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ABSTRACT

Context. Hyper-luminous infrared galaxies (HLIRGs) are among the most extreme systems in the Universe. With infrared (IR) lumi-
nosities of LIR > 1013 L� they can have IR-derived star formation rates (SFRs) exceeding 103 M� yr−1. Theoretical models have a hard
time reproducing the observed number densities of such extreme star-forming systems. It is known that at least part of the population
harbours active galactic nuclei (AGNs), but their prevalence and relative contribution to the IR output is still debated. Assessing this
is further complicated by the heavy dust obscuration.
Aims. We aim to investigate the HLIRG population in the Lockman Hole field to assess whether they are truly highly star-bursting
systems or whether notable AGN activity is present. A substantial AGN population could help resolve the tension between the HLIRG
number densities obtained from observations and predicted by galaxy formation models by lowering the amount of truly extremely
star-forming galaxies.
Methods. Starting from a highly complete Herschel-selected sample, we made use of recent wide-field sub-arcsecond 144 MHz In-
ternational LOFAR Telescope (ILT) observations of the Lockman Hole field to probe AGN activity in HLIRGs in a dust-unobscured
way. AGN presence was deduced through means of the brightness temperature (Tb). Brightness temperature measurements were made
to determine the fraction of HLIRGs harbouring a radio AGN. This identification was then compared to the classification based on
spectral energy distribution (SED) fitting based identification from the LOFAR Deep Fields project, the radio-excess q and IRAC
infrared colours.
Results. We detect 33% of previously identified HLIRGs at sub-arcsecond resolution. All but one of the detected sources is found
to exceed the Tb threshold for pure star formation, showing 98% of detections to contain a radio AGN, even though lower-resolution
observations had classified them as star-forming galaxies (SFGs). The remaining source is concluded to be consistent with having no
AGN activity. All of the sources in our sample that were previously classified as radio AGNs, radio-quiet AGNs or those that were
unclassified were detected as high-Tb objects (16% of the total sample or 47% of the detected sub-arcsecond detections). In addition,
we identify AGNs through Tb measurements in 20% of sources that were classified as SFGs through SED fitting, raising the overall
fraction of AGNs in the total sample from 16% to 32%. AGNs identified through brightness temperature measurements are also found
to be more likely to be mid-IR AGNs.
Conclusions. 98% of our detected sources are found to likely host radio-AGNs, raising the number of identified AGNs among the
HLIRG population in this field from 16% to 32%. This increased number of AGNs is not sufficient to bring observations and predic-
tions of HLIRG number densities in agreement, however. Even at cosmic noon around z ∼ 2, where the tension is lowest, it remains
at a factor of just a few. The identification of radio AGNs in supposed SFGs highlights the value of high-resolution radio observations
in studying dusty objects such as HLIRGs. Broad consistency is seen between Tb and the other AGN indicators, and the observed
relation between SFR and Tb is seen as indicative of co-evolution between stellar mass build-up and black hole growth.

Key words. radio continuum: galaxies – galaxies: starburst – galaxies: high-redshift – galaxies: active – galaxies: evolution

1. Introduction

Observations at radio wavelengths offer a unique perspective
on astronomical objects. They probe particle-acceleration pro-

cesses such as free-free and synchrotron emission, tracing star
formation (SF) activity or activity from super-massive black
holes (SMBHs), while their long wavelengths make them free
them from the effects of dust attenuation that hinder shorter

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A85, page 1 of 18

https://doi.org/10.1051/0004-6361/202244378
https://www.aanda.org
http://orcid.org/0000-0002-6470-7967
http://orcid.org/0000-0003-0355-0633
http://orcid.org/0000-0002-2944-8672
http://orcid.org/0000-0002-0587-1660
http://orcid.org/0000-0003-3080-9778
http://orcid.org/0000-0001-9680-7092
http://orcid.org/0000-0001-9139-2342
http://orcid.org/0000-0002-9553-7999
mailto:sweijen@strw.leidenuniv.nl
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Sweijen, F., et al.: A&A 671, A85 (2023)

(non-radio) wavelengths. This allows observations at radio
wavelengths to provide information about the source of emis-
sion in areas where optical and infrared (IR) observations can
not penetrate. The non-thermal behaviour of synchrotron emis-
sion makes it such that radio sources are generally brighter at
lower frequencies. This makes low-frequency radio telescopes a
prime choice for studying the radio-source population.

For that purpose, the Low-Frequency Array (LOFAR;
van Haarlem et al. 2013) has been conducting the LOFAR Two-
metre Sky Survey (LoTSS; Shimwell et al. 2017, 2019): a sensi-
tive low-frequency survey of the northern sky between 120 and
168 MHz. It reaches a median sensitivity of 71 µJy beam−1 with
8 h’ observing time per pointing. In addition to covering the full
northern sky using 8-h pointings, select areas of the sky are being
observed for long time periods, aiming for several hundreds of
hours. These fields, colloquially called LOFAR’s “Deep Fields”,
are the Lockman Hole (Lockman et al. 1986), Boötes (part of the
NOAO Deep Wide-Field Survey; Jannuzi & Dey 1999), ELAIS-
N1 (European Large Area Infrared Space Observatory Survey-
North 1; Oliver et al. 2000), and NEP (North Equatorial Pole)
fields. They were chosen for their wealth of available ancil-
lary data from X-ray to infrared. The first three of these fields
have had ∼100 h of data reduced, currently reaching sensitivities
≤30 µJy beam−1 (Sabater et al. 2021; Tasse et al. 2021).

The bulk of luminous radio-emitting objects consist of
objects whose activity is driven by a central SMBH, the so-
called active galactic nuclei (AGNs). The dominant population
here are the radio-loud (RL) AGNs (Padovani 2016). These typ-
ically launch powerful jets, readily giving away the presence
of an AGN by their morphology in spatially resolved observa-
tions. AGNs can still be identified within spatially unresolved
observations; however, as they are also characterised by an
excess of non-thermal radio emission compared to what would
be expected from their star formation rates (SFRs; if available),
or a radio luminosity that is high compared to their luminosity in
other bands such as the optical or infrared (IR; Hardcastle et al.
2019). At faint flux densities around S 1.4 GHz ∼ 1 mJy (corre-
sponding to S 144 MHz ∼ 6 mJy at α = −0.8), the population com-
position starts to shift from being dominated by RL AGNs to
being dominated by star-forming galaxies (SFGs), where instead
of being driven by AGN activity, the emission is driven by super-
nova remnants (Padovani 2016). Among this faint radio popula-
tion, there are still AGNs that do not show large-scale jets or
a notable excess of radio emission, making them easily mistak-
able for SFGs in radio observations that do not spatially resolve
the galaxy. As such, it is important for our understanding of this
population to be able to confidently separate AGN activity from
star formation.

Inferring the presence of an AGN can be tricky due to the
multitude of ways their signatures can manifest. It is therefore
best done by leveraging broad, multi-wavelength spectral cov-
erage. Extensive work has been put into classifying the sources
detected in the Deep Fields, using such available ancillary data.
This is described further in Sect. 2. One class of objects for
which the distinction between star formation and AGN activity
is particularly important is that of the luminous infrared galax-
ies. Discovered by the Infrared Astronomical Satellite (IRAS,
Neugebauer et al. 1984), luminous infrared galaxies emit the
majority of their energy at IR wavelengths. They come under
four luminosity-based categories: luminous IR galaxies (LIR >
1011 L�), ultra-luminous IR galaxies (ULIRGs, LIR > 1012 L�,
Cutri et al. 1994), hyper-luminous IR galaxies (HLIRGs, LIR >
1013 L�, Rowan-Robinson 2000), and extremely luminous IR
galaxies (ELIRGs, LIR > 1014 L�, Tsai et al. 2015), and they are

believed to be powered by a combination of (merger-induced)
star formation and black hole accretion (see also the introduction
of Wang et al. 2021 and references therein Armus et al. 1987;
Smith et al. 1998; Rowan-Robinson et al. 2018). Here, LIR refers
to the integrated 8−1000 µm luminosity. Based on their IR and
sub-millimetre luminosities, LIRGs appear to reach SFRs in
excess of 103 M� yr−1 (e.g., Rowan-Robinson et al. 2018).

