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A B S T R A C T 

Deep radio surv e ys of e xtragalactic le gac y fields trace a large range of spatial and brightness temperature sensitivity scales, and 

therefore have differing biases to radio-emitting physical components within galaxies. This is particularly true of radio surv e ys 
performed at � 1 arcsec angular resolutions, and so robust comparisons are necessary to better understand the biases present in 

each surv e y. We present a multiresolution and multiwav elength analysis of the sources detected in a new Very Long Baseline 
Array (VLBA) surv e y of the Cosmic Assembly Near-IR Deep Extrag alactic Leg acy Survey Great Observatories Origins Deep 

Surv e y-North field. F or the 24 VLBA-selected sources described in Paper I, we augment the VLBA data with EVN data, and 

∼0.1–1 arcsec angular resolution data provided by Very Large Array (VLA) and enhanced-Multi Element Remotely Linked 

Interferometry Network. This sample includes new active galactic nuclei (AGN) detected in this field, thanks to a new source 
extraction technique that adopts priors from ancillary multiwavelength data. The high brightness temperatures of these sources 
( T B � 10 

6 K) confirm AGN cores, that would often be missed or ambiguous in lower-resolution radio data of the same sources. 
Furthermore, only 15 sources are identified as ‘radiative’ AGN based on available X-ray and infrared constraints. By combining 

VLA and VLBA measurements, we find evidence that the majority of the extended radio emission is also AGN dominated, 
with only three sources with evidence for extended potentially star formation-dominated radio emission. We demonstrate the 
importance of wide-field multiresolution (arcsecond–milliarcsecond) co v erage of the faint radio source population, for a complete 
picture of the multiscale processes within these galaxies. 

K ey words: methods: observ ational – techniques: high angular resolution – techniques: interferometric – galaxies: active –
galaxies: high-redshift – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

nderstanding the evolution of star formation and accretion through 
osmic time, from the earliest stars, galaxies and black holes in 
he Universe to the present day, is one of the most important goals
n astrophysics (e.g. Lilly et al. 1996 ; Madau & Dickinson 2014 ).
his requires an understanding of the sequence of events from 

hose distant epochs to the present and successfully resolving the 
rocesses involved, namely star formation and accretion. Therefore, 
t is necessary to disentangle and distinguish emission from these two 
rocesses (e.g. Smol ̌ci ́c et al. 2009 ; P ado vani 2016 ). Optical, infra-
ed, and X-ray observations can be affected by dust obscuration and 
re an incomplete probes of these two processes. Radio observations 
n the other hand, are free from dust obscuration and therefore offer
nbiased tracers for both star formation and accretion processes (e.g. 
anessa et al. 2019 ). 
 E-mail: ann.njeri@newcastle.ac.uk 

2  

2
b  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Deep interferometric extragalactic radio continuum surv e ys such 
s the VLA-COSMOS (Schinnerer et al. 2004 ; Smol ̌ci ́c et al. 2017 ),
IGHTEE (Jarvis et al. 2017 ), e-MERLIN Galaxy Evolution ( e -
ERGE; Muxlow et al. 2020 ), ATLAS (Norris et al. 2006 ), Lockman
ole (e.g. de Ruiter et al. 1997 ; Sweijen et al. 2022 ), the LOFAR
wo-metre Sky Survey (LoTSS; Shimwell et al. 2022 ), and EMU
Norris 2011 ; Norris et al. 2021 ) are prominent examples of studies
f star formation and black hole accretion processes at high redshifts.
hese surv e ys hav e been facilitated by instruments such as the Karl
 Jansky Very Large Array (VLA), the enhanced-Multi Element Re- 
otely Linked Interferometry Network ( e -MERLIN), MeerKAT, the 
Ow Frequency ARray (LOFAR), the Murchison Widefield Array, 
nd the Australian Square Kilometre Array Pathfinder (ASKAP). 

To date, these deep-field surv e ys hav e rev ealed both star-forming
alaxies and active galactic nuclei (AGN) populations o v er a wide
ange of luminosities and redshifts (e.g. Garrett 2000 ; Muxlow et al.
005 ; P ado vani et al. 2009 ; Smol ̌ci ́c et al. 2017 ; Shimwell et al.
019 ). Multiwavelength analysis reveal that star-forming galaxies 
egin to dominate at flux densities below 0 . 2 mJy at 1.4 GHz (e.g.
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-5422-2379
http://orcid.org/0000-0003-1027-5043
http://orcid.org/0000-0002-0813-0497
http://orcid.org/0000-0001-8618-4223
mailto:ann.njeri@newcastle.ac.uk
https://creativecommons.org/licenses/by/4.0/


6142 A. Njeri et al. 

M

M  

s  

m  

m  

K
 

a  

w  

i  

o  

w  

A  

a  

r  

a  

r  

e  

s  

A  

2  

w  

e  

h  

a  

fi  

p  

b  

b  

a
 

N  

l  

a  

d  

2  

e  

I  

G  

w  

B  

s  

(  

t  

C  

f  

s  

B  

2
 

N  

N  

t  

u  

a  

s  

G  

a  

b  

t  

fi  

e  

fl  

s  

t  

i  

d  

 

i  

s  

r  

a  

p  

t  

t  

e  

d  

n
 

d  

t  

s  

S  

o  

5  

c  

k  

s  

i

2
O

T  

G  

t  

c  

N  

i  

C
 

G  

T  

V  

a  

(  

c  

2  

e  

e  

T  

e  

(  

t  

f  

f  

t  

c  

t  

s

2

P  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/6141/7602412 by U
niversity of Pretoria user on 04 June 2025
orrison et al. 2010 ; Smol ̌ci ́c et al. 2017 ). At this level, some galaxies
how signatures of AGN activity at non-radio wavelengths (X-ray,
id-IR, and optical), but without signs of large-scale radio jets, and
uch weaker radio emission than the radio-loud AGN sources (e.g.
ellermann et al. 2016 ; Radcliffe et al. 2021a ). 
Deep wide-field radio surv e ys of e xtragalactic le gac y fields trace

 large range of spatial scales and brightness temperature sensitivity,
ith differing sensitivities to the different radio-emitting components

n galaxies at cosmologically significant distances. This potentially
pens an avenue for separating AGN and star formation contributions
ithout the need for multiwavelength data and its associated biases.
t ∼GHz frequencies, the arcsecond angular resolution scales offer
 view of the diffuse emission largely associated with star formation
egions (e.g. Condon et al. 2012 ; Vernstrom et al. 2015 ). Sub-
rcsecond angular resolutions are sensitive to, and able to spatially
esolve, emissions from both AGN and star formation (e.g. Muxlow
t al. 2020 ), while milliarcsecond angular resolution scales are mostly
ensitive to compact emission mainly associated with the cores of
GN (e.g. Herrera Ruiz et al. 2017 ; Radcliffe et al. 2018 ; Njeri et al.
023 ). It is therefore crucial to better understand the resolution at
hich compact emission becomes more dominant than the diffuse

mission and the associated radio properties. To achieve this, we also
ave to understand the biases present in each interferometric surv e y,
nd be able to reconcile them with one another with regards to;
rst, their observed astrophysical properties, such as their astrometric
ositions, morphology , flux density , variability , sizes, luminosity , and
rightness temperature, and, secondly, the instrumental and technical
iases that arise from the differing surv e y designs, instruments, and
nalysis techniques used. 

