -join-
channels. This means that the full bandwidth in each observing
band is split into three parts.* We keep this consistency between
e-MERLIN and VLA, unless said otherwise. In addition, one
combined image for the full bandwidth is created, named MFS
image®.

Although we are using tree observing bands in this work, the
uv match was performed using all observing bands at the two
respective angular scales with e-MERLIN and VLA. In order to be
consistent in producing the images, we use a common pixel scale
at each angular scale. For example, in the low-angular resolution
case (see Table Al), we produce all images with a pixel scale
of 0.04 arcsec. This is to accommodate the maximum resolution

4The exact frequencies of each image depends on the data characteristics,
but the default splits are evenly divided regarding the number of chan-
nels, and not spectral windows.

SCentred at the central frequency of the hole data.
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Figure 1. Multifrequency MFS radio maps of Mrk 331, at 1.5, 6.0, and 33.0 GHz on scales 2> 0.3 arcsec . The top row shows the native images, while the
bottom row shows the uv beam matched images with a common restoring beam of 0.8”. Notes: In the scale of these maps, 2.0” corresponds to 760 pc.
We show the contour levels in the radio maps and on the colour bar at the right side of each panel. We autogenerate these levels in log-space, using a
geometric sequence with 6 contours, given by ¢; = 0.9S,[(60)/(0.95,)]¢~V/N=D with i = 1,2, 3,4, 5,6, N = 6, and S, the peak intensity. We add an
extra contour in brown, marking the 3 x o boundary (not shown in the colour bar). Each panel displays:- the restoring beam size (lower-left); - the peak
intensity Sp and the global RMS noise level oyms (calculated in the residual image) (lower-right); - the central frequency of the image (upper-right).

of the VLA-A X band. In the high-angular resolution case, we
produce all images with a pixel scale of 0.008 arcsec to be suit-
able with e-MERLIN-C. This allows us to easily process/analyse
and compare the images directly, regardless of the frequency. We
show in Fig. 1 a set of images for Mrk 331 at larger scales. The top
row highlights native images (full angular resolution and sensi-
tivity), while the bottom row shows the uv and beam-matched
images (with a restoring beam of 0.8 arcsec). Similarly, in Fig. 2,
we show the native and matched images for the nuclear region of
Mrk 331 using high-angular resolution data, probing structures
on scales < 0.3 arcsec. We used a restoring beam with a size of
0.08 arcsec to match the images.

We performed self-calibration (phases and amplitudes) on all
visibilities to significantly improve image quality and flux density
measurements. We provide a brief summary of our strategy in
Appendix B1. In addition, for all systems composed of two nu-
clei with significant angular separation (= 20 arcsec), we applied
primary beam correction because the flux density response varies
across the field of view. This correction was necessary since the
phase tracking centre was pointed at one of the two nuclei (or ata
position between them), causing sources offset from the pointing
centre to experience reduced sensitivity. For example, VV 250 is
constituted of two nuclei (E and WE), separated by ~ 33 arcsec.
The observation at 33.0 GHz with VLA-C pointed to the E galaxy,
and the beam response at the position of VV250-WE is ~ 50
per cent relative to the phase tracking centre. However, for the
homogeneity of data calibration and processing, we used the

MNRAS 549, 1-18 (2026)

primary beam correction option in WSCLEAN as a default. This
was important during self-calibration in case outlier sources were
used to improve gain solutions.

3.3 Image detection, characterization and decomposition

Using continuum images generated by WSCLEAN, we imple-
ment the image decomposition approach developed in LP1
to characterize compact/unresolved cores and extended struc-
tures, both at nuclear regions (< 250pc) and larger scales (=
0.3kpc). This method quantifies the frequency-dependent vari-
ation of flux density in different emitting regions. Complemen-
tary to the analysis presented here, in Appendix B2, we provide
some metrics to characterize the structure of our sources. The
size calculations are based on LP1, and for reference, Fig. B2
demonstrates an updated example of the procedure compared
to LP1.

3.3.1 Source extraction

Source extraction across multiple frequency bands presents
unique challenges, as emission structures can vary significantly
between images. The detection of components is complicated by
both the intrinsic physics of the source and instrumental limi-
tations (sensitivity and angular resolution), resulting in features
that may be detectable in some images whilst falling below the
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Figure 2. Multifrequency MFS radio maps of Mrk 331, at 1.4, 6.0, and 33.0 GHz at scales < 0.3 arcsec. The top row shows the native images, while
the bottom row shows the uv beam matched images with a common restoring beam of 0.08 arcsec. Notes: Same as Fig. 1 (similarly, a scale of 0.2 arcsec

corresponding to 76 pc).

ST Nuclear Region
Y e-MERLIN
N S
3 { ®
Sy
100.0 pc
1.0 kpc

Figure 3. Scheme (not to scale) to represent the multiscale decompo-
sition of radio emission in U/LIRGs, showing the hierarchical structure
from large-scale diffuse emission SD to nuclear components SY. The ide-
alization of a nuclear region contains both compact core S5¢ and nuclear
extended emission S™¢. Note that, in principle, S can be recovered by
both low- and high-angular resolution imaging, since SY ~ S 4 Sn°.
Note that we intepret the total emission attributed to SF as S3F ~ SD +
sne & ST — S, This highlights the different physical processes across
spatial scales of ~10-250 pc (nuclear) to ~0.5-3.0 kpc (total, diffuse).

detection threshold in others. This variation makes it particularly
challenging to maintain a consistent component identification
and labelling across the frequency range, especially for sources
with complex morphologies. To optimize our source extraction
and analysis, we selected images that balance angular resolution
and sensitivity. In high-angular resolution images, we prioritize
the use of e-MERLIN observations at C band to perform source
extraction and deblending. In the low-angular resolution data,
we use VLA-A C-band images. In either case, the MFS images

(from WSCLEAN) are used since they contain the highest signal-
to-noise ratio in each band. As an example, in Fig. B3 we highlight
each nuclear component of NGC 7674, and in Fig. B4 we show the
regions obtained via source-extraction.

3.3.2 Image decomposition

The detected regions guide our multi-frequency analysis by con-
straining the spatial distribution and properties of structures
across all images. During image decomposition, we initialize each
model component’s parameters - including position, peak bright-
ness, and size - based on these source-extracted regions (see LP1
for detailed methodology). As an example, consider the case of
NGC 7674, a classic Seyfert 2 AGN. In Fig. B3, we show its ra-
dio map at ~ 6.0 GHz with e-MERLIN. In Fig. B4, we show the
detection map from the same image. The identified regions of
NGC 7674 are labelled with an identification number (ID). We
use these regions to specify the components to be modelled. From
their prior properties (as mentioned previously), we employ the
fitting to decompose the emission into individual components.
We show in Fig. B5 an example with the results from such pro-
cedure, highlighting the imaging data, models, and residuals, at
distinct frequencies. We note that the model images provide a
good description of the data, and thus we can access the flux
densities and sizes for each identified region.

