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ABSTRACT

Deep radio surveys of extragalactic legacy 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 surveys
performed at < 1 arcsec angular resolutions, and so robust comparisons are necessary to better understand the biases present in
each survey. We present a multiresolution and multiwavelength analysis of the sources detected in a new Very Long Baseline
Array (VLBA) survey of the Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey Great Observatories Origins Deep
Survey-North field. For 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
(Tg = 10° 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) coverage of the faint radio source population, for a complete
picture of the multiscale processes within these galaxies.

Key words: methods: observational —techniques: high angular resolution—techniques: interferometric —galaxies: active—
galaxies: high-redshift—quasars: supermassive black holes.

Deep interferometric extragalactic radio continuum surveys such

1 INTRODUCTION as the VLA-COSMOS (Schinnerer et al. 2004; Smolci¢ et al. 2017),

Understanding the evolution of star formation and accretion through
cosmic time, from the earliest stars, galaxies and black holes in
the Universe to the present day, is one of the most important goals
in astrophysics (e.g. Lilly et al. 1996; Madau & Dickinson 2014).
This requires an understanding of the sequence of events from
those distant epochs to the present and successfully resolving the
processes involved, namely star formation and accretion. Therefore,
itis necessary to disentangle and distinguish emission from these two
processes (e.g. Smolci¢ et al. 2009; Padovani 2016). Optical, infra-
red, and X-ray observations can be affected by dust obscuration and
are an incomplete probes of these two processes. Radio observations
on the other hand, are free from dust obscuration and therefore offer
unbiased tracers for both star formation and accretion processes (e.g.
Panessa et al. 2019).
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MIGHTEE (Jarvis et al. 2017), e-MERLIN Galaxy Evolution (e-
MERGE; Muxlow et al. 2020), ATLAS (Norris et al. 2006), Lockman
Hole (e.g. de Ruiter et al. 1997; Sweijen et al. 2022), the LOFAR
Two-metre Sky Survey (LoTSS; Shimwell et al. 2022), and EMU
(Norris 2011; Norris et al. 2021) are prominent examples of studies
of star formation and black hole accretion processes at high redshifts.
These surveys have been facilitated by instruments such as the Karl
G Jansky Very Large Array (VLA), the enhanced-Multi Element Re-
motely Linked Interferometry Network (e-MERLIN), MeerKAT, the
LOw Frequency ARray (LOFAR), the Murchison Widefield Array,
and the Australian Square Kilometre Array Pathfinder (ASKAP).
To date, these deep-field surveys have revealed both star-forming
galaxies and active galactic nuclei (AGN) populations over a wide
range of luminosities and redshifts (e.g. Garrett 2000; Muxlow et al.
2005; Padovani et al. 2009; Smolci¢ et al. 2017; Shimwell et al.
2019). Multiwavelength analysis reveal that star-forming galaxies
begin to dominate at flux densities below 0.2 mJy at 1.4 GHz (e.g.
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Morrison et al. 2010; Smolcié et al. 2017). At this level, some galaxies
show signatures of AGN activity at non-radio wavelengths (X-ray,
mid-IR, and optical), but without signs of large-scale radio jets, and
much weaker radio emission than the radio-loud AGN sources (e.g.
Kellermann et al. 2016; Radcliffe et al. 2021a).

Deep wide-field radio surveys of extragalactic legacy fields trace
a large range of spatial scales and brightness temperature sensitivity,
with differing sensitivities to the different radio-emitting components
in galaxies at cosmologically significant distances. This potentially
opens an avenue for separating AGN and star formation contributions
without the need for multiwavelength data and its associated biases.
At ~GHz frequencies, the arcsecond angular resolution scales offer
a view of the diffuse emission largely associated with star formation
regions (e.g. Condon et al. 2012; Vernstrom et al. 2015). Sub-
arcsecond angular resolutions are sensitive to, and able to spatially
resolve, emissions from both AGN and star formation (e.g. Muxlow
etal. 2020), while milliarcsecond angular resolution scales are mostly
sensitive to compact emission mainly associated with the cores of
AGN (e.g. Herrera Ruiz et al. 2017; Radcliffe et al. 2018; Njeri et al.
2023). It is therefore crucial to better understand the resolution at
which compact emission becomes more dominant than the diffuse
emission and the associated radio properties. To achieve this, we also
have to understand the biases present in each interferometric survey,
and be able to reconcile them with one another with regards to;
first, their observed astrophysical properties, such as their astrometric
positions, morphology, flux density, variability, sizes, luminosity, and
brightness temperature, and, secondly, the instrumental and technical
biases that arise from the differing survey designs, instruments, and
analysis techniques used.

The Great Observatories Origins Deep Survey-North (GOODS-
North; Giavalisco et al. 2004), is one of the best studied extragalactic
legacy fields across the electromagnetic spectrum, but particularly so
at radio wavelengths. This includes surveys spanning more than two
decades using multiple instruments including the VLA (Richards
2000; Morrison et al. 2010; Murphy et al. 2017; Owen 2018; Gim
et al. 2019; Radcliffe et al. 2019), the Multi-Element Radio-Linked
Interferometer Network (MERLIN/e-MERLIN; Muxlow et al. 2005;
Guidetti et al. 2013, 2017; Muxlow et al. 2020), and VLBI surveys
with the European VLBI Network (EVN; Garrett et al. 2001; Chi,
Barthel & Garrett 2013; Radcliffe et al. 2018). At 1.4 GHz, these
surveys cover seven orders of magnitude in brightness temperature
(Tg ~ 10°-10° K), a wide range of sensitivity and an arcsecond-scale
to milliarcsecond range of resolutions (65 ~ 0.005-1.5 arcsec).
Combining such a range of T and 6, provides a powerful tool
for probing and separating faint AGN from star formation and their
symbiotic occurrences in this and other extragalactic fields (e.g. Chi,
Barthel & Garrett 2013; Herrera Ruiz et al. 2017; Radcliffe et al.
2018; Njeri et al. 2023).