The extreme nature of these objects poses a problem for
our current understanding of galaxy formation. One prob-
lem is that reproducing their extreme SFRs is difficult (e.g.,
Davé et al. 2010; Narayanan et al. 2015). Furthermore, the pre-
dicted number densities from simulations are difficult to recon-
cile with observations (e.g., Hayward et al. 2013; Lovell et al.
2021; Wang et al. 2021). Their association with massive galaxies
(Mmedian
∗ ∼ 1012 M� between redshifts 1 and 6; Gao et al. 2021)

further complicates the situation. How do such massive systems
form so early on in the Universe? Although a shared contribu-
tion between star formation activity and AGN activity seems
likely, the relative contributions of intense star formation and
AGN activity to the emission of these objects is still under debate
(Farrah et al. 2002; Ruiz et al. 2013; Gao et al. 2021). Finally,
their often heavy obscuration makes it difficult to detect them at
shorter wavelengths such as optical light. To determine the ori-
gin of the observed emission, one thus has to rely on a variety
of selection techniques such as colour-colour cuts or luminosity
ratios, depending on the data available, resulting in notable dis-
course about the origin mechanism in the literature, as succinctly
summarised in the introduction of Farrah et al. (2017).

In this paper, we hope to address part of the tension with
galaxy formation models found by Wang et al. (2021). To do
so, we investigate AGN activity in the HLIRG population in
the Lockman Hole field from a high-resolution, low-frequency
radio perspective. Unaffected by dust, this should offer a clear
view into the central engine of these sources. This allows radio
observations to be used to infer the presence of an AGN in two
ways. If SFR estimates are available, one can look for excess
radio emission compared to what is expected from pure star for-
mation. Best et al. (in prep.) used this criterion to identify radio
AGN. The second method uses the measured brightness temper-
ature Tb. There is an (frequency-dependent) upper limit that pure
star formation can reach (Condon et al. 1991). Emission from
a source exceeding this limit can therefore not originate purely
from star formation, and this criterion was used to successfully
identify AGNs using very long baseline interferometry (VLBI;
e.g., Radcliffe et al. 2021).

The almost 2000 km long baselines of the International
LOFAR Telescope (ILT) offer an angular resolution of θ ∼ 0.3′′
at the central frequency of 144 MHz. Recent developments have
made it possible to calibrate the ILT at its native resolution
(Jackson et al. 2022; Morabito et al. 2022a) and to exploit its full
field of view (Sweijen et al. 2022). This now allows us to investi-
gate a sample of HLIRGs from a low-frequency, high-resolution
perspective, adding this brightness temperature criterion as an
additional AGN classifier. Using the classification by Best et al.
(in prep.), we can distinguish already known AGNs. From the
remaining SFGs and unclassified sources, their brightness tem-
perature will be used to look for AGN-related emission, which
can then tell us how many are truly SFGs and how many har-
bour an AGN after all, refining their earlier classification. An
example of AGN identification in a wider population of radio
sources detected in the LOFAR Deep Fields can be found in
Morabito et al. (2022b). In the context of this work, we use the
term AGN to refer to sources that display signs of AGN activ-
ity based on one or more (broadband) criteria. This means that

A85, page 2 of 18



Sweijen, F., et al.: A&A 671, A85 (2023)

they are either classified as RQ AGN, HERG, or LERG by Best,
et al. (in prep.; explained in the following section), or exceed the
brightness temperature thresholds used in this work.

Section 2 outlines the data used. In Sect. 3, we outline the
methods used to analyse this data. Section 4 presents our find-
ings, which are discussed in Sect. 5. Finally, Sect. 6 covers the
conclusions.

The assumed cosmology is that of the 2016 Planck results
(Ade et al. 2016), with H0 = 67.8 km s−1 Mpc−1, Ωm = 0.308,
and ΩΛ = 0.692. Additionally, the spectral index α is defined as
S ν ∝ ν

α, where S ν is the flux density at a given frequency ν.

2. Data

2.1. Radio data and source classification

We used 144 MHz radio data from Lockman Hole observa-
tions taken as part of the LOFAR Two-metre Sky Survey
Deep Fields programme. The pointing centre of this field
is J2000 10h47m00s +58d05m00s (LT10_012, L659948; PI:
Best). Standard-resolution 6′′ data is provided through a cata-
logue created from ∼100 h of data combined (Tasse et al. 2021;
Kondapally et al. 2021).

Fields observed as part of the LOFAR Deep Fields have
valuable, deep, ancillary multi-wavelength data available from
other surveys. The multi-wavelength cross-identification and
catalogues are described by Kondapally et al. (2021). Photo-
metric redshift estimates were derived for the vast major-
ity of 6′′ radio detections by Duncan et al. (2021), with a
normalised median absolute deviation (NMAD) with respect
to spectroscopic redshifts of σNMAD = 1.6−2% for galax-
ies and σNMAD = 6.4−7% for AGNs. Best et al. (in prep.)
employ four different spectral-energy distribution (SED) fit-
ting codes to arrive at ‘consensus’ values for stellar masses
and SFRs. The codes were CIGALE (Burgarella et al. 2005;
Noll et al. 2009; Boquien et al. 2019), MagPhys (da Cunha et al.
2008), BAGPIPES (Carnall et al. 2018, 2019), and AGNFitter
(Calistro Rivera et al. 2017). Additionally, galaxies were clas-
sified as SFGs, radio-quiet (RQ) AGNs, low-excitation radio
galaxies (LERGs), or high-excitation radio galaxies (HERGs).
LERGs and HERGs are both RL AGNs, with the latter hosting a
so-called radiative-mode AGN. These are identifiable using, for
example, emission lines, mid-IR colours, IR excess, and SED
fitting. Ultimately, the HERG classification was determined by
a combination of the estimated AGN fractions from each SED-
fitting code and a comparison of the goodness of fit from codes
that include AGN templates (CIGALE and AGNfitter) versus
those that do not (Magphys and BAGPIPES). Sources that did
not show a radio excess, but were found to host a radiative-mode
AGN, were classified as RQ AGN. When they neither contained
a radiative-mode AGN nor displayed a radio excess, based on a
cut in the L150 MHz −SFR plane, sources were classified as SFGs.
Finally, sources for which the classification was not clear were
designated unclassified. This classification provides a rich new
dataset to further our understanding of the properties of radio
galaxies and the various relations between them.

For the high-resolution data, we used the catalogue obtained
from an eight-hour observation at 0.3′′ × 0.4′′ angular resolu-
tion by Sweijen et al. (2022) (see the acknowledgements about
data availability). It covers the central 6.6 deg2 with a point-
source sensitivity at the pointing centre of 25 µJy beam−1, which
is comparable to the 6′′ image at 23 µJy beam−1. PyBDSF1

1 Python Blob Detector and Source Finder.

(Mohan & Rafferty 2015) was used for source-finding and to
derive source properties such as flux densities and source sizes
by means of multi-Gaussian fits to the source’s brightness distri-
bution. The resulting catalogue was then cross-matched against
the 6′′ Deep Fields catalogue. This yielded a total of 2430 cross-
matched sources2 in the high-resolution image with a peak inten-
sity exceeding 5σrms,local, where σrms,local is the local noise esti-
mate in the high-resolution image by PyBDSF.

As the sub-arcsecond image was smaller, only the cen-
tral 6.6 deg2 covered by the high-resolution image was consid-
ered for the low-resolution data, using the multi-order coverage
(MOC) map of the LoTSS-Deep-HD observation (LDHD here-
after). Finally, both the LoTSS-Deep and the LDHD images used
the same inner uv-cut of 80λ, corresponding to a largest angu-
lar scale (LAS) of ∼46′ at 144 MHz. In other words: the same
short baselines are present in both datasets, and thus the recov-
ery of diffuse emission is limited by surface-brightness sensitiv-
ity rather than being resolved out.

2.2. HLIRG sample

The HLIRG sample was first selected in Wang et al. (2021)
and then further studied in Gao et al. (2021). In Wang et al.
(2021), a parent sample of IR luminous galaxies was identi-
fied based on Herschel blind catalogues. They cross-matched
Herschel sources with the LoTSS Deep Fields first data release
(Duncan et al. 2021; Kondapally et al. 2021; Sabater et al. 2021;
Tasse et al. 2021) in order to obtain multi-wavelength counter-
parts for them. Thanks to the tight correlation between FIR and
radio (e.g., Calistro Rivera et al. 2017; Wang et al. 2021) and the
superb quality of LOFAR imaging, they successfully matched
LOFAR sources for >90% of Herschel sources with 250 µm flux
density above 40 mJy in the Lockman Hole field. After adopt-
ing the SED fitting code CIGALE to derive galaxy properties,
they selected 164 HLIRGs in the Lockman Hole field that have
IR luminosity due to star formation activity above 1013 L�. The
number of HLIRGs increased to 259 in Gao et al. (2021) when
they required the total IR luminosity from both star formation
activity and AGN activity to be above 1013 L�. Gao et al. (2021)
used two different SED fitting codes in order to study the prop-
erties of HLIRGs, CYGNUS, and CIGALE, and three different
AGN models from Efstathiou & Rowan-Robinson (1995; here-
after E95), Fritz et al. (2006; hereafter F06), and Stalevski et al.
(2006; hereafter S12). Most relevant to this work are the
SFR, IR luminosity, and AGN fraction derived using these
SED fits. The IR luminosity LIR is the integrated rest-frame
8−1000 µm luminosity. The AGN fraction fAGN denotes the
fraction of this IR luminosity attributed to AGN activity. We
refer the reader to Wang et al. (2021) and Gao et al. (2021)
for a detailed description of this HLIRG sample. For concise-
ness, we only show quantities obtained from CYGNUS with
the Efstathiou & Rowan-Robinson (1995) AGN model (here-
after CyE95) and CIGALE with the Stalevski et al. (2012) model
(hereafter CiS12) in the main text as these showed the largest
differences in fitting results and, therefore, provide an indication
of the uncertainty. The results from the Fritz et al. (2006) model
and other combinations are shown in Appendix A.

Something to keep in mind is that all of these SED models
are ‘torus models’. In such models, the AGN is surrounded by a

2 This is slightly fewer than reported in Sweijen et al. (2022) due to
accidental reference to an earlier version of the catalogue before publi-
cation. It has not impacted the results and the online catalogue contains
the here-quoted number of sources.
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Fig. 1. Map showing the distribution of HLIRGs and, respectively, all
sources in the sample (squares), the LoTSS-Deep-HD footprint (black
line), sources that fall inside this footprint (opaque squares) and sources
with a σlocal

rms > 5 detection in the LoTSS-Deep-HD image (white
crosses). The red and blue outlines show the footprints of the optical
and SWIRE coverage of this field.

dusty parsec-scale, torus-like entity (see e.g., Hönig 2019). This
obscures the central engine, depending on the observer’s viewing
angle, and affects how radiation from near the black hole affects
the rest of the galaxy. The torus is confined to the nucleus of
the galaxy, resulting in a relatively small volume of dust that is
directly heated by the AGN. However, Symeonidis et al. (2016)
and Symeonidis (2017), and early on Sanders et al. (1989), sug-
gested that luminous AGNs could heat dust much further out,
to kiloparsec scales. Not accounting for such large-scale heating
could lead to an underestimation of the AGN contribution to the
IR emission and subsequently an overestimation of the SFR.

The HLIRG catalogue was trimmed to the common sky
area using the MOC, leaving 154 sources. These were cross-
matched with the LDHD catalogue by matching their respective
parent sources, which come from the LoTSS-Deep catalogue.
Figure 1 illustrates the sky distribution of the full HLIRG sam-
ple, those that fall inside the LDHD footprint and those that are
detected at the 5σrms confidence level. The redshift distribution
of the sample is shown in Fig. 2. A Kolmogorov-Smirnov (KS)
test was performed to test the null hypothesis of the redshift
distributions of detected and undetected sources being equal,
using SciPy’s scipy.stats.ks_2samp. This resulted in a KS-
statistic of D = 0.28 and a p-value of p = 0.007. This p value
corresponds approximately to a 2.7σ interval, where σ is the
standard deviation of a normal distribution. We therefore cannot
confidently reject the null hypothesis and conclude no statisti-
cally significant difference between the two.

In Fig. 3, the estimated IR luminosity is shown as a func-
tion of redshift. A KS test on the distributions of the estimated
IR luminosities yield values of D between 0.18 and 0.25 with p
values between 0.02 and 0.2. We therefore conclude no signif-
icant difference between the distributions of IR luminosities of
LDHD-detected and LDHD-undetected sources either. Although
both the redshift and IR-luminosity distributions of detected and
undetected sources appear similar, we point out that the sam-
ple of detected sources is nonetheless inherently biased towards
AGNs, because of the high angular resolution and lower surface
brightness sensitivity compared to the lower angular resolution
images.
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Fig. 2. Stacked redshift distributions for the full sample (Nt, full-height
of the stacked bars), LDHD-detected (Nd, light-grey bars) and LDHD-
undetected (Nu, dark-grey bars) sources. The majority are photometric
estimates by Duncan et al. (2021), but some have spectroscopically con-
firmed redshifts. No significant difference is seen between detected and
undetected sources.

3. Methods

Uncertainties on S LoTSS
ν measured in the LoTSS-Deep image

(where applicable) are taken conservatively at 20% (the uncer-
tainty on the LoTSS flux density scale; see Shimwell et al.
2019).

3.1. Brightness temperature

To determine whether a source is a radio AGN, we made use of
the brightness temperature Tb. Following Condon et al. (1991),
a starburst galaxy will satisfy

Tb = Te
(
1 − e−τff

) (
1 + 10

(
ν

1 GHz

)0.1+α
)
, (1)

where Te ∼ 104 K is the electron temperature, τff is the free-free
optical depth, ν is the observing frequency, and α is the syn-
chrotron spectral index (note the change in sign with respect
to Condon et al. (1991) due to our definition of α). For ν =
144 MHz, Te = 104 K, α = −0.8, and τff → ∞ this gives
a maximum brightness temperature of T max

b = 4 × 105 K, or
log10 T max

b = 5.6. An HLIRG exceeding this threshold must be
characterised by something else besides star formation powering
its emission. Equation 1’s dependence on α makes it sensitive to
changes in the source’s spectral index. Varying this changes the
threshold to log10 T max

b = 5.5 for α = −0.7 and log10 T max
b = 5.7

for α = −0.9.
The sample was cross-matched with the deep 1.4 GHz obser-

vation of Prandoni et al. (2018). This yields a sub-sample of
39 sources for which a spectral index can be determined with
respect to LoTSS-Deep. A Gaussian fit to data binned in ∆α =
0.05 wide bins yields a mean spectral index of α1.4 GHz

144 MHz =
−0.68 ± 0.12, where the uncertainty is the standard deviation
of the fitted Gaussian. Only five sources (13%) are steeper than
−0.8. Without spectral information for all sources, we therefore
consider the Tb threshold for α = −0.8 as a reasonably conser-
vative assumption for this sample.

We calculate the brightness temperatures of our sources
by assuming their intensity profiles to be two-dimensional
Gaussians. Furthermore, the intensity I is calculated using its
definition S/Ω rather than the measured peak intensity Ipeak,

A85, page 4 of 18



Sweijen, F., et al.: A&A 671, A85 (2023)

0 1 2 3 4 5 6 7
z

12.0

12.5

13.0

13.5

14.0

14.5

15.0

lo
g

1
0
L

C
y
E

9
5

IR

SFG

RQ AGN

LERG

HERG

Unclassified

0 1 2 3 4 5 6 7
z

12.0

12.5

13.0

13.5

14.0

14.5

15.0

lo
g

1
0
L

C
y
E

9
5

IR

SFG

Fig. 3. Estimated IR luminosity from SED fitting using the CyE95
model versus measured photometric and spectroscopic redshifts. Top:
LDHD-detected sources. Bottom: LDHD-undetected sources.

because time and bandwidth smearing will have artificially
reduced I. Here, S is the source flux density and Ω is the source
solid angle. The rest-frame brightness temperature can then be
expressed as

Tb = 1.22×106×(1+z)×
(

ν

1 GHz

)−2
×

(
θmajθmin

1 arcsec2

)−1

×
S ILT
ν

1 Jy
K, (2)

where ν is the observing frequency, z is the source redshift, θmaj
and θmin are the full width at half maximum (FWHM) major
and minor axes of the Gaussian fitted to the source in the image
plane, and S ILT

ν is the measured high-resolution flux density. We
point out that time and bandwidth smearing will also artificially
increase θmaj and θmin, leading to an overestimate of the true
source size. The uncertainty on Tb is propagated from the 30%
uncertainty on S ILT

ν and the uncertainty in θmaj and θmin, plus

the most conservative uncertainty of 7% in z for photometric
redshifts, from Sect. 2.1. Gaussian uncertainty propagation then
yields the uncertainty on Tb given by Eq. (3). Uncertainties are
dominated by the flux density term, followed by the size terms,
and lastly the redshift term. The median unsquared contributions
are, respectively, 30%, 14%, 12%, and 5%:

σT = Tb

√(
σS

S ILT
ν

)2

+

(
σmaj

θmaj

)2

+

(
σmin

θmin

)2

+

(
σz

1 + z

)2
. (3)

3.2. Radio excess

We probe the radio excess compared to a pure star-formation-
driven source via the so-called q value. This value is calculated
using the total rest-frame IR luminosity LIR determined from
SED fitting by Gao et al. (2021) and the measured 144 MHz rest-
frame luminosity,

L144 MHz = 4πD2
LS 144 MHz(1 + z)−(1+α), (4)

as

q150 = log10
LIR

3.75 × 1012 Hz × L144 MHz
, (5)

where LIR is the total rest-frame dust luminosity obtained via
Bayesian analysis between 8 and 1000 µm and L144 MHz the radio
luminosity at 144 MHz. Using Gaussian uncertainty propaga-
tion, the uncertainties σ144 MHz and σq can be expressed as

σ144 MHz = L144 MHz

√(
σS

S 144 MHz

)2

+

(
1 + α

1 + z
σz

)2

, (6)

σq =
1

ln 10
×

√(
σIR

LIR

)2

+

(
σ144 MHz

L144 MHz

)2

, (7)

where σ144 MHz and σIR indicate the uncertainties in their respec-
tive luminosities. Due to the lack of spectral indices for the
sources, a fiducial value of α = −0.8 is chosen to calculate the
luminosity and no uncertainty is assumed. For the redshift, again
a 7% uncertainty for photometric redshifts is chosen. To ensure
the full radio luminosity was captured, the flux density of the 6′′
LoTSS-Deep catalogue, S LoTSS

144 MHz, was used to calculate L144 MHz.

4. Results

4.1. Fraction of radio detections and brightness temperature

Of the full sample of 154 HLIRGs within the LDHD coverage,
51 sources are detected with a peak intensity of Ipeak > 5σlocal

rms ,
where σlocal

rms is the local root-mean-square noise level around
the source, as was estimated by PyBDSF when the catalogue
was built. Figure 4 compares the low-resolution flux density and
peak intensity distributions between high-resolution detected
and undetected sources. The mean and median values of LDHD-
undetected HLIRGs lie close to or below the estimated limit (see
Sect. 5). A minor fraction of nine sources (6% of the total sam-
ple) has a possible detection in the 3−5σrms range, but these were
left out in favour of reliability. Despite these potential detections,
since the estimated limiting values are still at an overall >5σ
level, we interpret the non-detections as probably being predom-
inantly extended sources with no significant compact emission.
An intermediate ∼1′′ resolution image would be able to confirm
this.
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Fig. 4. LoTSS-Deep 6′′ flux density (left) and peak intensity (right) dis-
tributions for LoTSS-Deep-HD detected (top) and undetected (bottom)
sources. The blue dashed line indicates the median of each distribution.
LoTSS-Deep-HD-undetected sources have systematically lower values
that are close to or below the 5σ surface brightness limit of the high-
resolution image.

The brightness temperature distribution for the sample, as
calculated by Eq. (2), is shown in Fig. 5. Theoretical upper
limits derived by Condon et al. (1991) for starburst activity are
indicated as well, for several synchrotron spectral indices. Con-
servatively, we find that 40 out of 51 sources (78%) have
log10 Tb > 5.6. These sources are likely hosting an AGN. With a
less conservative cut of log10 Tb > 5.5, this fraction rises to 98%.
Out of these 51 sources, 24 are known AGNs from Best et al. (in
prep.). From the remaining 27 sources, 11 exceed log10 Tb = 5.7,
18 exceed log10 Tb = 5.6 and 26 exceed log10 Tb = 5.5, leaving
16, 9 and 1 below the AGN threshold, respectively. Of the full
HLIRG sample, 16% are known AGNs following the criteria of
Best et al. (in prep.). This can be increased to 32% by addition-
ally including a brightness temperature cut. These results sug-
gest that the majority of LDHD-detected HLIRGs in our sample
cannot be explained by pure star formation.

In Table 1 we summarise the detection fraction of HLIRGs
in redshift bins of ∆z = 0.5. The tension with galaxy formation
models models found by Wang et al. (2021) starts around z = 2.
We see a decline in the ratio of detected to undetected HLIRGs
in each bin as redshift increases. Table 2 summarises the classi-
fication of the detected HLIRGs in the first two columns. The
number of sources within that classification exceeding the two
brightness temperature limits for αsyn = −0.8 and −0.7 are
reported in the third and fourth columns, respectively. Ignoring
the known AGNs, 27 sources remain that were classified as either
SFGs or unclassified. All of the 103 sources below the detection
threshold are classified as SFGs by Best et al. (in prep.).

4.2. Brightness temperature compared to SED fitting

4.2.1. AGN fraction

The AGN fraction fAGN gives the estimated IR luminosity due to
an AGN component and it is defined through LAGN = fAGNLIR.
Figure 6 shows the estimated AGN fraction versus brightness
temperature. We see both sources with a high AGN fraction
and a high brightness temperature, but also sources with a low
AGN fraction and a high brightness temperature. A general trend
where the brightness temperature rises with increasing AGN
fraction can be seen, but the estimated AGN fraction varies
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Fig. 5. Distribution of brightness temperatures in the LoTSS-Deep-
HD detected sources. The solid, dashed, and dotted blue lines indi-
cate the maximum brightness temperature from starbursts for a syn-
chrotron spectral index α of −0.7, −0.8, and −0.9, respectively, as per
Condon et al. (1991). Values to the right of this line cannot be driven by
pure star formation.

notably between the different models and fitting codes. The reli-
ability of estimated fAGN < 0.01 was deemed questionable, and
hence those values were offset by 0.01 to aid visualisation.

4.2.2. Star formation rate

Figure 7 shows, for detected sources, the star formation rate
derived from SED fitting by Gao et al. (2021) versus the mea-
sured brightness temperature. The colour and shape of the points
indicate their classification by Best et al. (in prep.). Finally, the
theoretical brightness temperature limits for star formation from
Condon et al. (1991) are indicated for values of the synchrotron
spectral index of −0.7, −0.8, and −0.9, respectively. One dif-
ference between the CyE95 and CiS12 models is that the for-
mer allows for lower SFRs. The other model combinations in
Fig. A.1 show that this is particular to the CyE95 model. Other
combinations all show distributions similar to the CiS12 result.
We also note a ‘zone of avoidance’. The HLIRGs with high
Tb values appear to avoid the low-SFR region, or, vice versa,
sources with low SFRs appear to avoid the high-Tb region.

4.2.3. Distance to the main sequence

The idea of a star-forming main sequence results from the
observed correlation between the stellar mass and SFR of galax-
ies. We compared the difference between the estimated SFRs
to their respective ‘main-sequence’ SFRs, that is, the distance
to the main sequence ∆MS = SFR − SFRMS, for our LDHD-
detected sample, using the relation of Speagle et al. (2014). An
anti-correlation between the AGN fraction derived from their
SED fitting and the distance to the main sequence was found
by Gao et al. (2021). Figure 8 plots the distance to the main
sequence versus the measured brightness temperature. Negative
values of ∆MS indicate an SFR below that of the main sequence,
while positive values indicate SFRs higher than expected from
the main sequence. Visually, the distribution hints at a poten-
tial anti-correlation among SFGs and RQ AGNs, for which
sources with estimated SFRs below that of the main sequence
show higher brightness temperatures and less scatter than those
near or below the main sequence. Closer inspection, however,
reveals that only SFGs for the CyE95 and CiS12 models show a
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Table 1. HLIRG detections grouped in redshift bins of ∆z = 0.5.

Redshift Ndet. / Ntot. Tb > 105.7 K Tb > 105.6 K Tb > 105.5 K

0.0 ≤ z < 0.5 – – – –
0.5 ≤ z < 1.0 1/1 1 1 1
1.0 ≤ z < 1.5 2/3 1 2 2
1.5 ≤ z < 2.0 10/15 5 6 10
2.0 ≤ z < 2.5 13/38 3 8 12
2.5 ≤ z < 3.0 11/27 8 11 11
3.0 ≤ z < 3.5 5/23 3 4 5
3.5 ≤ z < 4.0 4/16 3 3 4
4.0 ≤ z < 4.5 3/9 3 3 3
4.5 ≤ z 2/22 2 2 2
All 51/154 29 40 50

Notes. Column 1 indicates the detection fraction, Cols. 2–4 indicate the number of sources exceeding the respective Tb thresholds.

Table 2. Classification of detected HLIRGs.

Class Nobj Tb > 105.7 Tb > 105.6 Tb > 105.5

SFG 25 (103) 10 17 24
RQ AGN 17 11 15 17
LERG 4 4 4 4
HERG 3 3 3 3
Unclassified 2 1 1 2
Total 51 (103) 29 40 50

Notes. Column 1 states the number of objects in the given class, Cols. 2
and 3 indicate the number of sources exceeding the respective Tb thresh-
olds. Numbers in parentheses indicate LDHD-undetected sources.

potential anti-correlation. The Pearson r and Spearman ρ cor-
relations3 for them are r = −0.13, ρ = −0.32 and r = −0.30,
ρ = −0.41, respectively. The p values are insufficiently con-
straining, however, at only p = 0.52, p = 0.12, p = 0.14, and
p = 0.044, respectively. Therefore, we conclude that there is no
statistically significant correlation present in the current sample.

4.3. Brightness temperature compared to radio excess

Figure 9 shows the 144 MHz radio excess q144, as calculated
by Eq. (5), versus the brightness temperature of each detected
HLIRG. A clear anti-correlation between Tb and q144 is seen.
Such a correlation is not unexpected, as a lower value of
q144 indicates a higher radio-excess, which for these high-SFR
objects translates to a higher brightness temperature. The clas-
sification of Best et al. (in prep.) reveals this correlation to
be primarily driven by HERGs and LERGs, and to a lesser
extent by RQ AGN. The SFGs and RQ AGNs predominantly
cluster together around the typical value of q144 MHz ≈ 1.7 as
found by, for example, Calistro Rivera et al. (2017). This is also
the approximate value below which the correlation becomes
apparent.

4.4. Brightness temperature compared to IRAC detections

Figure 10 displays a colour-colour diagram of the HLIRG sam-
ple using the four IRAC channels: 3.5 µm, 4.5 µm, 5.7 µm, and
8.0 µm, respectively. The black solid lines constrain a region of

3 Calculated using scipy.stats.pearsonr and scipy.stats.
spearmanr.

this mid-IR colour space defined by Donley et al. (2012; here-
after the Donley region) to yield highly complete samples of
AGNs with little contamination from SFGs. We refer to sources
within this region as IRAC AGNs and sources outside this region
as IRAC non-AGNs. We find 58 out of 154 HLIRGs to be IRAC
AGNs. Among the LDHD detections, 22 out of 51 can be classi-
fied as IRAC AGNs, while of the non-detections, 36 out of 103
sources are IRAC AGNs.

Figure 11 shows the fraction of IRAC AGNs in sources that
exceed a given limiting brightness temperature. The fraction of
IRAC AGNs is seen to increase with limiting brightness tem-
perature, as shown in black. In red and blue, the fraction of,
respectively, IRAC AGNs and IRAC non-AGNs exceeding this
limit is shown. We see two trends. Firstly, the fraction of sources
exceeding the threshold decreases as the threshold increases.
This is expected as there are fewer sources with higher bright-
ness temperatures. Secondly, the IRAC AGNs show a systemati-
cally higher fraction of sources exceeding the limit compared to
IRAC non-AGNs.

It is clear that the Donley cut does well in terms of selecting
AGNs, especially those identifiable by the criterion of Best et al.
(in prep.). This is not surprising, given that the mid-IR region
was a crucial component in the SED fitting by Best et al. (in
prep.). Most of the sources in the Donley region are previously
identified AGNs, while the remaining sources exceed our bright-
ness temperature thresholds. However, LDHD-detected SFGs
outside this region are all radio-AGN candidates according to
the brightness temperature criterion, except for one.

5. Discussion

One of the caveats of high-resolution observations is the
decreased surface brightness sensitivity. This will affect the
detection of extended source structure and thus completeness.
Here, we discuss this effect. We also put our high-resolution
radio observations into context with other AGN indicators
and the general idea of co-evolution of black holes and star
formation.

5.1. Sensitivity to extended source structure, completeness,
and detection bias

At the given sensitivities per beam, the LoTSS-Deep-HD image
will be ∼326 times less sensitive to diffuse emission compared
to the LoTSS-Deep image. A back-of-the-envelope estimate of
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Fig. 6. Brightness temperature versus AGN fraction. Left: AGN fraction derived from the CyE95 fit. Right: AGN fraction derived from the CiS12
fit. The solid, dashed, and dotted blue lines indicate the maximum brightness temperature from starbursts for a synchrotron spectral index α of
−0.7, −0.8, and −0.9, respectively, as per Condon et al. (1991). Points above these lines cannot be driven by pure star formation. Estimates with
fAGN < 0.01 were offset by 0.01 for visual clarity. Points are coloured by the classification of Best et al. (in prep.).

this limiting surface brightness can be made as follows. For a
patch of extended emission to be detected at the 5σ level, in
the 0.3′′ × 0.4′′ resolution image, it would need an intensity
of ≥125 µJy beam−1 at the phase-centre of the field, or higher
towards the edges. A one arcsec2 area would consist of 7.1 beam
elements, implying a flux density limit of roughly 0.9 mJy for
a uniform patch of emission of that size, and thus an identical
peak intensity for a 6′′-unresolved source. We therefore expect
sources with flux densities of the order of a milliJansky and that
are extended to be easily missed in the LDHD image, or at best
be partially recovered.

Only one third of the HLIRGs are recovered above the
detection limit, making it clear that the full LDHD sample is
incomplete with respect to the LoTSS detections. In Fig. 12,
we show the fraction of detected sources as a function of their
LoTSS-Deep 6′′ flux density. From this it can be seen that 81%
of sources brighter than 2 mJy are detected. The completeness
then starts to drop, before a steep drop in completeness occurs
between 0.7 and 0.8 mJy. In the top left panel of Fig. 9 of Best
et al. (in prep.), it is seen that SFGs become the dominant pop-
ulation below 1.6 mJy. This is of the same order as the earlier
estimate. Combined with the generally larger scale and more dif-
fuse nature of the emission of SFGs, we therefore interpret the
non-detections as being closer to SFGs than AGNs.

Finally, the reduced sensitivity to extended structure intro-
duces an obvious but significant bias towards compact sources.
This biases sub-arcsecond imaging to inherently prefer the
detection of compact nuclear components such as AGNs and dis-
tant unresolved or barely resolved starbursting galaxies. Imaging
at an intermediate angular resolution around 1−2′′ would aid in
determining the compactness of the LDHD non-detections.

5.2. Addressing the tension between HLIRGs and galaxy
formation models

To relieve the tension between the Galform galaxy formation
model (which assumes all the IR emission is reprocessed stel-
lar emission; Gutcke et al. 2015) and the number densities of
extreme star-forming systems found by Wang et al. (2021), those
densities would have to come down by orders of magnitude.
Here, we discuss our findings in this context.

Our results show that even conservatively and after remov-
ing AGNs identified by indicators other than brightness tem-

perature, the majority of the remaining HLIRGs classified as
SFGs are likely to contain AGNs. This is higher compared to
Morabito et al. (2022b), where only 12% of the more general
SFG population was found to have a high brightness tempera-
ture, but expected due to the extreme nature of HLIRGs. The
high prevalence of AGNs is consistent with other literature stud-
ies as well, finding that a substantial fraction of HLIRGs dis-
play signs of AGN activity (e.g., Farrah et al. 2002; Ruiz et al.
2013; Gao et al. 2021). However, Rowan-Robinson et al. (2018),
for example, concluded that the majority of IR emission
from their sample was dominated by star formation, while
Symeonidis & Page (2018) proposed that AGNs can explain the
full IR luminosity of sources with LIR > 1013.5 L�. We see a sim-
ilar ‘threshold’ in Fig. 13, where all LDHD-detected HLIRGs
with LIR > 1013.5 L� exceed our most conservative threshold of
log10 Tb > 5.7 for every model, except in the case of CyE95
where one falls below it, and have substantial estimated AGN
fractions as well. A difference is that in our sample these sources
lie at z > 3, while Symeonidis & Page (2018) studied sources
in the range of z = 1−2. A substantial AGN fraction in com-
bination with a brightness temperature in excess of our most
conservative threshold could support the idea that AGNs con-
tribute substantially to the IR output in high-z high-LIR HLIRGs.
However, among the LDHD non-detections the SED fits yield
between 18 and 35 HLIRGs also having LIR > 1013.5 L�, span-
ning the same range of estimated redshifts of z > 2.9. Thus,
not all of these extreme high-LIR sources necessarily harbour a
radio-loud, high-Tb AGN.

To see if the tension between the observed number density of
extreme star formers and theoretical models can be resolved, we
can, as a logical extreme, consider sources that exceed the bright-
ness temperature threshold to be 100% powered by an AGN.
We consider the sole source falling below all thresholds to be a
‘pure SFG’ for this argument, and it has an estimated redshift of
z ≈ 2.1. This falls in the z = 2.0−2.2 bin of Fig. 10 of Wang et al.
(2021). The tension here is ‘smallest’ at only an order of magni-
tude. Four LDHD-detected sources and nine LDHD-undetected
sources fall in this redshift range. Only the aforementioned SFG
falls below all brightness temperature thresholds. It also has an
estimated AGN fraction consistent with zero for both the CyE95
and CiS12 SED-fitting models. Of the undetected HLIRGs, two
have notable AGN fractions of 59% and 20% (CiS12) or 28%
and 44% (CyE95). If for argument’s sake we assume all three
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Fig. 7. Star formation rate versus brightness temperature of the 51 HLIRGs detected in LDHD image at the 5σrms level. Top: full sample, coloured
according to the classification of Best et al. (in prep.). Bottom: showing only SFGs and unclassified sources; 27 in total. Left: SFR as estimated
from the CyE95 model. Right: SFR estimated from the CiS12 model. Marginalised distributions over the SFR and brightness temperature are
shown on top and to the right of each panel. The colours correspond to the colours of the points.

of the high-Tb sources to be ‘pure AGNs’, the number of ‘pure
SFGs’ in this bin would drop from 13 to 10, which is a factor
of 1.3 or 23%. In Fig. 10 of Wang et al. (2021), it can be seen
that this is insufficient to reconcile the number counts with the
predictions from the Galform model. In higher redshift bins
this reduction can be of the order of a factor of 2, but by z = 3
the discrepancy is already two orders of magnitude and increas-
ing. Furthermore, realistically only the brightest HLIRGs may
be fully powered by AGNs, lessening this ‘correcting factor’
again. The tension between models and observations cannot be
resolved, even if we assume all our detections to be completely
AGN-driven.

If we include the non-detections of the same z = 2.0−2.2
bin and also assume they are fully powered by an AGN, the
required order of magnitude to reconcile theory and observations
can be reached. Such a scenario may be possible under differ-
ent model assumptions, as found by Symeonidis et al. (2016),
where the AGN heats dust to kiloparsec scales and the actual
SFR is notably lower than the IR luminosity. This might be
implied under the model assumptions in this work (Symeonidis
2022; Symeonidis et al. 2022). Incidentally, the E95 model does
incorporate heating of dust beyond the torus or in unobscured
directions (dubbed ‘conical dust’), and in general it yields some
of the lowest SFRs of the models explored for our sample, as
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Fig. 8. Brightness temperature Tb versus distance to the main sequence ∆MS for HLIRGs above the LDHD detection threshold. ∆MS is shown
for the CyE95 (left) and CiS12 (right) models. Points are coloured by their classification according to Best et al. (in prep.). The solid, dashed,
and dotted blue lines indicate the maximum brightness temperature from starbursts for a synchrotron spectral index α of −0.7, −0.8, and −0.9,
respectively, as per Condon et al. (1991). Points above these lines cannot be driven by pure star formation.

−1.0 −0.5 0.0 0.5 1.0 1.5 2.0 2.5

qCyE95
144MHz

5.0

5.5

6.0

6.5

7.0

7.5

8.0

lo
g

1
0
T

b
[K

]

SFG

RQ AGN

LERG

HERG

Unclassified

−1.0 −0.5 0.0 0.5 1.0 1.5 2.0 2.5

qCiS12
144MHz

5.0

5.5

6.0

6.5

7.0

7.5

8.0

lo
g

1
0
T

b
[K

]

SFG

RQ AGN

LERG

HERG

Unclassified

Fig. 9. Brightness temperature versus radio excess. q was determined using IR luminosities from the CyE95 (left) and CiS12 (right) models. The
solid, dashed, and dotted blue lines indicate the maximum brightness temperature from starbursts for a synchrotron spectral index α of −0.7, −0.8,
and −0.9, respectively, as per Condon et al. (1991). Points above these lines cannot be driven by pure star formation.

seen in Fig. 7. Exploring different models such as those by
Symeonidis et al. (2016), where the AGN heats dust on larger
scales, would be an interesting follow-up to the work presented
here.

Finally, we provide a note about the photometric redshift
estimates. Photometric redshifts can be an appreciable source
of uncertainty. Incorrect redshift estimates will affect the red-

shift distribution of sources and thus ultimately the tension. This
issue is not easily resolved until most sources in the sample have
had spectroscopic follow-up. For a few sources, spectroscopic
follow-up has been conducted with Subaru and the NOrthern
Extended Millimeter Array (NOEMA; priv. comm. L. Wang
and Gao et al. 2022). The photometric estimates agree well with
these spectroscopic values lying within 5% of each other. This is
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Fig. 10. IRAC colour-colour diagram for LDHD-detected sources. The
black line denotes the region in which IRAC AGN are expected, as
per the Donley et al. (2012) criteria. Faded grey squares indicate the
LDHD-undetected sample, while the coloured symbols indicate LDHD-
detected sources. White circles indicate sources with log10 Tb > 5.6 and
white diamonds indicate sources with log10 Tb > 5.7. Sources with no
dot or diamond have 5.5 ≤ log10 Tb ≤ 5.6, with the exception of the
black star, which indicates the single source with log10 Tb < 5.5.
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in sources that exceed the limiting brightness temperature. The red and
blue dashed lines indicate the fraction of IRAC AGN and IRAC non-
AGN, respectively, that exceed this limit.

consistent with the 7% uncertainty set on the photometric esti-
mates by Duncan et al. (2021). For now, we therefore conclude
that the photometric redshifts appear to be of good quality, but
the potential for uncertainty here needs to be kept in mind, and
more work is needed to understand the whole population.

5.3. Brightness temperature as a dust-unobscured tracer of
AGN activity

To broadly assess the use of brightness temperatures as an AGN
indicator in these HLIRGs, the brightness temperature measure-
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Fig. 12. Fraction of LDHD detections versus LoTSS flux density S LoTSS
(black). At S LoTSS > 2 mJy, a maximum of 81% is reached. The orange
lines indicate the estimated surface-brightness sensitivity limit towards
extended emission (solid) and the point where SFGs become dominant
(dashed, Best et al. in prep.).

ments were compared to three other indicators. We remind the
reader that the convolved source sizes (i.e. the intrinsic source
size convolved with the point spread function) were used to esti-
mate brightness temperatures and that these overestimate the true
source size both due to smearing and instrumental effects (con-
volution with the point spread function). This effectively turns
the measured brightness temperatures into lower limits.

Best et al. (in prep.) use four well-known SED-fitting codes
(CIGALE, MagPhys, BAGPIPES and AGNFitter) to classify
sources into either SFGs, RQ AGNs, LERGs, and HERGs. The
SED-fitting from Gao et al. (2021), based on broad-band pho-
tometry SED-fitting using the CIGALE code and CYGNUS
radiate transfer models, provides estimates of various parameters
such as LIR and fAGN for various combinations of SED-fitting
codes and models. Here, we compare these classifications and
quantities with our brightness temperature measurements.

All HLIRGs classified by Best et al. (in prep.) as radio-
loud AGNs (i.e. HERGs and LERGs) are recovered as high-
Tb objects well exceeding the threshold value for AGN activity
(see Table 2). Additionally, of the two unclassified sources, one
clearly exceeds the threshold and the other marginally exceeds
the least conservative threshold. For SFGs and RQ AGNs, the
story differs, as both types of sources have objects exceeding the
thresholds to various degrees. All RQ AGNs are detected and
exceed the least conservative threshold. In the case of SFGs, it
demonstrates how high-resolution radio observations can com-
plement existing classification to identify additional AGNs that
cannot be picked up through the SED fitting. These sources are
likely RQ AGNs, where the AGN is weak and does not dominate
the SED, but may still be a significant component of the overall
IR light.

Comparing Tb with LIR and fAGN, the estimated IR lumi-
nosities and AGN fractions estimated by Cygnus and Cigale
both show general correlation with brightness temperature. We
do see some differences between the different SED fitting meth-
ods, notably with respect to the difference in estimated IR lumi-
nosities. This is discussed in Appendix B.

The existence of a correlation between radio emission and
IR emission from star-forming galaxies has long been known
(de Jong et al. 1985; Helou et al. 1985). This has since been
used as a way to trace star formation through the radio-to-IR
ratio q (Bell 2003; Calistro Rivera et al. 2017; Delvecchio et al.
2021). At the same time, this ratio can be used to search for
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Fig. 13. Brightness temperature versus infrared luminosity determined from the CyE95 (left) and CiS12 (right) models. The solid, dashed, and
dotted blue lines indicate the maximum brightness temperature from starbursts for a synchrotron spectral index α of −0.7, −0.8, and −0.9,
respectively, as per Condon et al. (1991). Points above these lines cannot be driven by pure star formation.

AGNs, by looking for an excessive q-value (e.g., Bonzini et al.
2015; Delvecchio et al. 2017). A lower value of q144 indicates
a higher 144 MHz luminosity compared to a given IR luminos-
ity. A higher brightness temperature is the result of a brighter
and/or more compact radio source. One would thus expect
a correlation between q144 and Tb if both trace AGN activ-
ity well. Figure 9 shows the measured brightness temperature
versus the calculated q-value for the CyE95 and CiS12 SED
fits. A clear correlation of a higher radio excess being associ-
ated with a higher brightness temperature is seen, as expected.
The correlation is most obvious for high values of Tb and the
HERGs and LERGs. For lower values of Tb and the SFGs
and RQ AGNs it is less obvious. This correlation supports the
idea that brightness temperatures is a sensible tracer of AGN
activity and reaffirms either one’s ability to be used for AGN
identification.

In Fig. 10, the LDHD-detected sources were compared to
their mid-IR colours. Almost all IRAC AGNs are classified as
AGNs by Best et al. (in prep.) as well. They are predominantly
RQ AGNs. The SFGs in this region all exceed the most con-
servative threshold of log10 Tb > 5.7, strongly suggesting AGN
activity in those sources as well. All but one of the LDHD-
detected SFGs outside this region also exceed one of the bright-
ness temperature thresholds. In total, we find one third of the
HLIRGs within the LDHD footprint to be consistent with host-
ing an AGN. We find this consistent with the literature in that a
substantial amount of these sources are thought to harbour AGNs
(e.g., Farrah et al. 2002; Rowan-Robinson et al. 2018; Gao et al.
2021) and that they could be a substantial driver behind the IR
emission (e.g., Symeonidis & Page 2018, 2021). All of the unde-
tected sources are classified as SFGs by Best et al. (in prep.).
This is consistent with the limitations and biases in the LDHD
image, as its high resolution leads to a lower surface bright-
ness sensitivity, biasing it against the detection of more diffuse
sources such as SFGs. We also note a number of these sources

do enter the Donley region. Best et al. (in prep.) elaborate on
this by noting that this cut is incomplete for composite systems
(which a substantial number of HLIRGs likely are). For z > 2.5,
they add, it becomes difficult to distinguish AGN templates from
galaxy templates, and 70% of non-detections within the LDHD
footprint exceed that redshift.

On their own, HLIRGs above the LDHD detection thresh-
old show no direct likelihood of also being IRAC AGNs. Com-
pared to the undetected HLIRGs, however, they do appear more
likely to be IRAC AGNs. To test the statistical significance of
this trend, we bootstrapped the measured mid-IR flux densities
10, 000 times and determined the fraction of IRAC AGNs each
time. Bootstrapping was done by assuming each measurement
to be drawn from a Gaussian distribution with a mean equal to
the measured value and a standard deviation given by the uncer-
tainty in the Deep Fields catalogue. This yielded fractions of
IRAC AGNs of 38% ± 3% for LDHD-detected sources and of
31%±3% for LDHD-undetected sources. Compared to HLIRGs
below the LDHD detection threshold, however, they do appear
more likely to be IRAC AGNs at a 2.6σ difference in the respec-
tive fractions of IRAC AGNs. Bootstrapping indicates a mild
statistical significance of 2.6σ difference between the detected
and undetected sources. The mild tendency for high-Tb sources
to also be IR AGNs may indicate a preference for radio jets to
trigger during an obscured evolutionary phase, such as seen in,
for example, Patil et al. (2020), who found young jets in their
sample of luminous heavily obscured quasars.

Figure 11 shows an increasing fraction of IRAC AGNs with
brightness temperature. A tendency for IRAC AGNs to exceed
the brightness temperature threshold more often than IRAC non-
AGNs is seen. This correlation between the IR and radio activity
is also seen in Figs. 13 and A.3, where LIR is seen to increase
with Tb. Notably, the trend is most apparent from the RQ AGNs
and SFGs, which may not always be identified as radio AGNs
by low-resolution radio observations. This makes brightness
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temperatures especially useful to pinpoint relatively weak AGNs
that would escape cuts based on radio excess, for example, for
these obscured sources.

5.4. Co-evolution of black hole growth and star formation

The growth of black holes and the build-up of stellar popula-
tions over cosmic time are remarkably alike (see e.g., the review
of Heckman & Best 2014). This is not completely unexpected.
After all, they have a common fuel source: the gas reserves of
the galaxy.

In the top panel of Fig. 7 we see that, broadly speaking,
the higher brightness temperature HLIRGs seem to be associ-
ated with higher SFRs and display a larger spread in Tb. Sources
with lower SFRs display both lower values of Tb and a smaller
spread. Furthermore, the detected HLIRGs seemingly avoid the
region of parameter space corresponding to a high brightness
temperature, but a low SFR. Figure A.6 shows the SFR versus
brightness temperature for the full sample. From this it becomes
clear that this region is predominantly inhabited by LERGs and
HERGs. Of interest here is that this is not a general avoidance
zone, but a radio-loud, AGN-dominated region. This raises the
question of why the HLIRGs in our sample seem to avoid this
particular combination of parameters. To sustain the incredibly
high SFR in HLIRGs, these galaxies should have a large reser-
voir of gas to draw from. This could naturally supply the central
engine with fuel from that same supply, leading to a simultane-
ous increase in both star formation activity and AGN activity. We
therefore speculate that the tentative trend of brightness temper-
ature with star formation rate supports the idea of co-evolution
in these massive galaxies, where large gas reservoirs feed both
the star formation process and AGN activity. If IR emission as
a tracer of star formation breaks down at high LIR, however, as
raised by Symeonidis (2022) and Symeonidis et al. (2022), the
interpretation of this correlation would be different, linking two
indicators of AGN activity with each other. Further studies on
the impact of the chosen and alternative SEDs on the IR-derived
quantities and independent measures of AGN activity (e.g., from
their radio luminosity Morabito et al. 2022a) would be needed to
interpret this further.

6. Conclusion

Hyper-luminous infrared galaxies are difficult to reproduce in
simulations, both in terms of their extreme SFR and observed
number density. In this work, we studied the HLIRG popu-
lation in the Lockman Hole field from a sub-arcsecond per-
spective at 144 MHz using the ILT. These high-resolution radio
data were used to assess AGN activity in HLIRGs by means of
brightness temperature measurements in order to see if the ten-
sion between observations and current galaxy formation models
could be reduced. We conclude our findings as follows:

– The low-frequency brightness temperature Tb is an effec-
tive tool for revealing AGN activity in dusty objects such
as HLIRGs. All known radio-loud and radio-quiet AGNs
among the sample are recovered, clearly exceeding the upper
limit for pure star formation determined by Condon et al.
(1991); additional AGNs not readily picked up by the other
methods discussed in this paper were identified.

– The total number of HLIRGs in this field harbouring
bona fide AGNs could be increased from 16% to 26−32%
(depending on how conservatively one sets the threshold).
All of these additional high-Tb AGNs were initially classified
as SFGs. One of the LDHD-detected sources remains consis-

tent with pure star formation. A notable amount of HLIRGs
may thus harbour a radio AGN that is not picked up on when
using UV-to-IR or low-resolution radio observations.

– The additional AGNs identified here cannot relieve the ten-
sion between the observed number density of HLIRGs and
predictions from the Galform theoretical model. Conser-
vatively, the number density of extreme star-forming systems
can be only be reduced by a factor of ∼1−1.5 at cosmic noon
using this additional information and assuming AGN dom-
inance for all detected sources. On the other hand, if we
assume even the non-detections to be fully powered by an
AGN (see the penultimate point), the required order of mag-
nitude at cosmic noon can be reached. At higher redshifts the
discrepancy is larger and remains so, however.

– Brightness temperature is seen to broadly correlate with
AGN dominance probed by other indicators such as the radio
excess, SED-fitted AGN fractions, and IR colours.

– Higher SFRs generally allow for more higher brightness
temperatures. We see this as an indication of co-evolution
between star formation and AGN activity. In extreme scenar-
ios, the AGN contribution in sources with the highest SFRs
could be significantly underestimated, such as that found by
Symeonidis et al. (2016), which could change the interpreta-
tion of this trend.

– High-Tb AGNs show a mild preference towards being asso-
ciated with IR AGNs.

In this work, we give a taste of what high-resolution radio obser-
vations can offer in terms of population studies of HLIRGs, but
the sample size is still small, therefore limiting the robust identi-
fication of trends. Future sub-arcsecond surveys over large areas
of the sky will provide detailed radio data for a large number
of these extremely IR-luminous objects, penetrating the dusty
curtain that enshrouds them, allowing us to peer deeper into the
engine powering their high infrared luminosities.
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Appendix A: Other code-model combinations
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Fig. A.1. Star formation rate versus brightness temperature for CyF06,
CyS12, and CiF06 models.
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Fig. A.2. Brightness temperature versus distance to star-forming main
sequence for the CyF06, CyS12, and CiF06 models.
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Fig. A.3. Brightness temperature versus infrared luminosity for the
CyF06, CyS12, and CiF06 models.
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Fig. A.4. Brightness temperature versus radio-excess for the CyF06,
CyS12, and CiF06 models.
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Fig. A.5. Brightness temperature versus AGN fraction for CyF06,
CyS12, and CiF06 models.
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Fig. A.6. Star formation rate versus brightness temperature for the full
sample of LDHD sources. Axis ranges are cropped to reflect the same
range that our HLIRG sample occupies.
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Appendix B: IR luminosity difference

Figure B.1 plots brightness temperature and the estimated
AGN fraction versus the difference in estimated IR luminosity
LcygnusIR − LcigaleIR . As this difference increases (that is, moves
towards positive values), an increase in Tb for SFGs is seen (top
panel). At the same time fAGN strongly decreases as this differ-
ence increases (middle and bottom panel). This may be related
to the assumptions made in the fitting codes and to the diffi-
culty of disentangling low-level AGN activity from, for exam-
ple, star formation activity. A detailed analysis of these trends
and their significance is beyond the scope of this paper, but we
note that Buat et al. (2019), for example, find that different dust
attenuation laws should be used for their sample of star-bursting
sources. This highlights the importance of model assumptions.

Fig. B.1. Brightness temperature and AGN fractions for the S12 model
versus the difference in estimated IR luminosity.
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