The possible AGN (compact-core) component of this source is
labelled as C1/AGN 1ID2). It is relatively faint (~1 mJy at 6 GHz)
compared to the total source flux density. Our method allows us to
accurately separate the flux density of this component in relation
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to the global emission. Although we do not discuss the properties
of spectral indices in this paper, we report that C1/AGN has a flat
integrated spectral index of @« = —0.15 % 0.03 (in the frequency
range of 6-33 GHz). In Table C2, we present a preview of basic im-
age properties resulting from the decomposition of native high-
angular resolution images at 6.0 GHz with e-MERLIN. Similarly,
in Table C1 we show the results of the low-angular resolution
decomposition. For both cases, the complete tabular data are
available online.

4 RESULTS AND DISCUSSION

We now provide a systematic analysis of our sources, focusing
on the discussion of basic properties, including flux distributions,
radio luminosities, emission sizes, compactness, and surface den-
sities. We then make comparisons with infrared luminosities,
stellar masses, and merger stages to probe relationships between
nuclear radio emission and galaxy-wide properties. We identify
preliminary patterns and build an overview of the properties
that needs further investigation to understand key interlinked
and multiscale physical processes in U/LIRGs. We can extend
this multiscale/wavelength investigation to a larger number of
galaxies in upcoming surveys.

Throughout this section, we report the Kendall rank corre-
lation coefficient tx (M. G. Kendall 1938) on top of each dia-
gram to quantify the statistical correspondence between the mea-
sured quantities. This non-parametric statistic is preferred for
our sample size (N < 30), as it provides more robust estimates
with smaller variance for small data sets (e.g. C. Croux & C.
Dehon 2010). The associated p-value indicates the probability of
obtaining the observed correlation (or stronger) under the null
hypothesis of no association between the two variables; values of
p < 0.05 are considered statistically significant.

4.1 Multiscale tracers for the radio emission

The work by H. E. Smith et al. (1998) compares VLBI-scale sizes
and integrated flux densities for a few sources that are presented
in our current work. They find that there is no clear connection
between the presence and/or strength of VLBI-size structures at
the nuclear regions and other observed quantities at larger scales.
They suggested that this happens because the processes at the
VLBI and VLA scales are physically connected. We address some
of these aspects in the discussion that follows.

To understand the role of nuclear radio emission, we investi-
gate the relative flux contributions from distinct spatial scales.
In the following, we define some quantities that characterize the
radio emission at distinct scales. To guide these definitions, we
refer the reader to Fig. 3. We label the total radio emission on
VLA scales as ST, which represents the integrated flux density of
all emission detected by the VLA. The nuclear region is denoted
by SN whilst the diffuse structures on VLA scales is SP. When
we zoom into the nuclear region, we can resolve the compact
core S5° and the nuclear extended components S;°. The diffuse
component SP is simply evaluated by

D ., oT N
SP ~ ST — 5N, (1)
The nuclear extended emission is evaluated via

Sy~ S — S 2

where SN is measured from high-angular resolution images. We
define the multiscale tracer for the total extended emission of a
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galaxy as
SSF ~ ST — s¢¢, (3)

where S5F is the integrated flux density that represents the total
extended emission related to SF (the sum S™ + SP). We note,
however, that this nuclear extended emission is a representation
of processes that are not associated with an AGN. Thus, it can
include compact components related to supernova remnants and
core-collapse supernovae. In this work, we do not attempt to
disentangle these components, but we acknowledge that they can
contribute to the nuclear extended emission. Thus, components
that are off-centre of the main core region are still included in the
nuclear extended emission, though we do not draw conclusions
about their nature. Sources that contain such characteristics are
III Zw 35, UGC 04881, I Zw096, and IRAS F17132+-5313, see Fig.
Cl1.

To analyse the relative contributions of different emission com-
ponents, we introduce two groups of dimensionless parameters,
following a systematic notation. We use the letter £ to denote
emission fractions where only SF-related quantities (no AGN con-
tribution) appear in the numerator, while the letter Y represents
fractions where AGN-associated quantities are included in the
numerator. Specifically, we define the total extended, compact
core, and nuclear emission fractions relative to the total radio
emission as

SEF cc Sl(jc SI\:I
£ = ST 0E: =5 ’Y'Fsﬁv. 4)

These ratios provide quantitative measures of how radio emission
is distributed across different spatial scales, providing insight into
the dominant physical processes operating at each scale. We also
define the fractions of nuclear extended emission relative to the
total nuclear emission and over the total radio emission, respec-
tively.

spe Spe
ge=g He=g ©

In Table 2, we provide the median values of some of the previous
quantities, across all sources, for the three frequencies of study.
‘We generate these metrics by linking each low-resolution emis-
sion from Table C1 with the corresponding high-resolution mea-
surements in Table C2 where e-MERLIN detections are available.
In these cases, we do this for each pair SY < ST, 5 « ST and
Sne «» ST,

In later sections/analysis, we also discuss the sizes of these
components at a multiscale level (as shown in Fig. 3). For in-
stance, we define the total source size as R}, measured in low-
angular resolution maps, and RIQ"S as the total size for the nuclear
region, measured in high-angular resolution maps.

4.2 Radio luminosities

The spectral luminosity L, refers to the luminosity of a source
per unit of frequency. At a specific frequency, we may denote that
the luminosity per unit of frequency at frequency v is L, (v). The
relation between L, (v) and the flux density is (e.g. J. J. Condon &
A. M. Matthews 2018)

2
Trosi) ©)

where Dy, is the luminosity distance (see Table 1). The integrated
luminosity in the radio band is obtained by integrating equa-

Ly(v) =
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Table 2. Median values of fractional multiscale emission tracers, and
physical properties of our sources. We distinguish the measurements at
1.4, 6.0, and 33.0 GHz. For the physical sizes, we only show values at
6.0 GHz.