We have extended the radio coverage in the Cosmic Assembly
Near-IR Deep Extragalactic Legacy Survey (CANDELS) GOODS-
North field, with a Very Long Baseline Array (VLBA) survey
that covers the entirety of the ~ 160 arcmin® area with quasi-
uniform sensitivity (Deane et al. 2024, hereafter Paper I). This is
a unique approach, which is in contrast to other wide-field VLBI
surveys which target previously known sources. Furthermore, the
GOODS-North field is the only extragalactic legacy field with wide
and deep (= 10 wly per beam) milliarcsecond resolution coverage
by two VLBI networks (i.e. EVN and VLBA). This will enable
three key tests, in the context of continued development of wide-
field VLBI techniques. First, it offers independent measurements
enabling a statistical comparison of the astrometry and absolute
flux calibration of the two instruments therefore constraining the
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systematic uncertainties. Secondly, it enables a search for highly
time-variable sources at milliarcsecond scales. Finally, it serves an
important technical role, in validating the wide-field VLBI survey
design and calibration and imaging pipeline, as described in Paper I.

As presented in Paper I, several new candidate sources were
identified in the VLBA survey which are either not in the EVN
survey footprint or are below its non-uniform sensitivity limits and
require further characterization. These aforementioned criteria have
a fundamental role in these series of papers based on this survey,
particularly as a physically well-understood comparative sample for
the statistical calibration, source probabilistic and source charac-
terization to be presented in a future publication and its possible
extension. Furthermore, this work plays an informative role for
decisions on wide-field survey strategies in the next-generation VLBI
networks, including SKA-VLBI and the African VLBI Network.

This paper is organized as follows. Section 2 describes the existing
deep radio surveys of the GOODS-North field. Section 3 compares
the imaging data products and derived properties of several VLBI-
selected sample from the VLBA, EVN, e-MERLIN, and VLA. In
Section 4 we provide a discussion on theses results, including the
origin of the compact and extended radio emission. Finally, Section
5 presents the conclusions. For this work, we adopt the Lambda
cold dark matter (ACDM) cosmology parameters with Hy = 67.4
kms™! Mpc_l and Q,, = 0.315 (Planck Collaboration 2020). The
spectral index, o uses the convection S, o« v*, where S, is the
integrated flux density.

2 GOODS-NORTH FIELD: THE VLBA AND
OTHER DEEP RADIO SURVEYS

The GOODS-North field (Dickinson, Giavalisco & team 2003;
Giavalisco et al. 2004) covers ~ 160 arcmin? and is centred on
the Hubble Deep Field-North (HDF-N; Williams et al. 1996),
coordinates 12"36™44%.27 and Dec +62°14/24”.48. The GOODS-
North has deep coverage by Spitzer in the near-infrared, Herschel
in the far-infrared (FIR), Hubble Space Telescope (HST) in optical,
Chandra in X-ray and VLA, e-MERLIN, and EVN in radio.

This paper is the second presenting new VLBA data of the
GOODS-North field (Paper I introduces the survey; see Section 2.1).
The distinct advantage of VLBI observations, such as those from
VLBA, is their insensitivity to diffuse emission on larger scales,
and hence provide a clean tracer of high brightness temperatures
(>10° K) radio emission, which primarily originates from AGN
cores at high redshifts (e.g. Kewley et al. 2000; Middelberg et al.
2013). Conversely, due to this insensitivity to low surface brightness
emission, VLBI observations tend to completely resolve out any
extended emission, such as star formation and AGN jet structures.
Therefore, to fully characterize the high redshift radio source in
extragalactic deep fields, both intermediate (~ arcsecond) and high
(~ milliarcsecond) angular resolutions scales are required. The mul-
tiscale suite of data presented in this work covers angular resolution
from ~ 1 arcsecto~ 5 mas. We analyse the VLBA-selected sources
from GOODS-North field at ~1.6 GHz using multiple instruments,
the VLA, e-MERLIN, and EVN with arcsecond—milliarcsecond
coverage. Further details of each of the archival surveys used in
this study are given in Sections 2.2 and 2.3. An overview of the final
sample is provided in Section 2.4.

2.1 VLBA 1.6 GHz survey

Paper I provides full details of the VLBA survey strategy, observa-
tions, reduction, and source extraction techniques. Here we provide
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a brief summary. The VLBA GOODS-North field was observed on
2013 September 13—November 2 across 12 epochs, with each epoch
~ 2 hlong. The 1.6 GHz survey was centred on the HDF-N field
at RA 12"36™55% and Dec +62°1415”, covering 160 arcmin? in
area. This VLBA survey is based on a quasi-uniform sensitivity
coverage of the entire CANDELS (Grogin et al. 2011; Koekemoer
et al. 2011) region of the GOODS-North field. The multiple phase
centre correlation strategy was employed covering 205 phase centres
uniformly separated by a distance of ~35 arcsec. A 64k x 64k
pixel image corresponding to an area of 1.0 x 1.0 arcmin with a
primary-beam-corrected sensitivity of ~ 10 — 15 pJy per beam was
generated for each phase centre, followed by source extraction. A
source was classified as a VLBI detection if; (i) the VLBI signal-to-
noise ratio, SNRyg; > 7 or, (ii) SNRyp; > 5.5 if the VLBI position
was within 0.5 arcsec of a catalogued multiwavelength source. A
total of 24 sources were detected, all of which have a detection at
previous ~1.5 GHz observations of VLA and/or e-MERLIN (surveys
described below).