The Great Observatories Origins Deep Surv e y-North (GOODS-
orth; Giavalisco et al. 2004 ), is one of the best studied extragalactic

e gac y fields across the electromagnetic spectrum, but particularly so
t radio wavelengths. This includes surv e ys spanning more than two
ecades using multiple instruments including the VLA (Richards
000 ; Morrison et al. 2010 ; Murphy et al. 2017 ; Owen 2018 ; Gim
t al. 2019 ; Radcliffe et al. 2019 ), the Multi-Element Radio-Linked
nterferometer Network (MERLIN/ e -MERLIN; Muxlow et al. 2005 ;
uidetti et al. 2013 , 2017 ; Muxlow et al. 2020 ), and VLBI surv e ys
ith the European VLBI Network (EVN; Garrett et al. 2001 ; Chi,
arthel & Garrett 2013 ; Radcliffe et al. 2018 ). At 1.4 GHz, these

urv e ys co v er sev en orders of magnitude in brightness temperature
 T B ∼ 10 2 –10 9 K), a wide range of sensitivity and an arcsecond-scale
o milliarcsecond range of resolutions ( θ res ∼ 0.005–1.5 arcsec).
ombining such a range of T B and θ res provides a powerful tool

or probing and separating faint AGN from star formation and their
ymbiotic occurrences in this and other extragalactic fields (e.g. Chi,
arthel & Garrett 2013 ; Herrera Ruiz et al. 2017 ; Radcliffe et al.
018 ; Njeri et al. 2023 ). 
We have extended the radio coverage in the Cosmic Assembly

ear-IR Deep Extragalactic Le gac y Surv e y (CANDELS) GOODS-
orth field, with a Very Long Baseline Array (VLBA) surv e y

hat co v ers the entirety of the ∼ 160 arcmin 2 area with quasi-
niform sensitivity (Deane et al. 2024 , hereafter Paper I ). This is
 unique approach, which is in contrast to other wide-field VLBI
urv e ys which target previously known sources. Furthermore, the
OODS-North field is the only extragalactic legacy field with wide

nd deep ( ≈ 10 μJy per beam ) milliarcsecond resolution co v erage
y tw o VLBI netw orks (i.e. EVN and VLBA). This will enable
hree key tests, in the context of continued development of wide-
eld VLBI techniques. First, it offers independent measurements
nabling a statistical comparison of the astrometry and absolute
ux calibration of the two instruments therefore constraining the
NRAS 528, 6141–6158 (2024) 
ystematic uncertainties. Secondly, it enables a search for highly
ime-variable sources at milliarcsecond scales. Finally, it serves an
mportant technical role, in validating the wide-field VLBI surv e y
esign and calibration and imaging pipeline, as described in Paper I .
As presented in Paper I , several new candidate sources were

dentified in the VLBA surv e y which are either not in the EVN
urv e y footprint or are below its non-uniform sensitivity limits and
equire further characterization. These aforementioned criteria have
 fundamental role in these series of papers based on this surv e y,
articularly as a physically well-understood comparative sample for
he statistical calibration, source probabilistic and source charac-
erization to be presented in a future publication and its possible
xtension. Furthermore, this work plays an informative role for
ecisions on wide-field surv e y strate gies in the ne xt-generation VLBI
etworks, including SKA-VLBI and the African VLBI Network. 
This paper is organized as follows. Section 2 describes the existing

eep radio surv e ys of the GOODS-North field. Section 3 compares
he imaging data products and derived properties of several VLBI-
elected sample from the VLBA, EVN, e -MERLIN, and VLA. In
ection 4 we provide a discussion on theses results, including the
rigin of the compact and extended radio emission. Finally, Section
 presents the conclusions. For this work, we adopt the Lambda
old dark matter ( � CDM) cosmology parameters with H 0 = 67.4
m s −1 Mpc −1 and �m 

= 0.315 (Planck Collaboration 2020 ). The
pectral index, α uses the convection S ν ∝ να , where S ν is the
ntegrated flux density. 

 G O O D S - N O RTH  FIELD:  T H E  V L BA  A N D  

TH ER  DEEP  R A D I O  SURV EYS  

he GOODS-North field (Dickinson, Giavalisco & team 2003 ;
iavalisco et al. 2004 ) co v ers ∼ 160 arcmin 2 and is centred on

he Hubble Deep Field-North (HDF-N; Williams et al. 1996 ),
oordinates 12 h 36 m 44 s .27 and Dec + 62 ◦14 ′ 24 ′′ .48. The GOODS-
orth has deep co v erage by Spitzer in the near-infrared, Herschel

n the far-infrared (FIR), Hubble Space Telescope ( HST ) in optical,
handra in X-ray and VLA, e -MERLIN, and EVN in radio. 
This paper is the second presenting new VLBA data of the

OODS-North field ( Paper I introduces the surv e y; see Section 2.1 ).
he distinct advantage of VLBI observations, such as those from
LBA, is their insensitivity to diffuse emission on larger scales,

nd hence provide a clean tracer of high brightness temperatures
 > 10 5 K) radio emission, which primarily originates from AGN
ores at high redshifts (e.g. K e wley et al. 2000 ; Middelberg et al.
013 ). Conversely, due to this insensitivity to low surface brightness
mission, VLBI observations tend to completely resolve out any
xtended emission, such as star formation and AGN jet structures.
herefore, to fully characterize the high redshift radio source in
xtragalactic deep fields, both intermediate ( ∼ arcsecond) and high
 ∼ milliarcsecond) angular resolutions scales are required. The mul-
iscale suite of data presented in this work co v ers angular resolution
rom ∼ 1 arcsec to ∼ 5 mas. We analyse the VLBA-selected sources
rom GOODS-North field at ∼1.6 GHz using multiple instruments,
he VLA, e -MERLIN, and EVN with arcsecond–milliarcsecond
o v erage. Further details of each of the archi v al surv e ys used in
his study are given in Sections 2.2 and 2.3 . An overview of the final
ample is provided in Section 2.4 . 