1.4GHz 6.0 GHz 33.0GHz
Quantity  Med. 20 Med. 20 Med. 20
(rX) 0.38 0.14-0.60 0.56 0.33-0.63 0.52  0.38-0.70
() 0.08 0.03-021 011 0.05-020 0.15 0.08-0.25
(rY) 0.52 0.18-142 0.80 0.56-1.52 0.87  0.53-1.83
(T 0.09  0.03-0.27 013 0.06-025 0.8  0.09-0.33
(&0°) 021 0.08-037 026 0.17-037 021  0.18-0.39
(&D) 0.56 0.33-0.67 0.53  0.35-0.58 049  0.35-0.60
(£0°) 0.43 0.11-0.96 0.54 0.34-0.86 0.71  0.33-1.00
(L) 026 0.10-0.64 1.02 0.38-1.73 0.55 0.36-0.93
(= 0.84 0.17-2.43 3.61 0.60-9.72 2.59 0.45-4.44
(RY) - 96.4 83.6-145.5 -
(RLS) - 0.79  0.53-1.03 -

Note. The luminosities are given in units of [10° x L], and the surface
densities in units of [10® x Lo kpc~2]. The median of the total nuclear
radius (RE;) (the radius enclosing 95% of the total nuclear flux density)
is given in units of (pc) while the median of the total source radius (Rg5)
(the radius enclosing 95% of the total source flux density in low-angular
resolution images) is given in units of (kpc). See Appendix B2 for details
on the calculation of the radii.

tion (6) over the frequency range of interest. For a composite
spectrum, o changes with frequency, hence the term (1 4 z)~+1
needs to be integrated with S,(v). However, we can assume that
the radio spectrum is a composition of different emission pro-
cesses, given by power-laws (PL) of the form S (v) o« v, and
hence constant spectral indices «;. This gives us

vy 2

2
Lk = fL;(v)dv = %/sg@)dv. (7
V1 V1

The following discussion considers the radio luminosi-
ties over the intervals 1.0-2.0, 4.0-8.0, and 28.0-35.0 GHz.
We solve equation (7) using numerical integration through
scipy.integrate.quad. The spectral index () and thermal
fraction parameters used in these calculations are derived from
comprehensive SED fitting of our multi-frequency radio observa-
tions. This approach accounts for the varying emission mecha-
nisms across our sample and provides more accurate luminosity
estimates.

However, we note that adopting typical fixed values
(o = —0.85, thermal fraction =0.1 at 14GHz;, E. J.
Murphy et al. 2012) yields luminosities with a standard
deviation of ~ 8 per cent from those derived with the SED
parameters.

4.3 Nuclear emission (AGN + SB)

We find in Table 2 that the median contribution of nuclear emis-
sion between sources with pairs of high- and low-angular res-
olution detections is (YN(6 GHz)) = 0.56(0.33, 0.63). The me-
dian value of the emission sizes is (RY,) = 48.0(36.9, 70.3) pc
and (RY) = 96.4(83.6,147.4)pc, with radio luminosities of
(LR(6 GHz)) = 1.02(0.70, 1.73) x 10°L¢, and luminosity surface
densities of (ZN) = 3.61(0.60, 9.72) x 10%L¢, kpc~2. The most ex-
treme sources are UGC 05101 and Mrk 331, as seen in Fig. C1. The
radio sizes of nuclear regions (R}}) are compatible with previous
studies of nuclear SB properties in individual galaxies (e.g. H. R.
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Figure 4. Relationship between the radio luminosities of nuclear re-
gions, LY, atlinear physical scales of < 250 pc with the luminosities of the
diffuse emission LE, at linear physical scales of 2> 250 pc. Upper: We show
the 6.0 GHz radio luminosities (Lg ¢), distinguishing the points by the
radio class taken from the LIRGI sample. Lower: Same as the left panel,
but we differentiate the luminosities calculated at 1.4, 6.0, and 33.0 GHz,
symbolized with crosses, open squares, and open circles, respectively.
Notes: The dashed diagonal line represents the one-to-one relation.

Klockner & W. A. Baan 2004; N. Winkel et al. 2022; S. Sawada-
Satoh, S. Kameno & S. Trippe 2022), for studies of sub-sample of
galaxies (e.g. R. I. Davies et al. 2007; Y. Watabe, N. Kawakatu &
M. Imanishi 2008), and for theoretical results (e.g. N. Kawakatu
& K. Wada 2008).

In Fig. 4, we compare the radio luminosities of nuclear re-
gions (LY) with the radio luminosities of diffuse emission (LR)
from low-angular resolution VLA maps. In the left panel, the
symbols/colours represent distinct radio classes. We do not see a
clear trend that links the classes to a connection between nuclear
and diffuse luminosities. In the right panel of Fig. 4, we com-
pare the same quantities, but highlighting the luminosities at 1.4,
6.0 and 33.0 GHz. We see that in the regime of LY <5 x 10*Lg
the nuclear luminosity contributes minimally to L2, indicating
that nuclear SBs/AGNs have little correlation with it. However,
there is some hint that brighter nuclear regions are linked to
more significant diffuse emission, although the scatter is large
throughout the range. This suggests that LY at scales > 250 pc is
not clearly influenced by LY, and further investigation is needed
to see whether SB/AGN cases have significantly higher lumi-
nosities at larger scales, triggered by nuclear activity compared
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Figure 5. Relations between the radio luminosities of compact cores,
LY, and nuclear extended regions, Ly®, at linear physical scales of < 250
pc. We use symbolized crosses, open squares, and open circles to indicate
the luminosities calculated at 1.4, 6.0, and 33.0 GHz, respectively. Given
the close one-to-one correlation (as indicated by the dashed line), we see
the interplay between the emission between AGN cores and nuclear SBs.

to the SB-only (including UN) classes (see also D. Farrah et al.
2003). We also compared the same scatter plot, colour coded by
merger stage, but no clear correlation was found. For compari-
son, in D. Farrah et al. (2003) the authors highlight a significant
correlation between the total and SB infrared luminosities for a
sample of SFGs and U/LIRGs. In addition, D. Asmus et al. (2015)
demonstrate a strong correlation between the nuclear infrared
luminosity (at 12 um) with the total observed X-ray luminosity
(in the range 2-10keV).

