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A B S T R A C T 

A key question in extragalactic astronomy is how the star formation rate density (SFRD) evolves over cosmic time. A pow- 
erful way of addressing this question is using radio-continuum observations, where the radio waves are unaffected by dust 
and are able to reach sufficient resolution to resolve individual galaxies. We present an investigation of the 1.4 GHz radio 
luminosity functions (RLFs) of star-forming galaxies (SFGs) and active galactic nuclei (AGNs) using deep radio continuum 

observations in the COSMOS and XMM–LSS fields, covering a combined area of ∼ 4 deg 2 . These data enable the most 
accurate measurement of the evolution in the SFRD from mid-frequency radio continuum observations. We model the total 
RLF as the sum of evolving SFG and AGN components, negating the need for individual source classification. We find that 
the SFGs have systematically higher space densities at fixed luminosity than found in previous radio studies, but consistent 
with more recent studies with MeerKAT. We attribute this to the excellent low-surface brightness sensitivity of MeerKAT. 
We then determine the evolution of the SFRD. Adopting the far-infrared–radio correlation results in a significantly higher 
SFRD at z > 1 , compared to combined UV and far-infrared measurements. However, using more recent relations for the 
correlation between star formation rate and radio luminosity, based on full spectral energy distribution modelling, can 

resolve this apparent discrepancy. Thus, radio observations provide a powerful method of determining the total SFRD in 

the absence of dust-sensitive far-infrared data. 

Key words: galaxies: active – galaxies: evolution – galaxies: star formation – radio continuum: galaxies. 
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 INTRODUCTION  

he cosmological evolution of star-forming galaxies (SFGs) and 
ctive galactic nuclei (AGNs) is critically important for our gen- 
ral understanding of the evolution of galaxies and the build-up 
f structure in the Universe. Galaxy evolution is a combination 
f long-term interactions between internal and external environ- 
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ental processes, involving the stars, gas clouds, morphological 
tructure, and the small and large-scale environment. All of these 
an influence the level of star formation (SF) and AGN activity. 
In the last decade, multiwavelength observations of galaxy pop- 
lations have increased dramatically, but there is still no clear un-
erstanding of the core mechanisms that control the star forma- 
ion rate (SFR) histories of individual galaxies. One of the reasons
s that it is not possible to follow individual galaxies throughout
heir evolution, and statistical methods that investigate many 
alaxies at different epochs have to be used. These studies are fur-
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her complicated by the vast array of selection biases depending
n the wavelength that is used for the observations, coupled with
ow measurements at these wavelengths translate to estimates of 
hysical properties, such as SFR (e.g. R. C. Kennicutt 1998 ; R. C.
ennicutt & N. J. Evans 2012 ). 
The radio continuum emission observed in SFGs primarily
rises from synchrotron radiation, a phenomenon originating
rom the acceleration of high-energy electrons within super-
ova remnants. These electrons gain energy through interactions
ithin the remnants, particularly during the cataclysmic explo-
ions that occur when massive stars undergo supernova events.
his synchrotron emission mechanism tends to dominate the
adio emission spectrum at rest-frame frequencies of < 30 GHz
J. J. