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A B S T R A C T 

Both star formation (SF) and active galactic nuclei (AGNs) play an important role in galaxy evolution. Statistically quantifying 

their relative importance can be done using radio luminosity functions (RLFs). Until now these relied on galaxy classifications, 
where sources with a mixture of radio emission from SF and AGN are labelled as either a star-forming galaxy or an AGN. This 
can cause the misestimation of the rele v ance of AGN. Brightness temperature measurements at 144 MHz with the International 
LOw Frequency ARray telescope can separate radio emission from AGN and SF . W e use the combination of sub-arcsec and 

arcsec resolution imaging of 7497 sources in the Lockman Hole and ELAIS-N1 fields to identify AGN components in the 
sub-arcsec resolution images and subtract them from the total flux density, leaving flux density from SF only. We construct, 
for the first time, RLFs by physical process, either SF or AGN acti vity, re vealing a hidden AGN population at L 144 MHz < 10 

24 

W Hz −1 . This population is 1.56 ± 0.06 more than expected for 0 . 5 < z < 2 . 0 when comparing to RLFs by galaxy classification. 
The star-forming population has only 0.90 ± 0.02 of the expected SF. These ‘hidden’ AGNs can have significant implications 
for the cosmic SF rate and kinetic luminosity densities. 

K ey words: galaxies: acti ve – galaxies: evolution – galaxies: star formation – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

he extent to which active galactic nuclei (AGNs) impact galaxy
ormation is a major open question in astrophysics. It is clear that
here is an influence, from both observational and theoretical stand-
oints. Observations have revealed tight scaling relations between
he mass of a supermassive black hole and its host galaxy (see e.g.
ormendy & Ho 2013 , and references therein), while cosmological

imulations require some form of AGN feedback (Bower et al. 2006 ;
roton et al. 2006 ) to be able to reproduce the observed galaxy
opulation. The cosmic histories of AGN activity and star formation
SF), and by extension the interplay between them, are interlinked. It
s necessary to quantify the contribution of each process to understand
he importance of either or both of them. Relying on o v erall galaxy
lassification can o v erestimate or underestimate the contributions of
ach process; for example, by considering all of the radio emission
n a galaxy classified as ‘star-forming’ to be due to SF, when some
 E-mail: leah.k.morabito@durham.ac.uk 
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ay be due to AGN. Quantifying these contributions is the goal of
his letter. 

Decomposing AGN activity from SF on a per-galaxy basis is a
ifficult problem at an y wav elength. Efforts hav e been made to do
his via mid-infrared spectral decomposition using template fitting
e.g. Laurent et al. 2000 ; Hern ́an-Caballero et al. 2015 ; Li et al.
024 ). Multiwavelength approaches use spectral energy distribution
SED) fitting, which uses information from as many observed bands
s possible to jointly fit galaxy and AGN components (e.g. Calistro
ivera et al. 2016 ; Boquien et al. 2019 ; Pacifici et al. 2023 ). Ho we ver,
ED fitting is costly as it relies on observations from a variety of

nstruments, which then have to be carefully cross-matched, and
here can be de generac y in the fits. Varying selection effects across
he different bands can also present a problem. 

An alternative method to unambiguously identify the AGN
omponent(s) in a galaxy is through brightness temperature, T b ,
easurements in the radio waveband. Observations of radio emission

ave the advantage of being unobscured by dust or gas, so there are
inimal observational biases. Models of radio emission from SF

redict an upper limit to the surface brightness that can be produced,
ven in starburst galaxies (Condon 1992 ). Surface brightness that
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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s detected abo v e this limit therefore has to be attributed to AGN
ctivity. Brightness temperature is inversely proportional to fre- 
uency, ν, and resolution, θ : T b ∝ ν−2 θ−2 . Traditionally brightness 
emperature measurements require very long baseline interferometry 
VLBI), which reach milliarcsec resolutions at GHz frequencies (e.g. 

iddelberg et al. 2013 ; Herrera Ruiz et al. 2017 ; Radcliffe et al. 2018 )
o achieve enough T b sensitivity to make meaningful measurements. 
n Morabito et al. ( 2022a , hereafter M22 ), we demonstrated that this
an be done using sub-arcsecond resolution (0.3 arcsec) at 144 MHz 
ith the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013 ).
he advantage of the International LOFAR Telescope (ILT) is its 
ide field of view: ∼6 deg 2 from a single observation versus a few to
 couple hundred arcmin 2 with VLBI at GHz frequencies, depending 
n whether one images a single phase centre or uses multiphase 
entres for correlation (Deller et al. 2011 ; Morgan et al. 2011 ).
 or e xample, M22 used an 8 h ILT observation of the Lockman
ole (Sweijen et al. 2022 ) to identify 940 AGNs via brightness

emperature, providing a sample two orders of magnitude larger than 
ny VLBI sample of AGNs identified at GHz frequencies, using a 
raction of the observing time. 

As part of the LOFAR Two-metre Sky Survey (LoTSS) Deep 
ields campaign (Best et al. 2023 , hereafter B23 ), we have now
oubled the areal co v erage of 0.3 arcsec resolution wide-field 
maging. de Jong et al. ( 2024 ) recently published their 0.3 arcsec
esolution image of the ELAIS-N1 field, which reaches a depth of
4 μJy bm 

−1 using 32 h of observations. They also demonstrate 
he flexible resolution that can be achieved with ILT, by imaging 
t 0.6 and 1.2 arcsec resolution, which are both complementary to 
he existing 6 arcsec Deep Fields Data Release 1 (DR1; Sabater 
t al. 2021 ; Tasse et al. 2021 ). This is another advantage o v er
LBI instruments operating at GHz frequencies, which require either 
bserving at different frequency bands or with other instruments to 
cquire information on the flux density of sources at other scales. As
escribed in section 5 of M22 , for sources that are unresolved in the
.3 arcsec resolution images and do not exhibit a radio excess over
hat predicted by the SF rate (SFR) derived from SED fitting (see
23 , for more details), we can separate the AGN activity from SF
sing a combination of the 0.3 and 6 arcsec resolution images. 
The 2483 sources in Lockman Hole (Sweijen et al. 2022 ) and now

he 13 058 sources in ELAIS-N1 (de Jong et al. 2024 ) represent a
assi ve step to wards robust statistical studies where the population 

an be broken into bins of redshift and stellar mass to investigate AGN 

nd star-forming galaxy (SFG) populations in detail. Cochrane et al. 
 2023 ) and Kondapally et al. ( 2022 ) constructed radio luminosity
unctions (RLFs) from DR1 for the SFGs and radio-excess AGNs, 
espectively. Here, we construct RLFs, for the first time, by physical 
rocess rather than o v erall galaxy classification. We investigate the 
osmic evolution of AGN activity and SF by dividing the sample into
edshift bins out to z = 2 . 5. 

In this letter, we first describe the data in Section 2 , followed by an
 v erview of the methods in Section 3 . Section 4 describes the results,
ollowed by conclusions in Section 5 . Throughout this letter, we use
n H 0 = 70 km s −1 Mpc −1 , �M 

= 0 . 3, and �� 

= 0 . 7 cosmology.
adio flux density is defined as S ∝ να , where ν is frequency and
= −0 . 7 is radio spectral index. 

 DATA  

.1 LoTSS Deep Fields DR1 

he LoTSS has both a wide-area (Shimwell et al. 2017 , 2019 , 2022 )
nd Deep Fields (Sabater et al. 2021 ; Tasse et al. 2021 ) component.
he Deep Fields DR1 included Bo ̈otes, Lockman Hole, and ELAIS-
1, reaching sensitivities of 30, 23, and 20 μJy beam 

−1 , using ∼80,
100, and ∼160 h of observ ations, respecti vely. The resolution of

hese images is all 6 arcsec. Alongside these deep radio images
nd their associated catalogues, Kondapally et al. ( 2021 ) provided a
areful compilation of the ancillary data available at other wavebands 
from far-infrared (FIR) to ultraviolet (UV)] and cross-matching to 
he radio catalogues, followed by photometric redshifts in Duncan 
t al. ( 2021 ). Collectively these catalogues provide an excellent
esource, and we refer the reader for more details to the individual
apers cited abo v e. 
Using the multiwavelength cross-matched catalogues, B23 carried 

ut detailed SED fitting for all radio-detected sources across the three
eep fields. Full details can be found in their paper, but here we
utline the most rele v ant details. All sources detected abo v e 5 σ in
heir respective radio images had their FIR to UV data fit using four
ifferent SED fitting software packages, and a ‘consensus’ value was 
ound for the derived galaxy properties using information from the 
oodness of fits. 
The derived properties used in this letter are the consensus SFRs

nd the galaxy classifications, which arise from the SED fitting. B23
se the empirical relationship between radio luminosity and SFR to 
efine sources as either radio excess or not. The AGN components
sed to fit the multiwavelength information indicate whether a source 
s a radiatively efficient AGN (i.e. is there evidence for a disc/torus
tructure) or not. Combining these provides the following classes: 

(i) Radio excess + radiatively efficient ( ‘radio-loud’ ) 
(ii) Radio excess + not radiatively efficient ( ‘radio-loud’ ) 
(iii) Radiati vely ef ficient + not radio e xcess ( ‘r adio-quiet’ ) 
(iv) Not radiatively efficient + not radio excess 

The first three classes are AGNs, and the final class is SFGs.
 per cent of all sources are unclassified, as they do not have a
adio excess and the fits could not determine between radiatively 
fficient or inefficient. We note here that more recent work generated
robabilistic classifications (Drake et al. 2024 ), which would have 
n impact on the RLFs, although the extent is a subject for future
tudies. 

.2 High-resolution ILT imaging 

ata for LoTSS are recorded with all available ILT stations, which
re spread across eight different European countries, with a pre- 
onderance of stations in the Netherlands. The longest baseline 
currently Ireland to Poland) is ∼2000 km, providing unprecedented 
esolution at MHz frequencies. While LoTSS uses only the stations 
n the Netherlands for its standard data processing, post-processing 
f LoTSS data to achieve sub-arcsecond resolution is ongoing both 
or individual sources with S > 10 mJy in the wide-area surv e y
Morabito et al. 2022b ) and for the entire field of view in the Deep
ields (Sweijen et al. 2022 ; de Jong et al. 2024 ; Bondi et al., in
reparation; Escott et al., in preparation). Due to the fact that the
ize of international stations is larger than that of stations in the
etherlands, the station beams have a smaller field of view. Coupled
ith bandwidth and time smearing, this limits the field of view

f fecti vely to a radius of 1.24 deg, which still provides 6.25 deg 2 of
o v erage (the imaged field of view is square with 2.5 deg per side). 

Both Lockman Hole and ELAIS-N1 have been imaged at 0.3 arc-
ec resolution (Sweijen et al. 2022 ; de Jong et al. 2024 , respectively).
he resulting images have median rms noise of 34 μJy beam 

−1 

Lockman Hole) and 17 μJy beam 

−1 (ELAIS-N1), with the noise 
eing lowest in the centre and increasing radially in both images.
MNRASL 536, L32–L37 (2025) 
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lthough de Jong et al. ( 2024 ) also imaged ELAIS-N1 at 0.6 and 1.2
rcsec, for consistency with Lockman Hole we use only the 0.3 arcsec
esolution image. Catalogues from these images were processed to
roup individual Gaussian islands into complete sources, and remo v e
uplicates. The resulting catalogues contain 2316 and 13 058 sources
bo v e 5 σ , for Lockman Hole and ELAIS-N1, respectively. 

Thanks to the added collecting area of the international stations,
hich increases the array’s sensitivity, the 0.3 arcsec resolution

mage for ELAIS-N1 has a lower noise level than the Deep Fields
R1. To ensure consistently built samples, and make use of DR1

nformation, we limit the high-resolution catalogues. For both fields,
e first find the local rms in the companion 6 arcsec resolution
oise maps at the position of each source in the 0.3 arcsec resolution
atalogue. Using the peak brightness of the source in the catalogue
rom the 0.3 arcsec resolution image, we calculate the peak-to-noise
atio and only select sources that would be detectable at the 5 σ
imit in the 6 arcsec resolution image, ef fecti vely ensuring that all
ources should have a match in DR1. We then cross-match based on
adio position, to provide the radio information from the catalogues
erived from both the 0.3 arcsec resolution image and the 6 arcsec
esolution image. We use optical star masks to remo v e sources with
ultiwavelength information affected by bright stars. Finally, we

rim the area of the multiwavelength catalogue to the 2.5 deg ×
.5 deg area, which is co v ered by the 0.3 arcsec resolution image
although the multiwavelength coverage is smaller in ELAIS-N1
han in Lockman Hole). We are left with 2252 sources in Lockman
ole, and 5245 sources in ELAIS-N1. 
We determine whether sources are resolved or unresolved (rele v ant

n Section 3 ) in the same manner as section 3.1 of Shimwell et al.
 2019 , 2022 ), by finding an upper limit to the intrinsically unresolved
ources. Theoretically, these should have equal peak brightness and
otal flux density, but ILT maps are impacted by smearing due to the
onosphere, and high-resolution images have time and bandwidth
mearing effects. Thus, intrinsically unresolved sources can appear
patially extended. To find this upper limit, we take all sources that
re fit by a single Gaussian component and are smaller than a multiple
f the beam size. For the Lockman Hole, we use a factor of 3, but
or ELAIS-N1 we find that a factor of 4 provided a better sample.
his may be because the ELAIS-N1 field uses multiple nights, which
ave varying ionospheric conditions (see section 2 of de Jong et al.
024 ). A sigmoid function is fit to the upper 99.9th percentile of the
otal flux density to peak brightness ratio as a function of local signal
o noise. All sources in the catalogue that lie abo v e this function are
reated as resolved, as is any source not fitted by a single Gaussian
omponent. 

 M E T H O D S  

rightness temperature, T b , is used to characterize the surface bright-
ess of radio emission. It is not a physical temperature, but rather
he temperature of a blackbody, which would produce the observed
pectral radiance (assuming the Rayleigh–Jeans approximation) at
ong wavelengths. By creating a model that predicts the upper limit
f T b achie v able by SF (based on Condon 1992 ), if the value is
bove that upper limit, the radio emission must be due to AGN
cti vity. M22 sho wed that T b -based AGN identification can be done
t 150 MHz using sub-arcsecond resolution. We make the same
onserv ati ve assumptions as M22 ; i.e. we set T e = 10 4 K and the
requency where the optical depth reaches unity, ν0 , to be 3 GHz, for
he SF models. These equate to T b ∼ 10 6 K at 144 GHz (equi v alent to
 b ∼ 10 5 K at 1.4 GHz) as the upper limit for SF. The models directly
redict flux density per solid angle, which can then be converted to
NRASL 536, L32–L37 (2025) 
 b v alues. Practically, we follo w the method in M22 , which simply
ses a threshold in terms of flux density per solid angle rather than
onverting to T b . We refer the reader to section 3 of M22 for more
etails. Note that this method yields conserv ati ve, positi ve AGN
dentifications. 

There are two intermediate cases that may not be caught by
his. For the first case, take the example of Arp 220, a late-stage
erger that has been shown to have a high brightness temperature,
hich is consistent with an origin entirely from densely packed, very

uminous radio supernovae (Smith et al. 1998 ; Lonsdale et al. 2006 ).
ub-arcsecond resolution imaging with the ILT largely supports this
Varenius et al. 2016 ) but cannot rule out an AGN origin for the
utflow in the eastern nucleus. In this extreme case, very high SF in
 compact region can mimic AGN-like values of T b . We note that
s the models of SF predict surface brightness , compactness of SF
elative to the resolution element, which in this case is larger than
or GHz VLBI, would actually decrease the surface brightness as the
easured size would be larger than the intrinsic size. To best imitate

n AGN, either the SFR has to be extreme and/or the SF has to take
lace in an area that is approximately the size of the beam. 

The second scenario is low-surface brightness AGN emission,
hich mimics SF. This could be due, for example, to restarted

adio AGN with a young, prominent core and low surface-brightness
xtended structures from previous AGN emission (e.g. Mingo et al.
019 ). Or it could be due to radio emission powered by shocks from
GN winds (e.g. Zakamska & Greene 2014 ; Rankine et al. 2021 ;
etley et al. 2022 ). In either case, the radio emission due to SF will be
 v erestimated, as it is contaminated by low-surface brightness AGN
mission. Based on the number of new T b identifications in M22 , we
xpect that this is � 10 per cent of cases. 

These two scenarios act in the opposite direction, and may balance
ach other out in this study. We aim to provide better constraints based
n source structure (e.g. compact starbursts) and using a wider range
f spatial scales in our ILT imaging (e.g. the 1.2 arcsec resolution
maging in de Jong et al. 2024 ) in future work. 

.1 Separation of AGN activity and SF 

nce the AGN activity is identified from the 0.3 arcsec resolution
mages, it is possible to separate it from SF using the total flux
ensity in the 6 arcsec resolution images. We refer the reader to
ection 5 of M22 for more details but outline the process here, which
s depicted in Fig. 1 . Sources that are identified as radio excess
ccording to the definition in B23 (and therefore by definition have
 80 per cent of flux density due to AGN) automatically have their

otal flux density from the 6 arcsec resolution images added to the
GN cate gory. F or sources that are not radio excess, we attribute

he total flux density from the 6 arcsec resolution images to SF if in
he 0.3 arcsec resolution image they either are resolved or have no
etection. Sources that do not meet these criteria are checked and if
heir T b is not abo v e the limit for SF their 6 arcsec resolution total
ux density is also added to the SF category. The total flux density of
ny source in the 0.3 arcsec resolution image that is T b -identified as
n AGN is assumed to be AGN flux density; this is subtracted from
he total flux density measured from the 6 arcsec resolution image,
nd what remains is assumed to be flux density from SF. 

In summary, we start with 7497 total sources. 2970 have a radio
xcess, while 4527 do not. Of those without a radio excess, there
re 4434 unresolved sources for which their T b is checked. Of those,
022 are T b -identified AGNs, while 3412 are not. In the final sample,
here are 3992 sources contributing to the AGN category and 4527
ources contributing to the SF category. This is more than the total
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Figure 1. The workflow for determining how to assign flux density from the 
6 and 0.3 arcsec resolution images to either the AGN or SF category. Only 
sources with a T b -identified AGN component have their flux density split 
between the two categories. 
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umber of sources due to the T b -identified AGN, which had a portion
f their flux density shifted from the SF to the AGN category. 

.2 Construction of RLFs 

e follow the same method of constructing RLFs as in Kondapally 
t al. ( 2022 ) and Cochrane et al. ( 2023 ), which use the standard 1/ V max 

ethod (Schmidt 1968 ; Condon 1989 ). The 0.3 arcsec resolution 
mage is smaller than the 6 arcsec resolution image, so we first
eproduce the published RLFs (Fig. 2 , left panel) using the galaxy
lassifications from B23 to check that the RLFs in the smaller area are
onsistent. We use the completeness corrections from the respective 
apers, with the exception of the photo- z correction used in Cochrane
t al. ( 2023 ). The authors note that this correction is small, and as
t is not implemented in Kondapally et al. ( 2022 ) we chose to keep
he method in this letter consistent across both samples. We use the
ame redshift range, 0 . 003 < z < 0 . 3, to verify that we have good
greement with the published RLFs. Uncertainties are bootstrapped 
s in Kondapally et al. ( 2022 ), with random sampling by replacement
o generate 1000 RLF realizations from which the 1 σ uncertainties 
re determined. 

Next, we use the same 1/ V max method for constructing RLFs by
hysical process rather than o v erall galaxy classification, using the 
ux density of the rele v ant process, AGN acti vity, or SF, rather

han the o v erall total flux density (where they are not the same). We
irectly use the completeness corrections from Cochrane et al. ( 2023 )
nd Kondapally et al. ( 2022 ), based on a galaxy’s total flux density.
hese corrections are flux density dependent, but they are based on 
hether or not a source will be detectable given the background rms,
ot any individual component, although the component flux density 
an be smaller than the total flux density. 
 RESULTS  

he RLFs for the physical processes of SF and AGN are shown in the
iddle panel of Fig. 2 , for 0 . 003 < z < 0 . 3. Comparing these with
LFs using galaxy classifications allows us to explore where we are
 v erpredicting or underpredicting the contribution of the physical 
rocesses to our statistical studies. To aid this comparison, we define
nd calculate 

 RLF = 

RLF(physical process) 

RLF(galaxy classification) 
. 

 RLF is calculated once for the SF process/SFG classification, and
nce for the A GN process/A GN classification. We show 	 RLF in
he bottom right panel of Fig. 2 . Abo v e 10 24 W Hz −1 , the ratio for
GN is unity, which is expected as this is where radio-excess sources
ominate the population. Below that, the ratio for AGN climbs up to
1.3 and finally almost up to 2 at the lowest radio powers probed.
he ratio for SF is al w ays below unity, but it does not deviate as
uch as the ratio for AGN. This is because the SF population has

arger source counts, so the total impact of moving some flux density
rom the SF to AGN population is less extreme. 

In Fig. 3 , we show the redshift evolution for SF (left) and AGN
right). We use similar redshift bins to Kondapally et al. ( 2022 )
nd Cochrane et al. ( 2023 ) for consistency. Some bins become
nconstrained for the RLFs by process due to the shuffling of sources
etween the SF and AGN populations, yielding positive y -axis values. 
e remo v e these by cutting out bins where there is more than a 4

ex difference between the overall RLF and the process RLF. For
he SF RLF, we additionally remo v e points >−1 . 8. We reproduce
re vious observ ational results that while the SF population has a
trong redshift evolution, the AGN population does not. 

The bottom panels of Fig. 3 show 	 RLF, the same as in the
ottom right panel of Fig. 2 . For the SF population, 	 RLF is close
o unity for L 144 MHz < 10 24 W Hz −1 in the lowest redshift bin, and
hen this begins to drop at higher luminosities. The higher redshift
ins show similar behaviour, perhaps reaching unity at increasingly 
igher values of L 144 MHz , although deeper data are needed to confirm
his. 

For the AGN population, 	 RLF has almost the opposite behaviour,
onverging to unity above L 144 MHz ∼ 10 24 W Hz −1 for 0 . 003 < z <

 . 3. This is driven by the flux density of radio-excess sources, which
end to have higher radio luminosity, being entirely attributed to 
GN. The convergence happens at higher luminosity for higher 

edshift. Below this convergence, 	 RLF increases across all redshift 
ins. The maximum value for each redshift bin approaches ∼2, 
lthough in the lowest redshift bin this stabilizes at ∼1 . 3 and
nly climbs higher at the very lowest luminosities ( L 144 MHz < 10 22 

 Hz −1 ), which may be due to incompleteness. 
To better quantify the integrated effect of 	 RLF, we integrate each

LF separately across the luminosity bins where the uncertainties 
or both RLFs are well defined, and then take the ratio of the areas.
 or e xample, for SF we inte grate the RLF for the SF process and the
LF for SFGs, and divide the first by the second. These numbers
re al w ays less than unity since the SF process is o v erestimated
n the SFG population, which has been corrected by moving T b -
dentified AGN flux density contributions to the AGN process RLF. 
he integrated values are reported in Table 1 . The mean across all

edshift bins is 0.90 ± 0.02 for SF and 1.56 ± 0.06 for AGN. It
s evident from the bottom right panel of Fig. 2 that this ‘hidden’
GN population extracted from SFGs shows up in the radio AGN
opulation at L 144 MHz < 10 24 W Hz −1 . 
MNRASL 536, L32–L37 (2025) 
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M

Figure 2. Left: The re-calculated galaxy RLFs (dotted lines) for the smaller area considered here, compared with previously published RLFs (solid lines). 
Middle: RLFs calculated by process rather than galaxy. Top right: RLFs calculated here by galaxy classifications (dotted lines) and by physical process (solid 
lines). Bottom right: 	 RLF for both AGN and SF. Shaded regions show the bootstrapped uncertainties, with hatched shading where the uncertainties are large 
and values should be treated with caution. 

Figure 3. The redshift evolution of the RLFs (top panels) and 	 RLF (bottom panels) for SF (left) and AGN (right). The dashed horizontal line in the bottom 

panels is unity, with thin solid horizontal lines at 0.5 (left) at 2.0 (right) to guide the eye. To a v oid overcrowding, uncertainties are only plotted for 	 RLF, in the 
same manner as Fig. 2 . 

Table 1. Integrated 	 RLF, calculated as the ratio of areas under the RLF 
curve by process to the RLF curve by galaxy classification. 

z min z max SF AGN 

0.003 0.3 0.89 ± 0.12 1.52 ± 0.36 
0.5 1.0 0.96 ± 0.06 1.53 ± 0.14 
1.0 1.5 0.95 ± 0.07 1.47 ± 0.11 
1.5 2.0 0.87 ± 0.06 1.49 ± 0.36 
2.0 2.5 0.83 ± 0.06 1.80 ± 0.30 
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 C O N C L U S I O N S  

n this letter, we presented, for the first time, RLFs constructed by
eparating radio emission into either SF or AGN processes, for 7497
ources. We use brightness temperature to identify AGN components
NRASL 536, L32–L37 (2025) 
n galaxies with no radio excess, and separate the radio emission into
GN and SF . W e compare these with classical RLFs constructed
sing galaxy classifications, and find a hidden AGN population in
ources with L 144 MHz � 10 24 W Hz −1 . The mean integrated impact
f this is a 1.52 ± 0.06 increase in the radio luminosity output due to
GN across intermediate redshifts (0 . 5 < z < 2 . 0), and a doubling

n the lowest redshift bin (0 . 003 < z < 0 . 3). The impact on the SFG
opulation is less severe, amounting to a mean integrated decrease
n the RLF to 0.90 ± 0.02. The results can have implications for the
osmic SFR density and kinetic luminosity density, which we will
xplore in a future paper. 

This study is only now possible thanks to the ILT’s exceptional
ombination of resolution and field of view. The sub-arcsecond
esolution is sufficient for brightness temperature identification of
GN, and the field of view means that we have been able to do
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his for 1022 sources (out of > 4000). We have used conserv ati ve
imits for AGN identification, which means that there is likely more 
GN emission still remaining ‘uncounted’. Future work will build 
 forward modelling method, which will also use intermediate- 
esolution images to impro v e the AGN and SF separation. Splitting
adio emission into category by physical process also opens a 
athway for direct comparison to cosmological simulations, which 
e will address in a future paper. 

C K N OW L E D G E M E N T S  

KM recognizes support from UK Research and Innovation (UKRI; 
rantMR/T042842/1). RK recognizes support from UK Science and 
echnology Facilities Council (STFC) via grant ST/V000594/1. 
NB recognizes support from UK STFC via grants ST/V000594/1 
nd ST/Y000951/1. B-HY thanks the University of Edinburgh and 
eiden Observatory for support through the Edinburgh–Leiden joint 
tudentship. JMGHJdJ recognizes support from project CORTEX 

NWA.1160.18.316) of research programme NWA-ORC, which is 
partly) financed by the Dutch Research Council (NWO). FS rec- 
gnizes support from STFC (ST/Y004159/1). MB and IP recognize 
upport from Istituto Nazionale di Astrofisica (INAF) under the Large 
rant 2022 funding scheme (project ‘MeerKAT and LOFAR Team 

p: a Unique Radio Window on Galaxy/AGN co-Evolution’). DJBS 

ecognizes support from UK STFC via grants ST/V000624/1 and 
T/Y001028/1. RJvW recognizes support from European Research 
ouncil (ERC) Starting Grant ClusterWeb 804208. This w ork w as 

upported by SURF Cooperative grant EINF-6218 and EGI-ACE 

roject (Horizon 2020 grant 101017567). 
The LOFAR was designed and constructed by ASTRON. It has 

bserving, data processing, and data storage facilities in several 
ountries, which are owned by various parties (each with their own 
unding sources), and collectively operated by the ILT foundation 
nder a joint scientific policy. The ILT resources have benefited 
rom the following recent major funding sources: CNRS-INSU, 
bservatoire de Paris and Universit ́e d’Orl ́eans, France; BMBF, 
IWF-NRW, MPG, Germany; Science Foundation Ireland (SFI), 
epartment of Business, Enterprise and Innovation (DBEI), Ireland; 
WO, the Netherlands; The Science and Technology Facilities 
ouncil, UK; Ministry of Science and Higher Education, Poland; 
nd The INAF, Italy. 

ATA  AVA ILA BILITY  

ll data used in this letter are either publicly available on https:
/lofar-surveys.org or from rele v ant citations herein, including cata- 
ogues, rms images, and star masks. This study was carried out using
howyourwork ( https:// github.com/showyourwork/ showyourwork), 
hich is open source scientific article workflow, first introduced 

n Luger et al. ( 2021 ). This leverages continuous integration to
rogrammatically download the data from zenodo.org , create the 
gures, and compile the manuscript. The code is available at https://gi 

hub.com/lmorabit/hidden AGN , which is linked to the starting data 
ets for this work, which are hosted on Zenodo with their own DOIs
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10.5281/zenodo.14012620, 10.5281/zenodo.14013377, 14013423, 
4013439, 14014490, 14014542, 14014849, and 14014853), ensur- 
ng complete reproducibility. 

EFERENCES  

est P. N. et al., 2023, MNRAS , 523, 1729(B23) 
oquien M. , Burgarella D., Roehlly Y., Buat V., Ciesla L., Corre D., Inoue

A. K., Salas H., 2019, A&A , 622, A103 
ower R. G. , Benson A. J., Malbon R., Helly J. C., Frenk C. S., Baugh C.

M., Cole S., Lacey C. G., 2006, MNRAS , 370, 645 
alistro Rivera G. , Lusso E., Hennawi J. F., Hogg D. W., 2016, ApJ , 833, 98
ochrane R. K. et al., 2023, MNRAS , 523, 6082 
ondon J. J. , 1989, ApJ , 338, 13 
ondon J. J. , 1992, ARA&A , 30, 575 
roton D. J. et al., 2006, MNRAS , 365, 11 
e Jong J. M. G. H. J. et al., 2024, A&A , 689, A80 
eller A. T. et al., 2011, PASP , 123, 275 
rake A. B. et al., 2024, MNRAS , 534, 1107 
uncan K. J. et al., 2021, A&A , 648, A4 
ern ́an-Caballero A. et al., 2015, ApJ , 803, 109 
errera Ruiz N. et al., 2017, A&A , 607, A132 
ondapally R. et al., 2021, A&A , 648, A3 
ondapally R. et al., 2022, MNRAS , 513, 3742 
ormendy J. , Ho L. C., 2013, ARA&A , 51, 511 
aurent O. , Mirabel I. F., Charmandaris V., Gallais P., Madden S. C., Sauvage

M., Vigroux L., Cesarsky C., 2000, A&A , 359, 887 
i Z.-J. , Dai Y. S., Huang J. S., Wuyts S., Cao T.-W., 2024, ApJ , 963, 99 
onsdale C. J. , Diamond P. J., Thrall H., Smith H. E., Lonsdale C. J., 2006,

ApJ , 647, 185 
uger R. , Bedell M., F oreman-Macke y D., Crossfield I. J. M., Zhao L. L.,

Hogg D. W., 2021, preprint ( arXiv:2110.06271 ) 
iddelberg E. et al., 2013, A&A , 551, A97 
ingo B. et al., 2019, MNRAS , 488, 2701 
orabito L. K. et al., 2022a, MNRAS , 515, 5758(M22) 
orabito L. K. et al., 2022b, A&A , 658, A1 
organ J. S. , Mantovani F., Deller A. T., Brisken W ., Alef W ., Middelberg

E., Nanni M., Tingay S. J., 2011, A&A , 526, A140 
acifici C. et al., 2023, ApJ , 944, 141 
etley J. W. et al., 2022, MNRAS , 515, 5159 
adcliffe J. F. et al., 2018, A&A , 619, A48 
ankine A. L. , Matthews J. H., Hewett P. C., Banerji M., Morabito L. K.,

Richards G. T., 2021, MNRAS , 502, 4154 
abater J. et al., 2021, A&A , 648, A2 
chmidt M. , 1968, ApJ , 151, 393 
himwell T. W. et al., 2017, A&A , 598, A104 
himwell T. W. et al., 2019, A&A , 622, A1 
himwell T. W. et al., 2022, A&A , 659, A1 
mith H. E. , Lonsdale C. J., Lonsdale C. J., Diamond P. J., 1998, ApJ , 493,

L17 
weijen F. et al., 2022, Nat. Astron. , 6, 350 
asse C. et al., 2021, A&A , 648, A1 
an Haarlem M. P. et al., 2013, A&A , 556, A2 
arenius E. et al., 2016, A&A , 593, A86 
akamska N. L. , Greene J. E., 2014, MNRAS , 442, 784 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRASL 536, L32–L37 (2025) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 

https://lofar-surveys.org
https://github.com/showyourwork/showyourwork
https://zenodo.org/
https://github.com/lmorabit/hidden_AGN
http://dx.doi.org/10.1093/mnras/stad1308
http://dx.doi.org/10.1051/0004-6361/201834156
http://dx.doi.org/10.1111/j.1365-2966.2006.10519.x
http://dx.doi.org/10.3847/1538-4357/833/1/98
http://dx.doi.org/10.1093/mnras/stad1602
http://dx.doi.org/10.1086/167176
http://dx.doi.org/10.1146/annurev.aa.30.090192.003043
http://dx.doi.org/10.1111/j.1365-2966.2005.09675.x
http://dx.doi.org/10.1051/0004-6361/202450595
http://dx.doi.org/10.1086/658907
http://dx.doi.org/10.1093/mnras/stae2117
http://dx.doi.org/10.1051/0004-6361/202038809
http://dx.doi.org/10.1088/0004-637X/803/2/109
http://dx.doi.org/10.1051/0004-6361/201731163
http://dx.doi.org/10.1051/0004-6361/202038813
http://dx.doi.org/10.1093/mnras/stac1128
http://dx.doi.org/10.1146/annurev-astro-082708-101811
http://dx.doi.org/10.48550/arXiv.astro-ph/0005376
http://dx.doi.org/10.3847/1538-4357/ad1b54
http://dx.doi.org/10.1086/505193
http://arxiv.org/abs/2110.06271
http://dx.doi.org/10.1051/0004-6361/201220374
http://dx.doi.org/10.1093/mnras/stz1901
http://dx.doi.org/10.1093/mnras/stac2129
http://dx.doi.org/10.1051/0004-6361/202140649
http://dx.doi.org/10.1051/0004-6361/201015775
http://dx.doi.org/10.3847/1538-4357/acacff
http://dx.doi.org/10.1093/mnras/stac2067
http://dx.doi.org/10.1051/0004-6361/201833399
http://dx.doi.org/10.1093/mnras/stab302
http://dx.doi.org/10.1051/0004-6361/202038828
http://dx.doi.org/10.1086/149446
http://dx.doi.org/10.1051/0004-6361/201629313
http://dx.doi.org/10.1051/0004-6361/201833559
http://dx.doi.org/10.1051/0004-6361/202142484
http://dx.doi.org/10.1086/311122
http://dx.doi.org/10.1038/s41550-021-01573-z
http://dx.doi.org/10.1051/0004-6361/202038804
http://dx.doi.org/10.1051/0004-6361/201220873
http://dx.doi.org/10.1051/0004-6361/201628702
http://dx.doi.org/10.1093/mnras/stu842
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA
	3 METHODS
	4 RESULTS
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