4.3.1 Nuclear extended emission (nuclear SB)

In the context of galaxy evolution during merger interactions,
accretion and feedback can change the energy balance between
an AGN and a nuclear SB (probed via S:° and S%°, respectively)
depending on the accretion efficiency. Their contribution to the
nuclear activity may change during evolutionary phases and also
with merger stage. In Fig. 5, we demonstrate that L}® and LY are
related to each other close to a 1:1 relation despite the scatter.
In N. Kawakatu & K. Wada (2008), the authors found that this
correlation becomes more bounded for brighter AGNs, and that
for low-luminosity AGNs, L} and L are almost independent.
We investigate in Fig. 6 the fraction &7 with the total sizes of
the sources RY;. We see a trend that sources that have significant
&8¢ are related to smaller RY;. We have also investigated the re-
lationship between £3° and LT, with the aim of understanding
whether the balance between the SB and the AGN is related to the
total power, Lﬁ. However, we could not find a clear correlation. If
the compact core fraction T also does not show such a pattern,
it could mean that the nuclear emission as a whole is connected
with the total radio luminosity (a connection between AGN and
total SF activity). However, the alternative interpretation is that
nuclear activity is not associated with large-scale SF at all evolu-
tionary stages. For instance, if SF activity at larger scales is signif-
icant compared to nuclear regions, it could mean that the infall of
gas has not effectively moved into the nuclear regions (e.g. larger
source sizes at larger scales), which only in later states could be
triggered by the infall. Hence, this is a question of the order in
which the two components are linked and at which stages.
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Figure 6. Connection between the nuclear extended emission fraction
&r¢ and the large-scale sizes R{, both at 6.0 GHz. This result indicates that
an increased flux density contribution from nuclear extended emission
(nuclear SB - S7¢) links to smaller global sizes of the sources. Notes: Size
and opacity of the data points increases with the luminosity distance Dy,
to the systems (see Table 1).

In addition to what was stated above, in Fig. 7, we show the
nuclear extended to compact core fraction &% against the total
radio luminosity LY. We note that there is no clear correlation, but
a tentative conclusion is that £2° slightly decreases with L}, sug-
gesting that higher luminosities are induced by bright emission of
AGN cores in relation to SB luminosity. In contrast, we have also
inspected the relationship between the individual components
Lk and LY with the total nuclear luminosity LY, and observed
that LY is more closely bounded to L% than L, highlighting a
scenario where nuclear SBs become increasingly more relevant
than AGNSs. In conclusion, the complexity of these systems tells
us that AGN, SB, and large-scale diffuse emission act altogether
to define the total radio luminosities in U/LIRGs. This suggests
that the relative contribution of the components S} (and also
S¢°) is not clearly reflected in the total radio luminosity. Hence,
suggesting that the contribution fraction of nuclear activity as a
whole may be fundamentally connected or not with the global
properties of the galaxies.

4.3.2 Compact-cores (AGN emission)

We consider compact core components with exceptionally high
brightness temperatures® (e.g. T2%H* > 10°K) as signatures of
AGN activity. However, in general, we consider that the primary
compact compact core components in the e-MERLIN images are
associated with AGNs. This allows us to study their physical
properties. These high temperatures originate either from direct
emission from the AGN core itself or from unresolved compo-
nents associated with sub-parsec scale jets. However, this is not
general since AGN cores can be radio-quiet (e.g. K. I. Kellermann
et al. 1989; A. S. Wilson & E. J. M. Colbert 1995) and completely
enshrouded by dust (e.g. R. C. Hickox & D. M. Alexander 2018; N.
Falstad et al. 2021), which can be related to distinct evolutionary
phases (e.g. D. B. Sanders et al. 1988; R. C. Hickox et al. 2009). In
these cases, the apparent AGN contribution to the radio emission
may not be measured directly, resulting in a null (or small) AGN
fraction. In addition, the contribution of AGN can change with
frequency resulting in different fractions (e.g. O. Vega et al. 2008;

6However, compact SNe and SNRs may also show relatively high T;, (see
M. A. Pérez-Torres et al. 2009).
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Figure 7. Fraction of nuclear extended emission to compact-core emis-
sion (£5%¢ = S7¢/S<), at linear scales of S 250 pc, compared with the total
radio luminosity LT at linear scales of > 250 pc, at the three central fre-
quencies of 1.4, 6.0, and 33.0 GHz. We observe a lack of correlation for the
energy balance of SBs and AGNs and its impact with the total radio power.
Although, a tentative interpretation suggests that £7° decreases along the
most luminous systems.

10°+ 7
] NGC7674%

:

| i
107" f
\”J25914'iif+ﬁ%4 %hdrk331

IRASF1713245313

AGN
Ybol

1072

T 1) 1
Y%GN

Figure8. Comparison between our estimates for the AGN fraction TACN
against the bolometric AGN fraction from T. Diaz-Santos et al. (2017).
Note that in this comparison we are interested in the total AGN con-
tribution, which includes both core and jet emission. This occurs for
NGC 7674, thus we have considered that both core and jets contributes
to YACN, which gives ~ 1.0.

L. Ciesla et al. 2015; L. N. Martinez-Ramirez et al. 2024), and also
change over time (e.g. J. Dietrich et al. 2018).

We assume that the flux densities from detectable compact
regions are a proxy for AGN activity, and thus estimate its relative
contribution, or AGN/core fraction, as Y{°. We have used the
decomposed fluxes to calculate Y5, and also we have applied
spectral corrections to each corresponding frequency (1.4, 6.0,
and 33.0 GHz). The intrinsic spectral index of each component
was used to make this correction. Table 2 lists the average value
for the AGN/core fraction among our sources, which at 6.0 GHz
is (Y£°)(6 GHz) = 0.11 with 20 variance of (0.05, 0.20). However,
these values are lower limits, as stated above, due to the different
phases of AGN evolution and obscuration. Moreover, we find that
our tracer of the AGN/core fraction is in good agreement with
the work by T. Diaz-Santos et al. (2017), using their bolometric
AGN fractions, as shown in Fig. 8. Note that we distinguish be-
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tween the compact-core fraction Yg® (which includes only the
unresolved core emission) and the AGN fraction Y2N (which
encompasses all AGN-related emission, including the compact
core and any extended jet structures). Both quantities repre-
sent the contribution of AGN activity relative to the total radio
emission.

For additional comparison, our estimates of the AGN frac-
tion are substantially lower than those determined by J. Diet-
rich et al. (2018). The most notable discrepancy is observed in
UGC 05101, where they attributed an AGN fraction of 0.76 +
0.04, approximately three times higher than our determination.
The e-MERLIN radio map for UGC 5101 shown in Fig. C1 clearly
contains characteristics of a nuclear SB, where the compact core
iswell distinguished from the surrounding emission related to the
SB. Our multiscale analysis enables better separation of compact
nuclear SB and large-scale diffuse emission from AGN activity.
In particular, compact SBs can appear similar to AGN signatures
in observations with insufficient spatial resolution, leading to
potential AGN fraction overestimation.

As a contextualization, we also note that the AGN luminosity
fraction in the radio band, derived by L. K. Morabito et al. (2022),
is on average ~ 0.5, among sources with distinct classes. One
of the probable reasons for these larger AGN fractions could be
limitations in the observations with lower angular resolution (~
0.3 arcsec) used by L. K. Morabito et al. (2022). Considering that
VLA observations have a similar angular resolution at 6.0 GHz,
we calculated the mean values of the nuclear-to-total fraction YX.
As shown in Fig. 3, we can use S\ from either e-MERLIN and
VLA. Using the VLA fluxes for SY in equation (4) we obtained
(YN)(6.0 GHz) = 0.45(0.38, 0.62). Using the e-MERLIN emis-
sion, we obtained (YN)(6.0 GHz) = 0.56(0.34, 0.63). This details
a scenario in which the total nuclear emission at ~ 0.3 arcsec
angular resolution, identified as bright and unresolved cores, is
attributed solely to AGN activity. However, high-resolution imag-
ing from e-MERLIN and the VLA indicates that approximately
half could be from SF (SB) emission, as Fig. 5 suggests. In con-
trast, the work by E. Nardini et al. (2009, 2010) found that the
global fraction of AGN/SB in their sources is ~ 0.33, but it is
unclear which spatial scales of the SBs are probed, i.e. whether
the SB emission considers scales < 250 pc (nuclear) or < 1 kpc
(total/diffuse components).

In Fig. 9, we compare the merger stages obtained from S.
Stierwalt et al. (2013) with T at 6.0 GHz. We see a small in-
crease in the fraction Y with advanced merger stages. This trend
aligns with the findings of S. Haan et al. (2011), A. O. Petric
et al. (2011), and C. Ricci et al. (2017), who reported a small
increase in compact-core emission as mergers progress. However,
other studies (S. Stierwalt et al. 2013; E. D. Paspaliaris et al.
2021; P. Calderon-Castillo & R. Smith 2024) found less definitive
correlations. Our multiscale approach enables us to detect sub-
tle variations in AGN contribution across the merger sequence.
This approach is particularly valuable for distinguishing between
compact SBs and AGN activity (e.g. R. Herrero-Illana et al. 2017),
compared to single-scale observations, which often cannot distin-
guish between the two.

To further access the physical conditions of nuclear SBs, we can
investigate the luminosity surface density (see Appendix B2) of
individual regions of the radio emission. In particular, in Fig. 10,
we compare the SB luminosity surface density 1'% = Lg% /Ags
(see Table C2) with the brightness temperature of the compact-
core emission T;° at 6.0 GHz. The quantity 7;;° was derived from
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Figure 9. Compact-core fraction (1) at 6.0 GHz, compared with the
merger stages taken from S. Stierwalt et al. (2013) (compiled in Table 1
under ‘MS’). We observe a small increase of the core fraction at the merger
stage 4, but no clear variation in the other stages. We note however that
composite systems (AGN/SB) have relatively larger fractions Yx°. Notes:
The dotted line (with large circles) represents the median value of Y per
merger stage bin. The top part of the figure shows the number of sources
per bin.
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Figure 10. Relation between the SB luminosity surface density X['° and
the brightness temperature of the compact-core emission T, at 6.0 GHz.
Similarly as in Fig. 4, we differentiate the source classes by distinct sym-
bols, indicated in the figure label (see Table 1).

S¢° (see Fig. 3), using the deconvolved half-light sizes obtained
from the image decomposition (column R}?, in Table C2). To
properly measure X%, we have removed the compact-core com-
ponent from the images to isolate the nuclear extended emission,
which allowed us to better account for its luminosity surface
density, with minimal contamination from the AGN/core. Fig. 10
shows a correlation between T;° and Eﬂeﬁ, which implies two
interpretations, that stronger SB activity increases compact-core
brightness temperature, or that compactness of compact-cores
increases SB activity. This aligns with expectations, as both are
coupled to the total nuclear activity, although they originate from
different emission mechanisms. This direct evidence has not been
reported so far in the literature.

4.3.3 Brightness temperature as a complementary AGN diagnostic

As acomplement to the literature-based morphological classifica-
tion in Table 1, we examine whether the brightness temperature
of the compact-core emission, T, can serve as an independent
diagnostic of AGN activity. High brightness temperatures (T;, >
10°K) in compact radio cores at mas scales have been demon-
strated to cleanly trace AGN activity (e.g. J. J. Condon et al. 1991;
L. K. Morabito et al. 2022), as thermal processes from star for-
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Figure 11. Fraction of nuclear flux density T%‘I compared with the total
source sizes Rgs and with the 6.0 GHz radio luminosity of diffuse struc-
tures LY. Left: Relationship between YY and R highlighing a tentative
correlation between the two quantities, indicating that a higher fraction
of nuclear emission relates to smaller the total source sizes. Right: We
note that for our sources, LE is quite independent on the nuclear activity
probed by TN, suggesting that distinct physical processes operates at
nuclear and large-scale regions. Notes: Size and opacity of the data points
increases with the luminosity distance Dy, to the systems (see Table 1).

mation alone cannot sustain such temperatures on these spatial
scales.

Using the T;° values derived from the deconvolved sizes and
flux densities of the compact-core components at 6.0 GHz (Table
C2), we classify sources into high-T;, (T¢¢ > 10°K) and low-T,
(Tg° < 10°K) categories. This classification is broadly consistent
with the literature-based radio morphological classes. All sources
with T¢ > 106K (UGC 05101, Mrk 331, and UGC 08696 NWE)
are classified as SB/AGN composites, while most SB-only and
unclassified (UN) sources have T < 10° K. However, a few cases
reveal discrepancies. VV 705 N, classified as SB in the literature,
exhibits T, = 5.3 x 10° K, suggesting a possible embedded
AGN. Conversely, NGC 5256 (both components) and IIZw096
NE are classified as SB/AGN composites but have T° < 10°K,
consistent with a radio-quiet or heavily obscured AGN phase, as
discussed above.

Regarding the relationship between £2¢ and LT (Fig. 7), the
T,,-based classification reveals that the sources with the most ex-
treme values of £2° (i.e. nuclear extended emission strongly dom-
inating over the compact core) are exclusively low-T;, systems.
These SF-dominated sources predominantly occupy the lower lu-
minosity regime (L} < 5 x 10° Ly), whilst high-T;, sources span
the full luminosity range with more moderate £ values. This
supports the interpretation that the tentative decrease of £J° with
LT is partly driven by the increasing dominance of AGN cores in
more luminous systems.

The strong correlation between T;;° and the nuclear SB lu-
minosity surface density %7¢ (Fig. 10; 7x = 0.57, p < 0.01) fur-
ther validates the use of T;° as a physically meaningful diag-
nostic. This correlation indicates that more intense nuclear star-
bursts are associated with brighter compact cores, strengthen-
ing the co-evolution between AGN and nuclear SF activity at
scales < 250 pc. Overall, the Ty-based classification complements
the literature-based morphological classes, and provides an ad-
ditional, observationally derived diagnostic that can be applied
independently of multi-wavelength ancillary data.

4.4 Link between nuclear and large-scale emission

To highlight the relevance of nuclear radio emission, in Fig. 11 we
compare YX against the sizes Rl and the diffuse luminosity LE.
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Figure 12. Fraction of nuclear flux density Y‘%‘I compared with the nu-
clear luminosity surface density Z}j (left panel) and nuclear concentra-
tion CN (right panel), both at 6.0 GHz. Left: A positive correlation between
T%] and E]I:I indicates that systems with more energetically intense nu-
clear regions contribute larger fractions to the total radio emission. Right:
No clear correlation between TY and CN suggests that the spatial com-
pactness of nuclear regions does not directly determine their contribution
to the total emission. Notes: Size and opacity of the data points increases
with the luminosity distance Dy, to the systems (see Table 1).

In the left panel, we see a behaviour in which a higher fraction of
nuclear emission is related to smaller wide-scale source sizes, RY.
In particular, no correlation is found when we compare YN with
LY (right panel). These results suggest that multiple processes
affect the radio luminosity at scales = 250 pc, and not only the
nuclear one. As stated previously, one possible interpretation is
that the contribution of diffuse structures at larger scales, likely
related to SF, can be relevant to define the total source luminosi-
ties.

To further investigate the physical conditions that govern nu-
clear activity, in Fig. 12 we compare the nuclear-to-total fraction
TY with the nuclear luminosity surface density =N (left panel)
and the nuclear concentration CN (right panel), both measured
at 6.0 GHz. The left panel demonstrates a positive correlation
between YN and =V, indicating that systems with higher nuclear
luminosity surface densities tend to have larger nuclear contribu-
tions to the total radio emission. This suggests that when nuclear
regions are more energetically intense per unit area, they become
increasingly dominant relative to the extended emission. Sources
with the highest surface densities (2N > 107 L, kpc~2) exhibit
nuclear fractions approaching or exceeding Y'Y ~ 0.6-1.0, whilst
sources with lower surface densities show more diverse nuclear
contributions.

In contrast, the right panel reveals no clear correlation between
TY and the nuclear concentration CN. This indicates that the
spatial compactness of nuclear regions alone does not determine
their contribution to the total radio emission. Sources can ex-
hibit high nuclear concentrations (compact nuclear SBs) without
necessarily dominating the total emission, and vice versa. This
distinction highlights that the intensity of nuclear activity (as
measured by =) is more relevant than its spatial distribution (as
measured by CN) in determining the nuclear contribution to the
total radio luminosity. These results support a picture in which
local physical conditions at nuclear scales, such as gas density and
SF efficiency, govern the nuclear contribution more strongly than
morphological properties.

In Fig. 13, we compare the nuclear concentration CN with the
total size of the sources R} and the total radio luminosities LT.
We note insufficient statistics to conclude that both quantities
are correlated. However, the test for CN and LE is significant
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Figure 13. Relation between the nuclear concentration CN =
log(RgIS/RIS\{)) and the total radio luminosity at 6.0 GHz, L?{. This
plot shows tentative evidence that higher compactness of nuclear
regions may be linked with brighter sources with respect to their radio
luminosities.

in inferring that these two quantities are likely related to each
other. What this highlights is that the spatial concentration of
nuclear regions is not directly linked to the wide-scale sizes, but
it is linked to the total radio luminosity, with more concentrated
nuclear regions corresponding to higher radio luminosities.

The diagnostics we have presented so far indicate that nuclear
activity (whether AGN or SB) does not always dominate the total
radio emission. This suggests that both nuclear and distributed
SF throughout the galaxy contribute significantly to LT. The scat-
tered influence of nuclear activity on extended emission could
suggest that feedback may be less efficient than assumed in some
models.

4.5 Stellar masses and multiscale extended emission

From the correlation between SF with IR and stellar masses M,
we expect that the extended emission at larger scales (through
the radio and infrared luminosities) is also related to the stellar
masses. Taking the total stellar masses measured by J. Shangguan
et al. (2019) and our disentangled radio luminosities, L3 and
LR, we could not find a clear correlation between these quan-
tities, suggesting that the extended emission at larger scales is
not directly linked to the stellar mass of the host galaxies. Since
our analysis comprises only 15 sources, we also compared the
total radio luminosities with the stellar masses for all 42 LIRGI
sources, and no clear relation between the 1.4 GHz total radio
luminosity LT ; , and M, was found. In a future work we will
investigate the relationship between SF and the total extended
emission.

4.6 Which regions are mostly linked to IR luminosities?

A quantitative assessment of the radio-infrared correlation is
through the parameter qir (G. Helou, B. T. Soifer & M. Rowan-
Robinson 1985; M. S. Yun et al. 2001; E. F. Bell 2003),

Lig [W]

m) - logm(LLmHz [WHZ?I])- (®

qir = logy, (
The correlation reflects a remarkably tight relationship between
infrared and radio continuum luminosities in galaxies with active
SF. This relationship spans over five orders of magnitude in lumi-
nosity with typical scatter of only 0.2-0.3 dex (J. J. Condon 1992;
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Figure 14. Infrared-radio correlation, between the total radio luminosity
in the range 1.0-35.0 and the total host-galaxy infrared luminosity ngﬁl
taken from J. Shangguan et al. (2019). Note that both quantities are global-
integrated, summed over for systems with two or more galaxies.

M. S. Yun et al. 2001; E. F. Bell 2003). Physically, this correlation
arises because both infrared and radio emission trace recent SF,
the infrared part through dust heated by young stars and radio
through synchrotron emission from cosmic rays accelerated in
supernova remnants (E. J. Murphy 2009; J. Schober, D. R. G.
Schleicher & R. S. Klessen 2017), and then diffuse in the galaxy,
where they interact with the gas and produce the observed emis-
sion (e.g. P. Kornecki et al. 2022).

Different source classes exhibit characteristic qir values. Star-
forming galaxies typically show gqir ~ 2.3-3.0 (D. C. Molnar et al.
2021), while radio-loud AGNs are readily identified by their sig-
nificant radio excess (qir < 2.3) (A. Del Moro et al. 2013). Radio-
quiet AGN generally maintain values similar to star-forming
galaxies, though often with slightly depressed gqir (P. Padovani
et al. 2011; I. Delvecchio et al. 2017). Several studies have inves-
tigated correlations between qr and other galaxy properties, in-
cluding redshift evolution (e.g. B. Magnelli et al. 2015; J. Delhaize
et al. 2017), stellar masses and SF rates (G. Giirkan et al. 2018;
S. C. Read et al. 2018; D. C. Molndr et al. 2018), and black-hole
accretion rates (O. I. Wong et al. 2016). A systematic decrease
in qr with increasing redshift (Aqr oc (1 + z)~%1°) has been ob-
served, potentially reflecting evolving magnetic field strengths or
cosmic-ray electron cooling mechanisms. This parameter thus is
essential as a diagnostic tool for identifying AGN contamination
and studying radio emission mechanisms across diverse galaxy
populations.