.1 VLBA 1.6 GHz sur v ey 

 aper I pro vides full details of the VLBA surv e y strate gy, observa-
ions, reduction, and source extraction techniques. Here we provide
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 brief summary. The VLBA GOODS-North field was observed on 
013 September 13–No v ember 2 across 12 epochs, with each epoch

2 h long. The 1.6 GHz surv e y was centred on the HDF-N field
t RA 12 h 36 m 55 s and Dec + 62 ◦14 ′ 15 ′′ , co v ering 160 arcmin 2 in
rea. This VLBA surv e y is based on a quasi-uniform sensitivity
o v erage of the entire CANDELS (Grogin et al. 2011 ; Koekemoer
t al. 2011 ) region of the GOODS-North field. The multiple phase
entre correlation strategy was employed co v ering 205 phase centres 
niformly separated by a distance of ∼35 arcsec. A 64 k × 64 k
ixel image corresponding to an area of 1.0 × 1.0 arcmin with a
rimary-beam-corrected sensitivity of ∼ 10 − 15 μJy per beam was 
enerated for each phase centre, followed by source extraction. A 

ource was classified as a VLBI detection if; (i) the VLBI signal-to-
oise ratio, SNR VLBI ≥ 7 or, (ii) SNR VLBI ≥ 5.5 if the VLBI position
as within 0.5 arcsec of a catalogued multiwavelength source. A 

otal of 24 sources were detected, all of which have a detection at
revious ∼1.5 GHz observations of VLA and/or e -MERLIN (surv e ys
escribed below). 

.2 VLA and e -MERLIN: arcsecond to sub-arcsecond scale 
adio obser v ations 

he GOODS-North field has been e xtensiv ely studied at L-band 
1 –2 GHz ) using the VLA (Richards 2000 ; Morrison et al. 2010 ;
wen 2018 ). Richards ( 2000 ) catalogued a total of 371 sources
ithin 20 arcmin of the HDF-N with an average angular size of 1.8

rcsec. Morrison et al. ( 2010 ) impro v ed this surv e y by increasing
he total integration time to 165 h and catalogued 1230 radio sources
t 5 σ within the central 40 arcmin × 40 arcmin with a central rms
f ∼ 3 . 9 μJy per beam . The median angular size of the sources was
alculated as ∼1.2 arcsec. Owen ( 2018 ) re-observed the GOODS- 
orth field at θ res ∼ 1.6 arcsec with the upgraded VLA in the A-

onfiguration for a total of 39 h with ∼ 33 h on target. They catalogued
95 sources at 5 σ within the central 9 arcmin × 9 arcmin region
ith a central rms noise of 2 . 2 μJy per beam . For the purposes of the
LA imaging used in this work, we used the primary beam corrected
LA A-array wide-field image from Owen ( 2018 ) cropped to the e -
ERGE DR1 region and re-sampled to 15 k × 15 k pixels with a

ensitivity of 2 . 0 μJy per beam (Muxlow et al. 2020 ). 
At higher resolutions, the e -MERGE surv e y (Muxlow et al. 2005 ,

020 ) used e -MERLIN to produce a naturally weighted primary 
eam corrected 15 arcmin × 15 arcmin image with a resolution of
res ∼ 0.2 arcsec and a central sensitivity of 2 . 81 μJy per beam . A

otal of 848 sources were catalogued at 4.5 σ . For this work, we
sed the DR1 image and the source catalogue as described in DR1
Muxlow et al. 2020 , Thomson et al., in preparation). The e -MERGE
urv e y also includes observations at C-band (Guidetti et al. 2013 ,
017 ). These C-band data were used to derive our spectral indices,
resented in Table A2 . 

.3 EVN data: pr evious milliar csecond scale radio obser v ations

he European VLBI Network has observed the GOODS-North field 
ultiple times across the past 25 yr. The first surv e y concentrated

n the smaller HDF-N region at 1.6 GHz and detected three VLBI
andidates within the central 3.5 region arcmin (Garrett et al. 2001 ).
his surv e y demonstrated the power of VLBI in distinguishing
etween AGN and starbursts in faint highly obscured radio source 
opulations, and paved way for wide-field VLBI imaging and 
haracterization of the faint radio sky at sub-mJy regimes. This 
urv e y was followed up with the 1.4 GHz global VLBI observations
f the HDF-N and Hubble Flanking Fields (HFF) for a total of 36
 with ∼ 19 h on-source integration time (Chi, Barthel & Garrett
013 ). This surv e y co v ered a total area of 201 arcmin 2 (HDF-N and
FF) with a central rms of 7.3 μJy per beam at θres ∼ 4 mas. A total
f 12 compact radio sources were detected at 5 σ . This added nine
ew sources to the previous Garrett et al. ( 2001 ) surv e y. 
Radcliffe et al. ( 2018 ) built upon these two VLBI surv e ys by

maging across the entire primary beam of the EVN. The GOODS-
orth field was observed for 24 h using the EVN at 1.6 GHz on 2014

une 5–6. This surv e y targeted a re gion of 15 arcmin in diameter
entred on the HDF-N. This was supplemented by targeting bright 
LA sources up to 20 arcmin from the pointing centre. The observing

trategy employed in this survey used five pointing centres to widen
he area co v ered. As the EVN is a heterogeneous array, the primary
eam response is different for each antenna, with the largest and
ost sensitive contributing the most to the inner central (7.5 arcmin)

egion and so the sensitivity decreases quickly as you mo v e from
he pointing centre. Consequently, this surv e y has a non-uniform
ensitivity co v erage o v er the full field of view (F oV). The data were
aturally weighted for optimal sensitivity with a central RMS of ∼9
Jy per beam. A total of 31 sources were catalogued at 6 σ , 19 more

ources than previously detected in the Chi, Barthel & Garrett ( 2013 )
urv e y. 

.4 Final VLBI sample 

he 24 VLBA sources were cross-matched against the deep VLA 

nd the e -MERLIN source catalogues as described in Section 2.2 .
 total of 23/24 sources were found to be within a radius of 1.0

rcsec of a source catalogued in the VLA data and 23/24 were also
atched to the e -MERLIN. There was one non-matched source in

ach case. One source, J123701.1 + 622109 was only reported in
he VLA catalogue (Owen 2018 ) and missing in the e -MERLIN
atalogue, whilst the source J123624.6 + 620728 is only reported in
he e -MERLIN catalogue (Muxlow et al. 2020 ) and not the VLA
atalogue. We further compared the VLBA source catalogue to 
he EVN source catalogue (Radcliffe et al. 2018 ) as described in
ection 2.3 . 18/24 sources were mutually detected across the two
LBI surv e ys. We note that, the 5/6 sources not detected in the EVN

urv e y hav e the lowest SNR in the VLBA surv e y, and were classified
s VLBI detections using the SNR VLBI ≥ 5.5 if the VLBI position
as within 0.5 arcsec of a catalogued multiwavelength source criteria 

see Section 2.1 and Paper I ). We refer to these five new VLBI
etections as the low-SNR sources (or ∼5.5 σ sources; see Fig. 1 and
ighlighted in Table 1 ). The remaining source, J123746.6 + 621738
as in a region not covered by the EVN observations. Redshifts