2.2 VLA and e-MERLIN: arcsecond to sub-arcsecond scale
radio observations

The GOODS-North field has been extensively studied at L-band
(1-2 GHz) using the VLA (Richards 2000; Morrison et al. 2010;
Owen 2018). Richards (2000) catalogued a total of 371 sources
within 20 arcmin of the HDF-N with an average angular size of 1.8
arcsec. Morrison et al. (2010) improved this survey by increasing
the total integration time to 165 h and catalogued 1230 radio sources
at 50 within the central 40 arcmin x 40 arcmin with a central rms
of ~ 3.9 Wy per beam. The median angular size of the sources was
calculated as ~1.2 arcsec. Owen (2018) re-observed the GOODS-
North field at 0, ~ 1.6 arcsec with the upgraded VLA in the A-
configuration for a total of 39 h with ~ 33 h on target. They catalogued
795 sources at So within the central 9 arcmin x 9 arcmin region
with a central rms noise of 2.2 pJy per beam. For the purposes of the
VLA imaging used in this work, we used the primary beam corrected
VLA A-array wide-field image from Owen (2018) cropped to the e-
MERGE DR1 region and re-sampled to 15k x 15k pixels with a
sensitivity of 2.0 ulJy per beam (Muxlow et al. 2020).

At higher resolutions, the e-MERGE survey (Muxlow et al. 2005,
2020) used e-MERLIN to produce a naturally weighted primary
beam corrected 15 arcmin x 15 arcmin image with a resolution of
Ores ~ 0.2 arcsec and a central sensitivity of 2.81 pJy per beam. A
total of 848 sources were catalogued at 4.5¢. For this work, we
used the DR1 image and the source catalogue as described in DR1
(Muxlow et al. 2020, Thomson et al., in preparation). The e-MERGE
survey also includes observations at C-band (Guidetti et al. 2013,
2017). These C-band data were used to derive our spectral indices,
presented in Table A2.

2.3 EVN data: previous milliarcsecond scale radio observations

The European VLBI Network has observed the GOODS-North field
multiple times across the past 25 yr. The first survey concentrated
on the smaller HDF-N region at 1.6 GHz and detected three VLBI
candidates within the central 3.5 region arcmin (Garrett et al. 2001).
This survey demonstrated the power of VLBI in distinguishing
between AGN and starbursts in faint highly obscured radio source
populations, and paved way for wide-field VLBI imaging and
characterization of the faint radio sky at sub-mly regimes. This
survey was followed up with the 1.4 GHz global VLBI observations
of the HDF-N and Hubble Flanking Fields (HFF) for a total of 36
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h with ~ 19 h on-source integration time (Chi, Barthel & Garrett
2013). This survey covered a total area of 201 arcmin? (HDF-N and
HFF) with a central rms of 7.3 wJy per beam at 6, ~ 4 mas. A total
of 12 compact radio sources were detected at So. This added nine
new sources to the previous Garrett et al. (2001) survey.

Radcliffe et al. (2018) built upon these two VLBI surveys by
imaging across the entire primary beam of the EVN. The GOODS-
North field was observed for 24 h using the EVN at 1.6 GHz on 2014
June 5-6. This survey targeted a region of 15 arcmin in diameter
centred on the HDF-N. This was supplemented by targeting bright
VLA sources up to 20 arcmin from the pointing centre. The observing
strategy employed in this survey used five pointing centres to widen
the area covered. As the EVN is a heterogeneous array, the primary
beam response is different for each antenna, with the largest and
most sensitive contributing the most to the inner central (7.5 arcmin)
region and so the sensitivity decreases quickly as you move from
the pointing centre. Consequently, this survey has a non-uniform
sensitivity coverage over the full field of view (FoV). The data were
naturally weighted for optimal sensitivity with a central RMS of ~9
uJy per beam. A total of 31 sources were catalogued at 6o, 19 more
sources than previously detected in the Chi, Barthel & Garrett (2013)
survey.

2.4 Final VLBI sample

The 24 VLBA sources were cross-matched against the deep VLA
and the e-MERLIN source catalogues as described in Section 2.2.
A total of 23/24 sources were found to be within a radius of 1.0
arcsec of a source catalogued in the VLA data and 23/24 were also
matched to the e-MERLIN. There was one non-matched source in
each case. One source, J123701.14-622109 was only reported in
the VLA catalogue (Owen 2018) and missing in the e-MERLIN
catalogue, whilst the source J123624.6+620728 is only reported in
the e-MERLIN catalogue (Muxlow et al. 2020) and not the VLA
catalogue. We further compared the VLBA source catalogue to
the EVN source catalogue (Radcliffe et al. 2018) as described in
Section 2.3. 18/24 sources were mutually detected across the two
VLBI surveys. We note that, the 5/6 sources not detected in the EVN
survey have the lowest SNR in the VLBA survey, and were classified
as VLBI detections using the SNRy;g; > 5.5 if the VLBI position
was within 0.5 arcsec of a catalogued multiwavelength source criteria
(see Section 2.1 and Paper I). We refer to these five new VLBI
detections as the low-SNR sources (or ~5.5¢ sources; see Fig. 1 and
highlighted in Table 1). The remaining source, J123746.6+621738
was in a region not covered by the EVN observations. Redshifts
(either photometric or spectroscopic), were obtained for 23/24 targets
from archival studies ranging from 0.321 — 4.428 with a median of
z = 1.145. The source J123627.2+620605 has no available redshift.
Table 1 presents a summary of the properties of the 24 sources,
including their redshifts and their corresponding references, and the
flux measurements across the different radio surveys.

In this work, we used this new VLBA sample in the GOODS-North
field, to investigate the similarities and differences in the observed
radio properties, between the two VLBI instruments (VLBA and
EVN), and with a further comparison to the lower resolution data
from the VLA and e-MERLIN. This comparison is based on the
radio properties of astrometric offsets, flux densities, source size
distribution and brightness temperatures (presented in Section 3).
These measurements are combined with other multiwavelength data
to characterize the AGN, and potential extended star formation, in
these targets in Section 4.
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VLA eMERLIN VLBA

J123734.5+621723

Figure 1. Thumbnails of the five low-SNR (~5.5¢) new VLBI sources detected in the VLBA survey. Columns 1 and 2 show the contour maps for the sources
in the VLA and e-MERLIN, respectively, at contour levels 30 x [—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 pJy 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 J123627.24-620605 (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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Figure 2. The VLBI astrometric offsets, ARA and ADec, between the
VLBA and EVN for the 18/24 mutually detected sources. The solid lines
indicate ARA = 0 and ADec = 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 3o
based on the individual ARA and ADec values. The colorbar highlights the
signal-to-noise ratio (SNR) of the VLBA sample.

3 ANALYSIS AND RESULTS

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

The images from VLBA, VLA, and e-MERLIN are presented in
Figs 1 and Al. The VLBA positions and flux density measurements
across the four instruments, are presented in Table 1. The restoring
beam sizes, the major and minor axes of the deconvolved angular
size (included the uncertainties as quoted by CASA IMFIT), and their
corresponding projected linear sizes are presented in Table Al.
We note that some sources are completely unresolved, with no
size information (labelled as ‘Unresolved’ in the tables), whilst for
some sources, a lower limit on the sizes was returned by the fitting
routine. Table A2 presents the brightness temperature and luminosity
measurements.

3.1 Positional offsets

The astrometric offsets between the VLBA and EVN data are shown
in Fig. 2, for the 18 sources with mutual detections. The median
offsets between these positions are very small, with ARA ~ —0.085
mas and ADec ~ —0.94 mas. The median astrometric offset between
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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.

the two VLBI arrays is <1 mas, indicating an excellent agreement
between the two data sets. The scatter in ARA is &~ 1.3 mas and
in ADec is & 1.5 mas. We note that the 4/18 sources showing the
largest positional offsets, i.e. those beyond the defined 3o scatter
(shown with the dashed ellipse in Fig. 2), are some of the lowest S/N
sources in the EVN.

The median and scatter of the astrometric offsets between the
VLBA positions and the e-MERLIN, VLA, and optical CANDELS
3D-HST (Skelton et al. 2014) positions, are all represented in Fig. 3.
The median astrometric offsets between the VLBA and e-MERLIN
is 2.5 mas in ARA and 1.2 mas in ADec with a scatter of 106 and
77 mas, respectively. For VLBA and the VLA the median offsets are
~ 113 mas in ARA and —22 mas in ADec, with a scatter of 119 and
98 mas, respectively. Finally for, VLBA and CANDELS 3D-HST
(Skelton et al. 2014) the median offsets are ~ 46 mas in ARA and
18 mas in ADec, with a scatter of 207 and 126 mas, respectively.

All median offsets are consistent with (0,0) within the 1o scatter,
which is to be expected, but also reassuring. A subset of sources do
show large offsets between the VLBA and VLA and/or the VLBA and
HST positions, which results in the relatively large scatter. However,
such large offsets can arise in some sources due to different emission
processes dominating the respective emission, and the relatively large
differences in spatial resolution of the observations. The contribution
of different processes (namely AGN and star formation) to the
radio emission on nuclear emission (probed by VLBA) compared to
galactic scale emission (probed by VLA), is discussed in Section 4.

3.2 Flux density measurements

High angular resolution (milliarcsecond) VLBI observations are
insensitive to large scale and diffuse radio emission, including from
extended AGN lobes, and diffuse star formation-related emission.
As such, we would expect that some fraction of the flux density
observed at (sub-)arcsecond to remain undetected in the mas-scale
VLBA images. Here we quantify this across our sample of VLBA-
detected sources, by comparing the VLBA integrated flux densities
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Figure 4. Ratios of VLBA to the EVN, e-MERLIN, and VLA flux densities. The green dashed lines indicate the median flux ratio Rinstument, While the red
solid lines indicate Rinsirument = 1. Panel (a) shows the Sy pa/Sevn flux density ratios distribution between the VLBA and the EVN (for the 16 EVN sources
with a flux density measurement), with a median of Rgyn = 0.74. Panel (b) shows the Syrpa/SemerLIN flux density ratios with a median of Remprrin = 0.63.
Panel (c) shows the source number distribution for the Sy pa/Svia flux density ratios with a median of Rypa = 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).

with the VLA, e-MERLIN and EVN integrated flux densities. We
derive the respective flux density ratios, which is parametrized as

Rinstrument = SVLBA/Sinstrumemv (1)

where instrument corresponds to the EVN, e-MERLIN, or VLA.

Histograms of Rinsirument flux density ratios are plotted in Fig. 4. We
note that only sources with appropriate flux density measurements
in the respective surveys are included in the histograms, that is 16/18
for EVN! and 23 for each of VLA and e-MERLIN (see Table 1).
The sources which have previously been flagged as variable are
highlighted in grey in the figure.

For the comparison of EVN and VLBA flux density measurements
[see Fig. 4, left panel (a)] we find median Rgyn = 0.74 with
12/16 sources showing Rgyn < 1. Only 2/4 of the remaining
galaxies, J123640.54+621833 and J123622.5+620653, show
significantly greater flux density in VLBA at Rgyny = 1.35 and
1.33, respectively. The source J123622.54-620653 is also reported
as a variable in Radcliffe et al. (2019). For the remaining two
sources, J123700.2+620909 Rgyxy = 1.06 and J123617.5+621540
Reyn = 1.09. We note all 16/18 sources agree between the total flux
density measurements within ~25 percent. Since both the VLBA
and EVN are probing similar spatial scales, one may also expect
that Rgyn &~ 1, where there is no source flux density variability.
However, there are differences in baselines configuration within the
two arrays. The EVN has a larger fraction of relatively compact
baselines, which also include large and most sensitive telescopes
such as Effeslberg and Lovell, and is thus expected to be slightly
more sensitive to diffuse and extended emission as compared to
the VLBA, including some sources with a slighter larger beam.

12/18 EVN sources, J123751.2+621919 and J123701.14+622109, are ex-
cluded from this analysis since they do not have a reliable flux density
measurement.

Additionally, we investigated the EVN/VLA flux ratios for the 13/31
(non-VLBA) sources reported in Radcliffe et al. (2018). The median
Ryia ~ 0.5, lower than EVN/VLBA sources. These are also the
brightest sources in the VLA sample, further evidence that the EVN
is more sensitive to more resolved sources than the VLBA. While
this is to be expected, its observational confirmation with different
interferometric arrays is an important demonstration, particularly
for the faint radio source population.

The comparison between VLBA and e-MERLIN [see Fig. 4,
middle panel (b)], reveals a median flux ratio of Remprin =
0.63, with two low-SNR (~5.50) sources (J123627.2+620605
and J123624.64-620728) showing Rempruin > 1. The source
J123624.6+620728 is reported as variable in Radcliffe et al. (2019)
and remains undetected in the Owen (2018) VLA source catalogue,
while the source J123627.24+620605 shows a similar trend in VLA
with Ryp 5o > 1. The median value Rqpgrpin = 0.63 is consistent with
expectations, due to the sensitivity to larger scales structures than the
VLBA, we expect ReverLin < 1. Whilst due to the longer baselines
of e-MERLIN compared to VLA, one would anticipate RemprLiN >
Rv1.a, as is the case.

The majority of the VLBA-VLA flux density ratios [see
Fig. 4, right panel (c)] show Rypa < 1, with only one source
(J123627.24620605) showing Rypa > 1. This is a ~5.50 source
and shows the largest Rypa = 2.48. The median Rypa = 0.6 value
is consistent with other similar surveys. Both the VLBA-COSMOS
survey (Herrera Ruiz etal. 2017) and the EVN-GOODS-North survey
(Radcliffe et al. 2018) find Rypa ~ 0.6. This indicates that, on
average, 40 percent of the large-scale radio flux is resolved out
in such VLBI-selected samples.

3.3 Radio sizes and brightness temperature

At 05 ~ 1.5 arcsec , the VLA observations correspond to a
physical scale of ~ 12 kpc at z ~ 2. On the other hand, VLBI
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mas angular scales, 6,5 ~ 5 mas, offer spatial resolutions ~50 pc
at z ~ 2. Therefore, the data presented here enables a comparison
from arcsecond to mas imaging scales for extended emission and
compact radio structures. The radio sizes of the sources across the
four instruments (for which the required data are available) are
presented in Table Al.

For the VLBA measurements, 5/24 sources are unresolved, and
therefore only have an upper limit on the source extent. The angular
sizes of the other sources range from 20-88 pc, 7-113 pc in the EVN,
0.2-4.4 kpc in e-MERLIN and 2-10 kpc in VLA. As expected, these
sources have typical physical sizes on 10 spc scales in both the
VLBA and the EVN, while the e-MERLIN sizes lie typically at ~1
kpc scale and the VLA sizes on a few kiloparsec scales (e.g. Muxlow
et al. 2005; Morrison et al. 2010; Barger et al. 2017; Radcliffe et al.
2018).

We can combine the measured flux densities and sources sizes,
across the four different instruments to determine the measured
brightness temperatures, 7. The brightness temperature can be
used to determine whether the detected radio emission is likely
to be dominated by nuclear AGN emission (highest brightness
temperatures). We derive the brightness temperatures for our VLBI
sample by assuming that the brightness temperature distribution of a
source at a given redshift z can be modelled as an elliptical Gaussian
distribution as described in Condon et al. (1982) and Radcliffe et al.
(2018),

S v =2 /0. .0 .\ !
Th = 1.22 ]012 1 , v ( ) 'majYmin K,
’ : ( +Z)(1JY) 1 GHz 1 mas?
)

where 6, and O, are the deconvolved major and minor axes from
the elliptical Gaussian model, S, is the observed flux density, and v
is the observing frequency. The derived T across the VLBA, EVN,
e-MERLIN, and VLA are shown in Table A2.

The brightness temperature range across the VLBA is >10°-10%
K, EVNis >10°-10° K, e-MERLIN is 10>~10° K, and VLA is 10'-
10* K. Fig. 5 shows the brightness distribution of the VLBI sample
as a function of the angular sizes across the four instruments.

The measured brightness temperatures cover orders of magnitude
ranges, for the same sources, when measured across the different
instruments. This is expected, based upon the uv-coverage of the re-
spective instruments. To show this explicitly, we calculate the probed
brightness temperature ranges as a function of both uv-coverage
(per instrument spatial resolutions) and the recovered source sizes.
We deduced the minimum and maximum brightness temperature
for our interferometric visibilities for each array (assuming point
source emission) and apply the minimum and maximum brightness
temperature equations as discussed and derived by Lobanov (2015),

B\’ /v,
To.min = 3.09 | — — | K 3
' km mly
and
1% B\*/ V -
Tb max — 1.14 ﬂ b lnﬂ K. (4)
' mly km Vy

Tb, min is the minimum brightness temperature that can be observed
given both the minimum and maximum baseline lengths, B and
V, is the visibility amplitude. T}, max is the maximum measurable
brightness temperature that should be detected at the minimum and
maximum baselines of an array, while o, is the sensitivity of the
array. The derived minimum and maximum brightness temperatures
regions covered by the VLA, e-MERLIN, EVN, and VLBA are
highlighted by the parallelograms on Fig. 5.
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Figure 5. The brightness temperature 7 (K) distribution across the VLBA,
EVN, e-MERLIN and the VLA as a function of both the uv-distance (km)
and the angular sizes (mas)?. The squares highlight the low-SNR (~5.50")
sources. The error bars on the VLBA and EVN data are indicative of lower
limits on the brightness temperature and upper limits on the deconvolved
angular size measurements. The parallelograms highlight the minimum and
maximum brightness temperatures limits that should be ideally recovered in
each survey by applying equations (3) and (4) from Lobanov (2015). The
dashed line indicate the Tg > 10° 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.

The high values of T > 10° K across both the VLBA and EVN is
a strong indicator of the presence of AGN-dominated radio emission
and confirms that our VLBI selection criteria returns a sample of
AGN systems, based on brightness temperature (Condon et al. 1991;
Middelberg & Bach 2008). We also expect all of the unresolved
sources to be AGN dominated (see parallelograms in Fig. 5). On
the other hand, the scales probed by the e-MERLIN observations
are almost equally sensitive to nuclear AGN activity, and extended
emission which could be a mixture of star formation and other
AGN processes (e.g. jets/lobes and outflow-induced shocks). We
discuss the contribution of point like and extended radio structures
in Section 4.2. Across our sample, only a small fraction could be
confirmed to be AGN-core dominated based upon the e-MERLIN
brightness temperature measurements. On the scales probed with
the VLA, it is even more difficult to confirm an AGN origin of the
emission based upon brightness temperatures alone. Indeed, none of
our sample have Tg > 10° K. Of course, this does not rule out AGN
origin (jets or shocks) of the radio emission measured in the VLA
data, as we discuss in Section 4.

4 DISCUSSION

In the previous section we presented a comparison of the positions,
flux densities, and brightness temperatures of the 24 VLBI-selected
sources from our new VLBA survey of the CANDELS GOODS-
North field (see Paper I). This sample reaches low VLBI flux den-
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sities, including five new sources with low integrated flux densities
from VLBA of ~50-100 uJy, that were previously not recorded from
the EVN observations of the same field (Radcliffe et al. 2018).

VLBI observations as those carried out with our VLBA survey, are
sensitive to brightness temperatures of 7Tz ~ 1071 K (Fig. 5), and
these detections confirm our selected sample comprises of galaxies
hosting a radio AGN core (e.g. Condon et al. 1991; Middelberg &
Bach 2008; Radcliffe et al. 2018; Morabito et al. 2022). In this
section we discuss the nature of the AGN, including a comparison
to other AGN tracers (Section 4.1) and also assess the nature of the
extended radio emission in this sample (Section 4.2).

4.1 Identifying and characterizing the AGN

Whilst radio emission benefits from being insensitive to obscuration,
the origin of the radio emission can be attributed to either star
formation-related processes, or AGN-related processes (including
AGN cores, extended jets and shocked gas due to outflows; e.g.
Condon et al. 2012; Padovani 2016; Panessa et al. 2019). Therefore,
it is important to use multiple approaches to assess the origin of the
identified emission on different spatial scales. The radio luminosities
(Ly4cH,) of our sample, measured with four different arrays (see
Table A2), range between L; 4gu, = 10> and 10?7 WHz™! with a
median of ~102 WHz~'. A threshold of L, gu, > 10** WHz™!
is sometimes used a boundary to classify sources as AGN (e.g.
Barger et al. 2017). However, this relatively crude approach does
not consider in detail the relative contribution to the radio luminosity
from star formation versus AGN, and that these processes may be
occurring on different spatial scales.

It is possible to identify sources where the radio emission is in
excess of that expected from star formation, due to the observed
correlation between infrared emission and radio emission in star-
forming galaxies (e.g. Helou, Soifer & Rowan-Robinson 1985;
Condon 1992; Donley et al. 2005; Ivison et al. 2010; Del Moro
et al. 2013). Excess radio emission would indicate a dominant
contribution from AGN. Radcliffe et al. (2021b) provide a detailed
characterization for this method of EVN-detected VLBI AGN in the
GOODS-North field. Therefore, here we only briefly explore this
with our VLBA sample, which includes 6 new VLBI sources (see
Section 2.4), not included in the EVN sample.

We make use of the radio excess parameter, ¢4 =
10g(S24 ym/S20em) and groo = 10g(S100 ym /S20em) Where Spaum and
S100 um are the monochromatic infrared flux density at either 24 or
100 pm and Syocm is the radio flux density at 1.4 GHz (Appleton et al.
2004). The So4,.m data were obtained from Magnelli et al. (2011),
while the 100 wm data were obtained from Elbaz et al. (2011). 23/24
targets are detected at 24 pm while only half (12/24) of the sample
have appropriate detections at 100 um. In Fig. 6, we plot the g4
values using the VLA flux density measurements against redshift.
Using the Donley et al. (2005) radio excess selection criteria, where
g4 < 0 1is classified as radio excess, 18/23 (~78 percent) of our
VLBI sample (with VLA detections and a redshift) show a radio
excess. This fraction remains similar to the 79 percent found in
Radcliffe et al. (2021b). Additionally, following the Del Moro et al.
(2013) radio excess criteria which classify all galaxies below g90 =
1.5 as showing radio excess, at least out to z = 2, 8/12 (67 per cent)
of our VLBI sources with FIR counterparts show radio excess. We
note that 3/5 of the sources not classified as radio excess are low-
SNR (~5.50) sources, highlighting that these weaker sources are
less likely to be classified as AGN dominated using this approach.

Radio emission is able to identify AGN which are either radiatively
efficient (sometimes referred to as ‘quasar mode’ or ‘radiative
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Figure 6. The VLA-derived qo4 as a function of redshift for this VLBI-
selected AGN sample. The q24 < O cutoff for radio excess is represented
with the dashed horizontal line. The red circles highlight the X-ray selected
AGN, the black dashed circles highlight the IRAC selected AGN falling in the
Donley et al. (2012) wedge while the purple star highlights the radio excess
sources in qop for 8/12 sources with the required counterparts. The source
shown with a black dashed circle with arrows lacks a redshift, and is also a
low-SNR VLBA source.

AGN’), or radiatively inefficient (e.g. Heckman & Best 2014;
Hardcastle & Croston 2020). In the GOODS-North sample of
Guidetti et al. (2017), 33 percent of our sources are classified
as radiatively efficient AGN while ~ 61 percent are classified as
radiatively inefficient AGN. It is therefore interesting to assess the
fraction of VLBI-detected AGN which are also classified as AGN
based upon their X-rays or infrared colours, which are both tracers
of radiatively efficient AGN. We find 14/24 (58 per cent) sources are
classified as X-ray AGN based on the catalogues of Yang et al. (2014)
and Xue et al. (2016). Assuming the IRAC ‘AGN wedge’ selection
of Donley et al. (2012), we find only 6/24 (25 per cent) sources to
be selected as AGN. We highlight these X-ray and IRAC-selected
AGN in Fig. 6. Again, these detection rates are consistent with the
EVN VLBI sample of Radcliffe et al. (2021b), who perform a more
complete analysis using multiple AGN selection methods.

The 4/5 sources classified as non-radio excess g > O,
(J123716.7+621733, J123634.5+621241, J123608.1+621035, and
J123603.2+621110) are X-ray selected AGN in Xue et al. (2016),
with two sources (J123716.74621733 and J123608.14+621035)
further classified as AGN in the IRAC colour—colour diagrams and
the source J123716.7+621733 showing radio excess at gjgpo ~ 1.1.
The remaining source J123734.54+621723, a low-SNR source, is not
identified as AGN using any of our multiwavelength analysis.

We confirm that the milliarcsecond scales provided by VLBI are
crucial in identifying embedded AGN cores in large-scale radio
emission (see Fig. 5; also see e.g. Garrett et al. 2001; Herrera Ruiz
et al. 2017). No other single AGN-selection method that we have
explored is complete at detecting all of the VLBI AGN (see also
Radcliffe et al. 2021a).
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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 Mg yr~!. The squares represent sources considered non-radio
excess where g24 > 0inlog(S24 um/Svia—vLBa). Only three non-radio excess
sources show realistic SFRs <1000 Mg yr~!, for which the extended emission
could be star formation dominated based upon the 24 parameter (highlighted
in both squares and dashed circles).

4.2 Extended radio emission

With our VLBA measurements we can asses the nature of the
extended radio emission. The VLBA-VLA flux density ratios show
that ~ 60 per cent (on average) of the total emission in these sources
can be attributed to the AGN cores (see Fig. 4); also see e.g. Herrera
Ruiz et al. (2017) and Radcliffe et al. (2018).

Based upon morphology it is challenging to identify the nature
of the extended radio emission for distant sources, which could be
tracing AGN-related emission (i.e. jets/lobes or shocks), extended
star formation processes, or a combination of both. While collimated
jets and lobes are an indicator of the presence of radio AGN on
the largest scales, ~kiloparsec-scale radio structures can remain
featureless in radio images at z 2> 1 (e.g. Padovani 2016, and the
references herein). Indeed the images presented in Figs 1 and Al
reveal that at arcsecond scales (VLA images), most of our sources
are compact and lack clear morphological structures. At the sub-
arcsecond scales traced by e-MERLIN, our sources are mostly
compact, with some evidence of slightly resolved structures which
may be indicating the emergence of sub-kpc scale jets from the base
of these compact objects.

We investigated the origin of the extended radio emission further
by assessing the likelihood that it is associated with star forma-
tion. We explore the extended (non-core) radio emission only, by
subtracting Lyiga from Lypa. In Fig. 7, we plot the fraction of
radio luminosity associated with extended emission, as a function
of the radio size from VLA (for the 21 sources with the required
measurements, see Table Al). The data points are colour-coded by
Ly1 a-Lviga- We find that ~5-70 per cent of the total radio luminosity
is attributed to these extended scales, but with a wide range of Ly a-
Lvipa values, ranging from ~3 x 10% to ~6 x 10%° WHz™!.
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If we assume that all the extended (non-core) emission was at-
tributed to star formation, we can calculate an inferred star formation
rate (SFR) using established relations for star-forming galaxies.
Following Kennicutt & Evans (2012) the inferred SFRs for half of our
VLBI sample is >5000 Mg, yr~!. Only seven sources in our sample
would imply potentially realistic SFRs of <1000 Mg yr~—' (high-
lighted as dashed circles in Fig. 7). SFRs of a few hundred Mg yr~!
can be found in some of the most extreme star-forming galaxies at
these redshifts (e.g. Santini et al. 2009; Popesso et al. 2023). However,
if we again employ the ‘radio excess’ (g24 = 108(S24 um/Svia—viBA)
approach to assess if this extended radio emission is beyond that
expected from star formation, only 3/7 targets (J123734.5+621723,
J123608.14+621035, and J123603.24-621110) considered non-radio
excess where the extended radio emission is potentially dominated
by star formation (see squares in Fig. 7). Of these three, two
are from the low SNR part of the sample (i.e. they have lower
brightness). This further indicates that by pushing to lower flux
densities in VLBI, we are more likely to find hybrid objects in which
the radio emission has both an AGN and a star formation-related
component. The remaining 4/7 sources considered non-radio excess
(J123716.74+621733, J123646.3+621404, J123634.5+621241, and
J123622.5+620653), have high luminosities Ly; g > 10+ WHz ™!,
and future work should be done to investigate these non-radio excess
sources with high radio luminosity. In all of the other sources, the
extended radio emission is likely to be dominated by AGN-related
processes.

As a final note on the low-SNR (5.50) VLBA sources (see
Section 2.3), whilst they remain undetected in the EVN GOODS-
North survey (but were detected in both the e-MERLIN and the
VLA) which employed a detection threshold of 60, we have
confirmed these sources as AGN (Fig. 5). All the low-SNR VLBI
detections have VLBA flux densities < 100 uJy and have mostly
unresolved source morphologies on VLA scales (see Fig. 1). The
source J123634.5+621241, is particularly interesting, in that there
is extended e-MERLIN emission tracing the optical image, with
potentially two radio peaks in the e-MERLIN data (see Fig. 1). This
may indicate a merging system. However, only one of these peaks is
detected in the VLBA image. This peak is clearly a radio AGN core.
The classification of this source is one of the most debated issue in
the GOODS-North field. While Kirkpatrick et al. (2012) and Muxlow
et 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
undergoing intense star formation.

5 CONCLUSIONS

We have conducted a new VLBI 1.6 GHz survey of the CANDELS
GOODS-North field, using the VLBA. Paper I introduced the survey
design, data processing, data products, and derived source counts.
In this paper, we present new analyses of the 24 VLBA-detected
sources, down to 5.50 detection threshold, and which have radio
counterparts in e-MERLIN and/or VLA. Of these, 6/24 are new
VLBI sources in the GOODS-North field, without previous recorded
detections from the EVN data of Chi, Barthel & Garrett (2013) and
Radcliffe et al. (2018). Of these six new VLBI sources, 5/6 sources
are low-SNR (~5.50) detections, classified as VLBI-selected AGN
based on available multiwavelength data.

We studied the radio properties of these 24 sources across four dif-
ferent instruments (VLBA, EVN, e-MERLIN, and VLA), covering a
large range of probed spatial scales (6,es =~ 0.005 — 1.5 arcsec) with
high sensitivity (rms & 2 — 10 wJy per beam). We further combined
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this radio analysis with multiwavelength information to probe the
nature of these VLBI-selected sources, on nuclear scales (i.e. a few
tens of parsec) and galaxy scales (i.e. a few kiloparsec). Our primary
conclusions are as follows:

(i) Comparing the VLBA and VLA flux density measurements,
we find a medium ratio of R ~ 0.6 for Syppa/Svia (Fig. 4). This is
in agreement with measurements from other similar VLBI surveys.
This implies that, on average, ~60 per cent of VLBI-selected sources
(at these detection limits), can be attributed to compact VLBI cores.

(i) The VLBA sources, have the expected high brightness tem-
peratures (T > 10° K), indicative of nuclear AGN emission.
None of the 24 sources would have been reliably classified as
an AGN based on the Ty measurements from VLA, and only a
small number (~ 30 percent) would be candidates based on the
e-MERLIN measurements (Fig. 5). Of these VLBI-AGN, 15/24
are classified as (radiative) AGN based upon existing X-ray and
infrared data. Combined, this highlights the importance of VLBI
studies for characterizing a complete AGN population, and the need
to continue to expand the area coverage of sensitive VLBI surveys
over extragalactic fields.

(iii) To assess the origin of only the larger-scale radio (i.e. the
non-AGN core) emission on a few sub-kpc (2 100 pc) scales, we
subtract the VLBA from the VLA luminosities for the 21 sources
with linear size measurements from VLA. This emission contributes
~5-70 per cent of the total luminosity. Based upon the ‘radio excess’
parameter, only three sources could be star formation dominated (Fig.
7). We conclude that, for the other 18 sources, the extended radio
emission is likely to be AGN-dominated (i.e. tracing kpc-scale radio
jet/lobes or shocks from outflows).

We have used VLBA and archival radio data to identify both AGN
cores, and to assess the origin of the larger scale radio emission
in sources at z ~ 0.3—4. This work already provides SKA2-like
spatial-scale coverage, which is useful for key technical verification
for SKA-pathfinders such as astrometry and flux density scaling (e.g.
Paragi et al. 2015). Our current results may be observationally biased
towards sources with detections of both compact emission and larger-
scale radio emission. Specifically, VLBI-selected sources are skewed
towards high brightness temperature sources and remain insensitive
to low surface brightness sources. Some of the arising issues include
determining the intermediate spatial scales covering the transition
between pure AGN emissions and star formation processed, could
be addressed in future wide-field VLBI survey with an intermediate
resolution (~10-100 mas) view of these faint sources.
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APPENDIX A: TABLES AND THUMBNAIL
FIGURES

Here we present all of the data tables for the 24 VLBA-selected
sample in this work. Each table presents the relevant data for the
measurements from VLBA, EVN, e-MERLIN, and VLA. Table 1
provides an overview of the sample, including the flux density
measurements. Table A1 presents the source sizes and corresponding
restoring beams of each image. Table A2 presents the brightness
temperature measurements. Fig. Al presents an overview of the
19/24 SNRy gy > 7 radio images.
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VLBA CANDELS GOODS-North 6155

VLA eMERLIN VLBA
P

J123746.64621738

J123721.2+621129

J123716.7+621733

J123716.4+621512

Figure A1. A montage of the 19/24 VLBA CANDELS GOODS-North sources with SNRypg; > 7. Columns 1 and 2 show the contour maps for the sources
in the VLA and e-MERLIN respectively, at contour levels 30 x [—1, 1, 2, 3, 4, 5, 6,...., 11] overlaying their optical counterparts 3D-HST CANDELS in the
F160W band where available, in greyscale. The VLBA contours are drawn at a central rms ~ 15 pJy 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.

MNRAS 528, 6141-6158 (2024)

GZ0Z 8unf 0 uo Jasn euolaid 10 AusisAiun Aq Z1$209.2/1 11 9/¥/82S/e1one/seiull/woo dnoolweapese//:sdiy wWoll papeojumod



6156  A. Njeri et al.

MNRAS 528, 6141-6158 (2024)

VLA eMERLIN

J123701.1+622109

J123700.2+620909

J123659.3+621832

1123652.9+621444

Figure Al. — continued
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Figure Al. — continued
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