The radio-infrared correlation empirically connects infrared
luminosities to radio luminosities if the energy produced is solely
due to SF activity. By comparing the radio emission from different
scales with Lz, we can understand which one correlates the most
with it. We have compared Lz with the radio luminosity from all
the scales and components studied here. Among the comparisons
of Lig with LT, LY, LR, Lk, and L3F, we report here that the
highest correlation corresponds to the radio luminosity attributed
to the total extended emission, e.g. LY. We highlight this result
in Fig. 14, where we show the integrated radio luminosities (in
the range 1.0-35.0 GHz) against the total host-galaxy infrared
luminosities L&, taken from J. Shangguan et al. (2019).

In a similar study, V. U et al. (2019) discuss the relationship
between the nuclear SF surface density T, against the total in-
frared luminosity, merger stages, and nuclear separation between
the merging galaxies (their Fig. 8). They conclude that there is
little correlation between these quantities and X, but there is
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Figure 15. Diagnostics of the radio spectral properties and their con-
nection to the radio-infrared balance. Upper: Radio-infrared parameter
qir compared with the nuclear luminosity ratio Lg‘ﬁ /Lg‘ 6> Showing that
sources with lower spectral ratios tend to exhibit radio excess (lower gr).
Lower: Nuclear luminosity surface density E{I compared with the ratio
of L 33/LR ¢ at nuclear and total scales, probing whether the spectral be-
haviour identified in the upper panel arises from nuclear-scale processes.
Sources where both ratios are similar (values near 1) indicate uniform
spectral properties across scales, whilst large deviations suggest distinct
emission mechanisms operating at nuclear and large-scale regions.

some correlation with nuclear SF rates. In an analogous compari-
son, we did not see a clear relation between Z{“ and nglil. However,
we note that the total IR luminosities are calculated from all
sources for each system. Hence, the individual characteristics of
each galaxy could not reflect in the global properties (infrared
and radio luminosities). Therefore, we would need to determine
the infrared properties for each source individually in a future
study.

The top panel of Fig. 15 demonstrates that the nuclear lumi-
nosity ratio LY ,,/LY ¢ traces deviations in g, linking the spec-
tral properties of nuclear emission to the radio-infrared balance.
Since the 33 GHz radio luminosity is known to directly probe SF
activity (E. J. Murphy et al. 2011, 2012), in particular recent SF,
it can be used to investigate these deviations. We see some signs
that both quantities decrease for sources containing AGN or a mix
of AGN/SB. Smaller fractions of Ly 33/Lg ¢ suggest compact and
AGN-related emission (radio excess, given also the lower qir), as
SF activity results in increased 33.0 GHz luminosities, leading to
higher ratios. A natural extension is to ask whether this spectral
behaviour at nuclear scales differs from the global one, and how
this relates to the physical conditions of the nuclear regions. In
the bottom panel of Fig. 15, we address this by comparing the
ratio of Lg 33/Lg¢ between nuclear and total scales against the
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nuclear luminosity surface density Y integrated in the range 1-
35 GHz. This comparison serves as a diagnostic to probe systems
with extreme conditions and intense SF activity at the nuclear
regions, and to understand whether the spectral trends identified
in the upper panel are driven by nuclear-scale processes.

We see that sources with the highest nuclear luminosity sur-
face densities (ZN ~ 10® Ly) tend to have more uniform spec-
tral properties between nuclear and total scales (ratio values
near 1), whilst sources with lower surface densities show signif-
icantly greater spectral differences between scales. This inverse
correlation suggests that in the most extreme nuclear environ-
ments, the emission mechanisms at nuclear and galactic scales
become more similar, potentially because of the dominance of
a single emission process. AGN-classified sources consistently
show higher =N (> 5 x 107 L), while unclassified sources (UN),
believed to be SBs or sources with large-scale SF, populate the
lower luminosity and higher spectral ratio difference region of
the plot. This indicates less extreme nuclear conditions with
distinct emission mechanisms compared to their host global
properties. Together, both panels of Fig. 15 connect the radio-
infrared balance (via gqir) to the spectral structure of the emis-
sion across spatial scales. The upper panel identifies the nuclear
spectral ratio as a tracer of qir deviations, while the lower panel
shows that the degree to which nuclear and total spectral ra-
tios diverge is governed by the intensity of the nuclear activity
itself.

4.7 The complexity of U/LIRGs

By comparing the properties of the emission at nuclear regions
and larger scales, Figs 11 to 13, we can comment on some prelim-
inary conclusions. We observe that the fraction Y'Y has some cor-
relation with =N but is not clearly correlated with CN. Similarly,
we do not have enough data to infer a correlation between of T
with L2. These patterns collectively confirm that U/LIRGs rep-
resent complex systems where nuclear and extended processes
can operate semi-independently, with nuclear contribution de-
pending more on local physical conditions than on global galaxy
properties. The results may reflect different merger stages, where
early-stage mergers show distributed activity with reasonable nu-
clear concentration, whilst later stages develop intense, spatially
concentrated nuclear regions that can dominate total emission
regardless of the properties of extended components. The lack of
clear correlation between YN and LY particularly suggests that
AGN triggering and SF enhancement can follow multiple path-
ways in these complex systems, with the balance between nuclear
and diffuse emission determined by local gas dynamics, magnetic
field configurations, and feedback efficiency rather than simply
the overall energy budget of the system. In the next step, we have
to extend this systematic study to a larger sample in order to
constrain these arguments in a more quantitative way. The ideal
case should be to compare the nuclear properties with the diffuse
emission only, at radio and at infrared wavelengths. We propose
this question to be investigated in future multiscale studies with
a larger number of galaxies, employing the same methodology in
infrared data.

4.8 Limitations

With the VLA, the observations used in this study are sensitive
to structures with scales < 3kpc. Therefore, we may have re-
solved out the emission at scales larger than that. It is worth
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mentioning that the scales probed with the VLA L band are larger
than in bands C and Ka. Some sources did not show signifi-
cant differences in the morphology of diffuse structures between
the images at these bands. However, for other sources, such as
TIRAS20351+-2521, the differences are significant. For example,
the low-angular resolution central region of this source, with a
radius of Rygs &~ 0.7 kpc, is embedded in a much larger disc of
diffuse emission, with a diameter of ~ 19 kpc. This structure is
recovered only at the L band and not in the other bands - even
with attempts to use a taper function during deconvolution. We
have conducted a simple check to estimate the predicted flux den-
sity of the diffuse structure at 6.0 GHz. Using the integrated flux
density at 1.4 GHz (and also the median values), a spectral index
of @ = —1.0, and considering the difference in spatial sensitivity,
the expected emission falls below the noise level at 6 GHz with the
VLA. For cases like this, we studied only the emission at similar
scales.

‘We also observed that in sources such as NGC 7674, within the
errors, the total integrated flux density in low-angular resolution
maps is similar as in the high-angular resolution maps. In these
scenarios, the integrated flux density of diffuse structures is rela-
tively small. Hence, we have proceeded with the assumption that
the flux density present in the residual map (obtained through
the image decomposition) is representative of SP. That can also
be checked via the difference between VLA and e-MERLIN maps,
SD ~ ST — SN,

The image-based decomposition method gives standard er-
rors for the fitted parameters. For a given modelled structure
with multiple components, we would need to propagate these
parameters’ uncertainties of each component to the total flux
densities of each component. This can become a complex pro-
cess that requires the use of optimized MCMC sampling algo-
rithms for multiple components, leading to many free parame-
ters (e.g. 2 40 for NGC 7674, shown in Fig. B5). Consequently,
we have opted not to adopt this approach. We argue that the
use of prior information from the data through source extrac-
tion to constrain models and their parameters represents a good
trade-off to obtain physical models to decompose the radio emis-
sion. Thus, the error associated with each model component was
determined from their individual images in the same way as
when computing the flux densities of the original images (see
Fig. B2).

5 CONCLUSIONS

In this work, we used a comprehensive synthesis of methods and
recent observational data to conduct a detailed study of the struc-
ture of local U/LIRGs along three frequencies and distinct spa-
tial scales. Using simultaneous high- and low-angular resolution
imaging, we have decomposed the radio emission into two spatial
scales: nuclear emission (compact cores and nuclear extended
emission) and total and diffuse regions. We have used source
characterization to constrain model components to decompose
the images, allowing us to model sources even with complex mor-
phologies. We have presented a systematic way to properly match
the uv plane of multiscale and multifrequency visibilities, and to
generate beam-matched images. Our self-calibration strategy was
imperative to derive optimal, multifrequency images that will be
used to derive broad-band SEDs for our future work, and support
upcoming studies.
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5.1 Summary

In the following, we summarize our main conclusions.

(i) As part of the e-MERLIN Legacy Project LIRGI, we pre-
sented new e-MERLIN C-band images of local U/LIRGs, which
simultaneously offers the highest angular resolution and sensi-
tive observations available to date.

(ii) With our decomposition strategy in the deconvolved im-
age plane we have recovered the physical sizes of the emitting
regions down to a factor of 2 ~ 10 relative to the angular reso-
lution of the images (given by the restoring beam). The image
characterization also allowed us to robustly measure physical
sizes for multiple components and angular scales. In addition,
we were able to decompose/fit the radio emission for a wide
range of signal-to-noise ratios, and found that our method is able
to recover well the total flux densities for structures down to
~0.1 mly.

(iii) For the first time, using a synthesis of observations and
methods, we were able to systematically decompose and charac-
terize nuclear extended emission on scales smaller than ~ 250 pc.
This sets a new paradigm for understanding the interplay be-
tween SB and AGN activity of U/LIRGs, particularly in nuclear
regions.

(iv) The fractions of emission at distinct scales/components
does not correlate well the total power of the sources, but it
does with the sizes. The lack of correlation suggests that physical
processes at all scales regulates the total power of the sources.
Also, we observe some evidence that the shape (sizes) and power
(luminosity) of the large-scale structures are simultaneously de-
pendent on the compact (AGN) and nuclear extended emission
(SB) processes, and not in one in particular.

(v) In general, we note a lack of clear correlation between
nuclear emission and large-scale properties. The total radio lu-
minosity LT correlates (weakly) with Y, an indication that the
energy density at nuclear regions has partial impact in defining
the total energy budget. The correlation has a less clear trend with
LR, suggesting that processes at their corresponding scales may
be independent. Thus, additional multiscale and multi-frequency
observations are required to investigate this property further. In
contrast, YN surprisingly does not show clear signs to be corre-
lated with LR, suggesting that emission processes at all scales are
relevant to define both LY and L.

(vi) The nuclear concentration CN does not show a clear corre-
lation with the large-scale source sizes Ri;, an indication that the
emission activity at scales = 250 pc has unique characteristics,
and is probably regulated by diffuse SF. A point of investigation
in this matter is to study systems with (and without) clear evi-
dence of outflows and inflows, and understand how the compact-
ness of nuclear regions relates to the large-scale emission prop-
erties. The nuclear concentration CN, however, has some links
with the total radio luminosity, which is expected, meaning that
more compact nuclear regions correlate with higher total radio
luminosities.

(vii) The fraction of SB emission (probed by &7°) showed an
anti-correlation with the large-scale sizes of the sources, RL.
This suggests that the emission activity at scales 2 250 pc is sup-
pressed, and the nuclear activity becomes dominant. This could
be a sign of different evolution stages for gas transportation from
galactic-scales to nuclear regions.

(viii) Measurement of AGN fractions (or compact-core frac-
tions) without comparing high- and low-angular resolution imag-
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ing may lead to overestimates of the AGN contribution, and may
not offer clues of how it changes with the merger stage, Lir
or other properties. In this study, we have properly separated
the AGN/cc contribution from the total emission using multi-
scale radio observations, observing that its fractional contribution
slightly increases with the merger stage.

(ix) Astraced by sTSF, the total multiscale extended emission S5°
(SF related) is the main driver of the flux density/luminosity of
our sources, with the exception of NGC 7674.

(x) This multiscale study revealed nuclear regions with com-
plex structures. Some sources absent of compact cores (e.g.
IRAS 23436+5257 S), while others with no detection of nuclear-
extended emission (e.g. NGC 5256 SWE), but simultaneously
showing complex large-scale diffuse emission.

5.2 Follow-up work

Our subsequent work will involve a comprehensive multiscale
and spectral energy distribution analysis of the sources stud-
ied here, using the complete wideband coverage from 1.0 to
35.0 GHz. The synthesis presented here offers clear applications
for future facilities such as the Square Kilometre Array and the
Next Generation Very Large Array, where multiscale and multi-
band observations will be routinely available. The homogene-
ity capability of these instruments will enable systematic appli-
cation of the strategy developed here, in order to broaden the
statistics of derived quantities, advancing our understanding of
the physical processes governing galaxy evolution in extreme
environments.
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