either photometric or spectroscopic), were obtained for 23/24 targets 
rom archi v al studies ranging from 0 . 321 − 4 . 428 with a median of
 = 1.145. The source J123627.2 + 620605 has no available redshift.
able 1 presents a summary of the properties of the 24 sources,

ncluding their redshifts and their corresponding references, and the 
ux measurements across the different radio surv e ys. 
In this work, we used this new VLBA sample in the GOODS-North

eld, to investigate the similarities and differences in the observed 
adio properties, between the two VLBI instruments (VLBA and 
VN), and with a further comparison to the lower resolution data

rom the VLA and e -MERLIN. This comparison is based on the
adio properties of astrometric offsets, flux densities, source size 
istribution and brightness temperatures (presented in Section 3 ). 
hese measurements are combined with other multiwavelength data 

o characterize the AGN, and potential extended star formation, in 
hese targets in Section 4 . 
MNRAS 528, 6141–6158 (2024) 
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M

Figure 1. Thumbnails of the five low-SNR ( ∼5.5 σ ) new VLBI sources detected in the VLBA surv e y. Columns 1 and 2 show the contour maps for the sources 
in the VLA and e -MERLIN, respectively, at contour levels 3 σ × [ −1, 1, 2, 3, 4, 5, 6,...., 11] overlaying their 3D- HST CANDELS optical counterparts in the 
F160W band, in greyscale. The VLBA contours are drawn at a central rms ∼ 15 μJy per beam multiplied by factors of [2, 3, 5, 7, 9, 11, 13]. The red cross on 
the VLA and e -MERLIN images indicate the VLBI source position. The source J123627.2 + 620605 (third row) lacks both the optical counterpart and a redshift 
value. The source ID are shown on the e -MERLIN panel with the exact coordinates listed in Table 1 . 
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M

Figure 2. The VLBI astrometric offsets, 	 RA and 	 Dec, between the 
VLBA and EVN for the 18/24 mutually detected sources. The solid lines 
indicate 	 RA = 0 and 	 Dec = 0 mas while the dotted lines indicate the 
median astrometric offsets, indicating a good match between VLBA and EVN 

positions. The dashed ellipse encloses sources within the offset scatter of 3 σ
based on the individual 	 RA and 	 Dec values. The colorbar highlights the 
signal-to-noise ratio (SNR) of the VLBA sample. 
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Figure 3. The median astrometric offsets between the VLBA and e -MERLIN 

(red dotted line), VLBA and VLA (green dashed line), and VLBA and 
CANDELS 3D- HST (blue dash–dotted line), plotted with respect to no offset 
to the VLBA position (0,0). The bold lines indicate the errors in the astrometric 
offsets, in the same respective colours. 
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 ANALYSIS  A N D  RESULTS  

he positions, flux densities, and angular sizes, deconvolved for
he beam, of our VLBI sample of 24 sources, across the four
nstruments (see Section 2.4 ) were measured by fitting a 2D Gaussian
sing the CASA IMFIT task for the VLBA data and obtained from
adcliffe et al. ( 2018 ) for the EVN data, Owen ( 2018 ) for VLA
ata and e -MERGE DR1 source catalogue from for the e -MERLIN
ata (Muxlow et al. 2020 ; Thomson et al., in preparation). These
easurements enable a basic characterization of the sources, and
 comparison of the ∼1.6 GHz radio emission across the different
patial scales as probed by the four instruments. In this section,
e compare positions (Section 3.1 ) and flux densities (Section 3.2 )
etween the VLBA measurements and counterparts of these sources
n other surv e ys. We then present the results of the radio sizes and
rightness temperatures as determined across the four instruments
Section 3.3 ). These combined properties are used to discuss the
rigin of the radio emission, on different spatial scales, in Section 4 .
The images from VLBA, VLA, and e -MERLIN are presented in

igs 1 and A1 . The VLBA positions and flux density measurements
cross the four instruments, are presented in Table 1 . The restoring
eam sizes, the major and minor axes of the deconvolved angular
ize (included the uncertainties as quoted by CASA IMFIT ), and their
orresponding projected linear sizes are presented in Table A1 .
e note that some sources are completely unresolved, with no

ize information (labelled as ‘Unresolved’ in the tables), whilst for
ome sources, a lower limit on the sizes was returned by the fitting
outine. Table A2 presents the brightness temperature and luminosity
easurements. 

.1 Positional offsets 

he astrometric offsets between the VLBA and EVN data are shown
n Fig. 2 , for the 18 sources with mutual detections. The median
ffsets between these positions are very small, with 	 RA ≈ −0 . 085 
as and 	 Dec ≈ −0.94 mas. The median astrometric offset between
NRAS 528, 6141–6158 (2024) 
he two VLBI arrays is < 1 mas, indicating an excellent agreement
etween the two data sets. The scatter in 	 RA is ≈ 1 . 3 mas and
n 	 Dec is ≈ 1 . 5 mas. We note that the 4/18 sources showing the
argest positional offsets, i.e. those beyond the defined 3 σ scatter
shown with the dashed ellipse in Fig. 2 ), are some of the lowest S/N
ources in the EVN. 

The median and scatter of the astrometric offsets between the
LBA positions and the e -MERLIN, VLA, and optical CANDELS
D- HST (Skelton et al. 2014 ) positions, are all represented in Fig. 3 .
he median astrometric offsets between the VLBA and e- MERLIN

s 2 . 5 mas in 	 RA and 1.2 mas in 	 Dec with a scatter of 106 and
7 mas, respectiv ely. F or VLBA and the VLA the median offsets are

113 mas in 	 RA and −22 mas in 	 Dec, with a scatter of 119 and
8 mas, respectively. Finally for, VLBA and CANDELS 3D- HST
Skelton et al. 2014 ) the median offsets are ∼ 46 mas in 	 RA and
8 mas in 	 Dec, with a scatter of 207 and 126 mas, respectively. 
All median offsets are consistent with (0,0) within the 1 σ scatter,

hich is to be expected, but also reassuring. A subset of sources do
ho w large of fsets between the VLBA and VLA and/or the VLBA and
ST positions, which results in the relatively large scatter. However,

uch large offsets can arise in some sources due to different emission
rocesses dominating the respective emission, and the relatively large
ifferences in spatial resolution of the observations. The contribution
f different processes (namely AGN and star formation) to the
adio emission on nuclear emission (probed by VLBA) compared to
alactic scale emission (probed by VLA), is discussed in Section 4 . 

.2 Flux density measurements 

igh angular resolution (milliarcsecond) VLBI observations are
nsensitive to large scale and diffuse radio emission, including from
xtended AGN lobes, and diffuse star formation-related emission.
s such, we would expect that some fraction of the flux density
bserved at (sub-)arcsecond to remain undetected in the mas-scale
LBA images. Here we quantify this across our sample of VLBA-
etected sources, by comparing the VLBA integrated flux densities



VLBA CANDELS GOODS-North 6147 

Figure 4. Ratios of VLBA to the EVN, e -MERLIN, and VLA flux densities. The green dashed lines indicate the median flux ratio R instrument , while the red 
solid lines indicate R instrument = 1. Panel (a) shows the S VLBA / S EVN flux density ratios distribution between the VLBA and the EVN (for the 16 EVN sources 
with a flux density measurement), with a median of R EVN = 0.74. Panel (b) shows the S VLBA / S eMERLIN flux density ratios with a median of R eMERLIN = 0.63. 
Panel (c) shows the source number distribution for the S VLBA / S VLA flux density ratios with a median of R VLA = 0.60. The two blue dash-dotted and dotted 
lines in Panel (c), R2018 median = 0.625 and HR2017 = 0.60 indicate the median flux density ratios of the GOODS-North VLBI source sample of Radcliffe 
et al. ( 2018 ) between the EVN and VLA, and the COSMOS VLBI source sample of Herrera Ruiz et al. ( 2017 ) between the VLBA and VLA, respectively. The 
regions shaded in grey highlight the variable sources in this sample, as reported in the VLA variability study of the GOODS-North by Radcliffe et al. ( 2019 ). 
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ith the VLA, e -MERLIN and EVN integrated flux densities. We 
erive the respective flux density ratios, which is parametrized as 

 instrument = S VLBA /S instrument , (1) 

here instrument corresponds to the EVN, e -MERLIN, or VLA. 
Histograms of R instrument flux density ratios are plotted in Fig. 4 . We

ote that only sources with appropriate flux density measurements 
n the respective surveys are included in the histograms, that is 16/18
or EVN 

1 and 23 for each of VLA and e -MERLIN (see Table 1 ).
he sources which have previously been flagged as variable are 
ighlighted in grey in the figure. 
For the comparison of EVN and VLBA flux density measurements 

see Fig. 4 , left panel (a)] we find median R EVN = 0.74 with
2/16 sources showing R EVN < 1. Only 2/4 of the remaining 
alaxies, J123640.5 + 621833 and J123622.5 + 620653, show 

ignificantly greater flux density in VLBA at R EVN = 1.35 and 
.33, respectively. The source J123622.5 + 620653 is also reported 
s a variable in Radcliffe et al. ( 2019 ). For the remaining two
ources, J123700.2 + 620909 R EVN = 1 . 06 and J123617.5 + 621540
 EVN = 1 . 09. We note all 16/18 sources agree between the total flux
ensity measurements within ∼25 per cent. Since both the VLBA 

nd EVN are probing similar spatial scales, one may also expect 
hat R EVN ≈ 1, where there is no source flux density variability. 
o we ver, there are differences in baselines configuration within the 

wo arrays. The EVN has a larger fraction of relatively compact 
aselines, which also include large and most sensitive telescopes 
uch as Effeslberg and Lo v ell, and is thus expected to be slightly
ore sensitive to diffuse and extended emission as compared to 

he VLBA, including some sources with a slighter larger beam. 
 2/18 EVN sources, J123751.2 + 621919 and J123701.1 + 622109, are ex- 
luded from this analysis since they do not have a reliable flux density 
easurement. 

3

A
p  
dditionally, we investigated the EVN/VLA flux ratios for the 13/31 
non-VLBA) sources reported in Radcliffe et al. ( 2018 ). The median
 VLA ∼ 0 . 5, lower than EVN/VLBA sources. These are also the
rightest sources in the VLA sample, further evidence that the EVN
s more sensitive to more resolved sources than the VLBA. While
his is to be expected, its observational confirmation with different 
nterferometric arrays is an important demonstration, particularly 
or the faint radio source population. 

The comparison between VLBA and e -MERLIN [see Fig. 4 ,
iddle panel (b)], reveals a median flux ratio of R eMERLIN =

.63, with two low-SNR ( ∼5.5 σ ) sources (J123627.2 + 620605
nd J123624.6 + 620728) showing R eMERLIN > 1. The source 
123624.6 + 620728 is reported as variable in Radcliffe et al. ( 2019 )
nd remains undetected in the Owen ( 2018 ) VLA source catalogue,
hile the source J123627.2 + 620605 shows a similar trend in VLA
ith R VLA > 1. The median value R eMERLIN = 0.63 is consistent with

xpectations, due to the sensitivity to larger scales structures than the
LBA, we expect R eMERLIN < 1. Whilst due to the longer baselines
f e -MERLIN compared to VLA, one would anticipate R eMERLIN >

 VLA , as is the case. 
The majority of the VLBA-VLA flux density ratios [see 

ig. 4 , right panel (c)] show R VLA < 1, with only one source
J123627.2 + 620605) showing R VLA > 1. This is a ∼5.5 σ source
nd shows the largest R VLA = 2.48. The median R VLA = 0 . 6 value
s consistent with other similar surv e ys. Both the VLBA-COSMOS
urv e y (Herrera Ruiz et al. 2017 ) and the EVN-GOODS-North surv e y
Radcliffe et al. 2018 ) find R VLA ∼ 0.6. This indicates that, on
verage, 40 per cent of the large-scale radio flux is resolved out
n such VLBI-selected samples. 

.3 Radio sizes and brightness temperature 

t θ res ∼ 1.5 arcsec , the VLA observations correspond to a 
hysical scale of ∼ 12 kpc at z ∼ 2. On the other hand, VLBI
MNRAS 528, 6141–6158 (2024) 
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dashed line indicate the T B > 10 5 K threshold typically used to separate 
AGN and star formation powered radio emission (Condon et al. 1991 ). 
Applying VLBI observations resolves bright compact (AGN) cores that would 
otherwise remain unresolved in both the e -MERLIN and VLA and as such 
mis-classified as star formation. 
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as angular scales, θ res ∼ 5 mas, offer spatial resolutions ∼50 pc
t z ∼ 2. Therefore, the data presented here enables a comparison
rom arcsecond to mas imaging scales for extended emission and
ompact radio structures. The radio sizes of the sources across the
our instruments (for which the required data are available) are
resented in Table A1 . 
For the VLBA measurements, 5/24 sources are unresolved, and

herefore only have an upper limit on the source extent. The angular
izes of the other sources range from 20–88 pc, 7–113 pc in the EVN,
.2–4.4 kpc in e -MERLIN and 2–10 kpc in VLA. As expected, these
ources have typical physical sizes on 10 s pc scales in both the
LBA and the EVN, while the e -MERLIN sizes lie typically at ∼1
pc scale and the VLA sizes on a few kiloparsec scales (e.g. Muxlow
t al. 2005 ; Morrison et al. 2010 ; Barger et al. 2017 ; Radcliffe et al.
018 ). 
We can combine the measured flux densities and sources sizes,

cross the four different instruments to determine the measured
rightness temperatures, T B . The brightness temperature can be
sed to determine whether the detected radio emission is likely
o be dominated by nuclear AGN emission (highest brightness
emperatures). We derive the brightness temperatures for our VLBI
ample by assuming that the brightness temperature distribution of a
ource at a given redshift z can be modelled as an elliptical Gaussian
istribution as described in Condon et al. ( 1982 ) and Radcliffe et al.
 2018 ), 

 B = 1 . 22 × 10 12 (1 + z) 

(
S ν

1 Jy 

)( ν

1 GHz 

)−2 
(

θmaj θmin 

1 mas 2 

)−1 

K, 

(2) 

here θmaj and θmin are the deconvolved major and minor axes from
he elliptical Gaussian model, S ν is the observed flux density, and ν
s the observing frequency. The derived T B across the VLBA, EVN,
 -MERLIN, and VLA are shown in Table A2 . 

The brightness temperature range across the VLBA is > 10 6 –10 8 

, EVN is > 10 6 –10 9 K, e -MERLIN is 10 2 –10 6 K, and VLA is 10 1 –
0 4 K. Fig. 5 shows the brightness distribution of the VLBI sample
s a function of the angular sizes across the four instruments. 

The measured brightness temperatures co v er orders of magnitude
anges, for the same sources, when measured across the different
nstruments. This is expected, based upon the uv -co v erage of the re-
pective instruments. To show this explicitly, we calculate the probed
rightness temperature ranges as a function of both uv -co v erage
per instrument spatial resolutions) and the reco v ered source sizes.

e deduced the minimum and maximum brightness temperature
or our interferometric visibilities for each array (assuming point
ource emission) and apply the minimum and maximum brightness
emperature equations as discussed and derived by Lobanov ( 2015 ), 

 b , min = 3 . 09 

(
B 

km 

)2 (
V q 

mJy 

)
K (3) 

nd 

 b , max = 1 . 14 

(
V q + σq 

mJy 

) (
B 

km 

)2 (
ln 

V q + σq 

V q 

)−1 

K. (4) 

T b, min is the minimum brightness temperature that can be observed
iven both the minimum and maximum baseline lengths, B and
 q is the visibility amplitude.T b, max is the maximum measurable
rightness temperature that should be detected at the minimum and
aximum baselines of an array, while σ q is the sensitivity of the

rray. The derived minimum and maximum brightness temperatures
e gions co v ered by the VLA, e -MERLIN, EVN, and VLBA are
ighlighted by the parallelograms on Fig. 5 . 
NRAS 528, 6141–6158 (2024) 
The high values of T B > 10 5 K across both the VLBA and EVN is
 strong indicator of the presence of AGN-dominated radio emission
nd confirms that our VLBI selection criteria returns a sample of
GN systems, based on brightness temperature (Condon et al. 1991 ;
iddelberg & Bach 2008 ). We also expect all of the unresolved

ources to be AGN dominated (see parallelograms in Fig. 5 ). On
he other hand, the scales probed by the e -MERLIN observations
re almost equally sensitive to nuclear AGN activity, and extended
mission which could be a mixture of star formation and other
GN processes (e.g. jets/lobes and outflow-induced shocks). We
iscuss the contribution of point like and extended radio structures
n Section 4.2 . Across our sample, only a small fraction could be
onfirmed to be AGN-core dominated based upon the e -MERLIN
rightness temperature measurements. On the scales probed with
he VLA, it is even more difficult to confirm an AGN origin of the
mission based upon brightness temperatures alone. Indeed, none of
ur sample have T B > 10 5 K. Of course, this does not rule out AGN
rigin (jets or shocks) of the radio emission measured in the VLA
ata, as we discuss in Section 4 . 

 DI SCUSSI ON  

n the previous section we presented a comparison of the positions,
ux densities, and brightness temperatures of the 24 VLBI-selected
ources from our new VLBA surv e y of the CANDELS GOODS-
orth field (see Paper I ). This sample reaches low VLBI flux den-
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ities, including five new sources with low integrated flux densities 
rom VLBA of ∼50–100 μJy, that were previously not recorded from
he EVN observations of the same field (Radcliffe et al. 2018 ). 

VLBI observations as those carried out with our VLBA surv e y, are
ensitive to brightness temperatures of T B ∼ 10 6 –10 K (Fig. 5 ), and
hese detections confirm our selected sample comprises of galaxies 
osting a radio AGN core (e.g. Condon et al. 1991 ; Middelberg &
ach 2008 ; Radcliffe et al. 2018 ; Morabito et al. 2022 ). In this

ection we discuss the nature of the AGN, including a comparison 
o other AGN tracers (Section 4.1 ) and also assess the nature of the
xtended radio emission in this sample (Section 4.2 ). 

.1 Identifying and characterizing the AGN 

hilst radio emission benefits from being insensitive to obscuration, 
he origin of the radio emission can be attributed to either star
ormation-related processes, or AGN-related processes (including 
GN cores, extended jets and shocked gas due to outflows; e.g. 
ondon et al. 2012 ; P ado vani 2016 ; P anessa et al. 2019 ). Therefore,

t is important to use multiple approaches to assess the origin of the
dentified emission on different spatial scales. The radio luminosities 
 L 1.4GHz ) of our sample, measured with four different arrays (see
able A2 ), range between L 1.4GHz = 10 23 and 10 27 W Hz −1 with a
edian of ∼10 25 W Hz −1 . A threshold of L 1.4GHz > 10 24 W Hz −1 

s sometimes used a boundary to classify sources as AGN (e.g. 
arger et al. 2017 ). Ho we ver, this relati vely crude approach does
ot consider in detail the relative contribution to the radio luminosity 
rom star formation versus AGN, and that these processes may be 
ccurring on different spatial scales. 
It is possible to identify sources where the radio emission is in

xcess of that expected from star formation, due to the observed 
orrelation between infrared emission and radio emission in star- 
orming galaxies (e.g. Helou, Soifer & Rowan-Robinson 1985 ; 
ondon 1992 ; Donley et al. 2005 ; Ivison et al. 2010 ; Del Moro
t al. 2013 ). Excess radio emission would indicate a dominant 
ontribution from AGN. Radcliffe et al. ( 2021b ) provide a detailed
haracterization for this method of EVN-detected VLBI AGN in the 
OODS-North field. Therefore, here we only briefly explore this 
ith our VLBA sample, which includes 6 new VLBI sources (see 
ection 2.4 ), not included in the EVN sample. 
We make use of the radio excess parameter, q 24 = 

og ( S 24 μm 

/S 20 cm 

) and q 100 = log ( S 100 μm 

/S 20 cm 

) where S 24 μm 

and
 100 μm 

are the monochromatic infrared flux density at either 24 or
00 μm and S 20 cm 

is the radio flux density at 1.4 GHz (Appleton et al.
004 ). The S 24 μm 

data were obtained from Magnelli et al. ( 2011 ),
hile the 100 μm data were obtained from Elbaz et al. ( 2011 ). 23/24

argets are detected at 24 μm while only half (12/24) of the sample
ave appropriate detections at 100 μm . In Fig. 6 , we plot the q 24 

alues using the VLA flux density measurements against redshift. 
sing the Donley et al. ( 2005 ) radio excess selection criteria, where
 24 < 0 is classified as radio excess, 18/23 ( ∼78 per cent) of our
LBI sample (with VLA detections and a redshift) show a radio 

xcess. This fraction remains similar to the 79 per cent found in
adcliffe et al. ( 2021b ). Additionally, following the Del Moro et al.
 2013 ) radio excess criteria which classify all galaxies below q 100 =
.5 as showing radio excess, at least out to z = 2, 8/12 (67 per cent)
f our VLBI sources with FIR counterparts show radio excess. We 
ote that 3/5 of the sources not classified as radio excess are low-
NR ( ∼5.5 σ ) sources, highlighting that these weaker sources are 

ess likely to be classified as AGN dominated using this approach. 
Radio emission is able to identify AGN which are either radiatively 

fficient (sometimes referred to as ‘quasar mode’ or ‘radiative 
GN’), or radiati vely inef ficient (e.g. Heckman & Best 2014 ;
ardcastle & Croston 2020 ). In the GOODS-North sample of 
uidetti et al. ( 2017 ), 33 per cent of our sources are classified

s radiati vely ef ficient AGN while ∼ 61 per cent are classified as
adiati vely inef ficient AGN. It is therefore interesting to assess the
raction of VLBI-detected AGN which are also classified as AGN 

ased upon their X-rays or infrared colours, which are both tracers
f radiati vely ef ficient AGN. We find 14/24 (58 per cent) sources are
lassified as X-ray AGN based on the catalogues of Yang et al. ( 2014 )
nd Xue et al. ( 2016 ). Assuming the IRA C ‘A GN wedge’ selection
f Donley et al. ( 2012 ), we find only 6/24 (25 per cent) sources to
e selected as AGN. We highlight these X-ray and IRAC-selected 
GN in Fig. 6 . Again, these detection rates are consistent with the
VN VLBI sample of Radcliffe et al. ( 2021b ), who perform a more
omplete analysis using multiple AGN selection methods. 

The 4/5 sources classified as non-radio excess q 24 > 0, 
J123716.7 + 621733, J123634.5 + 621241, J123608.1 + 621035, and 
123603.2 + 621110) are X-ray selected AGN in Xue et al. ( 2016 ),
ith two sources (J123716.7 + 621733 and J123608.1 + 621035) 

urther classified as AGN in the IRAC colour–colour diagrams and 
he source J123716.7 + 621733 showing radio excess at q 100 ∼ 1.1.
he remaining source J123734.5 + 621723, a low-SNR source, is not

dentified as AGN using any of our multiwavelength analysis. 
We confirm that the milliarcsecond scales provided by VLBI are 

rucial in identifying embedded AGN cores in large-scale radio 
mission (see Fig. 5 ; also see e.g. Garrett et al. 2001 ; Herrera Ruiz
t al. 2017 ). No other single AGN-selection method that we have
xplored is complete at detecting all of the VLBI AGN (see also
adcliffe et al. 2021a ). 
MNRAS 528, 6141–6158 (2024) 
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M

Figure 7. The fraction of the extended radio emission luminosity as a 
function of the largest angular size in the VLA (for the 21 sources with 
VLA linear size measurements). The colorbar highlights the luminosity of 
the extended emission (i.e. with the VLBI core contribution subtracted). 
The dashed circles represent sources, where the inferred star formation rates 
(assuming all of the extended radio emission is due to star formation), would 
be < 1000 M 	 yr −1 . The squares represent sources considered non-radio 
excess where q 24 > 0 in log ( S 24 μm 

/S VLA −VLBA ). Only three non-radio excess 
sources show realistic SFRs < 1000 M 	 yr −1 , for which the extended emission 
could be star formation dominated based upon the q 24 parameter (highlighted 
in both squares and dashed circles). 
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.2 Extended radio emission 

ith our VLBA measurements we can asses the nature of the
xtended radio emission. The VLBA-VLA flux density ratios show
hat ∼ 60 per cent (on average) of the total emission in these sources
an be attributed to the AGN cores (see Fig. 4 ); also see e.g. Herrera
uiz et al. ( 2017 ) and Radcliffe et al. ( 2018 ). 
Based upon morphology it is challenging to identify the nature

f the extended radio emission for distant sources, which could be
racing AGN-related emission (i.e. jets/lobes or shocks), extended
tar formation processes, or a combination of both. While collimated
ets and lobes are an indicator of the presence of radio AGN on
he largest scales, ∼kiloparsec-scale radio structures can remain
eatureless in radio images at z � 1 (e.g. P ado vani 2016 , and the
eferences herein). Indeed the images presented in Figs 1 and A1
eveal that at arcsecond scales (VLA images), most of our sources
re compact and lack clear morphological structures. At the sub-
rcsecond scales traced by e -MERLIN, our sources are mostly
ompact, with some evidence of slightly resolved structures which
ay be indicating the emergence of sub-kpc scale jets from the base

f these compact objects. 
We investigated the origin of the extended radio emission further

y assessing the likelihood that it is associated with star forma-
ion. We explore the extended (non-core) radio emission only, by
ubtracting L VLBA from L VLA . In Fig. 7 , we plot the fraction of
adio luminosity associated with extended emission, as a function
f the radio size from VLA (for the 21 sources with the required
easurements, see Table A1 ). The data points are colour-coded by
 VLA - L VLBA . We find that ∼5–70 per cent of the total radio luminosity

s attributed to these extended scales, but with a wide range of L VLA -
 VLBA values, ranging from ∼3 × 10 23 to ∼6 × 10 26 W Hz −1 . 
NRAS 528, 6141–6158 (2024) 
If we assume that all the extended (non-core) emission was at-
ributed to star formation, we can calculate an inferred star formation
ate (SFR) using established relations for star-forming galaxies.
ollo wing K ennicutt & Ev ans ( 2012 ) the inferred SFRs for half of our
LBI sample is > 5000 M 	 yr −1 . Only seven sources in our sample
ould imply potentially realistic SFRs of < 1000 M 	 yr −1 (high-

ighted as dashed circles in Fig. 7 ). SFRs of a few hundred M 	 yr −1 

an be found in some of the most extreme star-forming galaxies at
hese redshifts (e.g. Santini et al. 2009 ; Popesso et al. 2023 ). Ho we ver,
f we again employ the ‘radio excess’ ( q 24 = log ( S 24 μm 

/S VLA −VLBA )
pproach to assess if this extended radio emission is beyond that
xpected from star formation, only 3/7 targets (J123734.5 + 621723,
123608.1 + 621035, and J123603.2 + 621110) considered non-radio
xcess where the extended radio emission is potentially dominated
y star formation (see squares in Fig. 7 ). Of these three, two
re from the low SNR part of the sample (i.e. they have lower
rightness). This further indicates that by pushing to lower flux
ensities in VLBI, we are more likely to find hybrid objects in which
he radio emission has both an AGN and a star formation-related
omponent. The remaining 4/7 sources considered non-radio excess
J123716.7 + 621733, J123646.3 + 621404, J123634.5 + 621241, and
123622.5 + 620653), have high luminosities L VLBA > 10 24.5 W Hz −1 ,
nd future work should be done to investigate these non-radio excess
ources with high radio luminosity. In all of the other sources, the
xtended radio emission is likely to be dominated by AGN-related
rocesses. 
As a final note on the low-SNR (5.5 σ ) VLBA sources (see

ection 2.3 ), whilst they remain undetected in the EVN GOODS-
orth surv e y (but were detected in both the e -MERLIN and the
LA) which employed a detection threshold of 6 σ , we have

onfirmed these sources as AGN (Fig. 5 ). All the low-SNR VLBI
etections have VLBA flux densities < 100 μJy and have mostly
nresolved source morphologies on VLA scales (see Fig. 1 ). The
ource J123634.5 + 621241, is particularly interesting, in that there
s extended e -MERLIN emission tracing the optical image, with
otentially two radio peaks in the e -MERLIN data (see Fig. 1 ). This
ay indicate a merging system. Ho we ver, only one of these peaks is

etected in the VLBA image. This peak is clearly a radio AGN core.
he classification of this source is one of the most debated issue in

he GOODS-North field. While Kirkpatrick et al. ( 2012 ) and Muxlow
t al. ( 2005 ) classify the source as a star-forming galaxy, Xue et al.
 2010 , 2016 ) classify the source as an X-ray AGN. Muxlow et al.
 2020 ) classify the source as an extended merging starburst system
ndergoing intense star formation. 

 C O N C L U S I O N S  

e have conducted a new VLBI 1.6 GHz surv e y of the CANDELS
OODS-North field, using the VLBA. Paper I introduced the surv e y
esign, data processing, data products, and derived source counts.
n this paper, we present new analyses of the 24 VLBA-detected
ources, down to 5.5 σ detection threshold, and which have radio
ounterparts in e -MERLIN and/or VLA. Of these, 6/24 are new
LBI sources in the GOODS-North field, without previous recorded
etections from the EVN data of Chi, Barthel & Garrett ( 2013 ) and
adcliffe et al. ( 2018 ). Of these six new VLBI sources, 5/6 sources
re low-SNR ( ∼5.5 σ ) detections, classified as VLBI-selected AGN
ased on available multiwavelength data. 
We studied the radio properties of these 24 sources across four dif-

erent instruments (VLBA, EVN, e -MERLIN, and VLA), co v ering a
arge range of probed spatial scales ( θres ≈ 0 . 005 − 1 . 5 arcsec ) with
igh sensitivity (rms ≈ 2 − 10 μJy per beam ). We further combined
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his radio analysis with multiwavelength information to probe the 
ature of these VLBI-selected sources, on nuclear scales (i.e. a few 

ens of parsec) and galaxy scales (i.e. a few kiloparsec). Our primary
onclusions are as follows: 

(i) Comparing the VLBA and VLA flux density measurements, 
e find a medium ratio of R ∼ 0.6 for S VLBA / S VLA (Fig. 4 ). This is

n agreement with measurements from other similar VLBI surv e ys.
his implies that, on average, ∼60 per cent of VLBI-selected sources

at these detection limits), can be attributed to compact VLBI cores. 
(ii) The VLBA sources, have the expected high brightness tem- 

eratures ( T B � 10 6 K), indicative of nuclear AGN emission.
one of the 24 sources would have been reliably classified as

n AGN based on the T B measurements from VLA, and only a
mall number ( ∼ 30 per cent) would be candidates based on the
 -MERLIN measurements (Fig. 5 ). Of these VLBI-AGN, 15/24 
re classified as (radiative) AGN based upon existing X-ray and 
nfrared data. Combined, this highlights the importance of VLBI 
tudies for characterizing a complete AGN population, and the need 
o continue to expand the area coverage of sensitive VLBI surveys
 v er e xtragalactic fields. 
(iii) To assess the origin of only the larger-scale radio (i.e. the 

on-AGN core) emission on a few sub-kpc ( � 100 pc) scales, we
ubtract the VLBA from the VLA luminosities for the 21 sources
ith linear size measurements from VLA. This emission contributes 
5–70 per cent of the total luminosity. Based upon the ‘radio excess’

arameter, only three sources could be star formation dominated (Fig. 
 ). We conclude that, for the other 18 sources, the extended radio
mission is likely to be AGN-dominated (i.e. tracing kpc-scale radio 
et/lobes or shocks from outflows). 

We have used VLBA and archi v al radio data to identify both AGN
ores, and to assess the origin of the larger scale radio emission
n sources at z ∼ 0.3–4. This work already provides SKA2-like 
patial-scale co v erage, which is useful for ke y technical v erification
or SKA-pathfinders such as astrometry and flux density scaling (e.g. 
aragi et al. 2015 ). Our current results may be observationally biased

owards sources with detections of both compact emission and larger- 
cale radio emission. Specifically, VLBI-selected sources are skewed 
owards high brightness temperature sources and remain insensitive 
o low surface brightness sources. Some of the arising issues include 
etermining the intermediate spatial scales co v ering the transition 
etween pure AGN emissions and star formation processed, could 
e addressed in future wide-field VLBI surv e y with an intermediate
esolution ( ∼10–100 mas) view of these faint sources. 
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Figure A1. A montage of the 19/24 VLBA CANDELS GOODS-North sources with SNR VLBI ≥ 7. Columns 1 and 2 show the contour maps for the sources 
in the VLA and e -MERLIN respectively, at contour levels 3 σ × [ −1, 1, 2, 3, 4, 5, 6,...., 11] o v erlaying their optical counterparts 3D- HST CANDELS in the 
F160W band where available, in greyscale. The VLBA contours are drawn at a central rms ∼ 15 μJy per beam multiplied by factors of [2, 3, 5, 7, 9, 11, 13]. 
The red cross on the VLA and e -MERLIN images indicate the VLBI position. The source ID are shown on the e -MERLIN panel with the exact coordinates 
listed in Table 1 . 
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Figure A1. – continued 
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Figure A1. – continued 
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Figure A1. – continued 
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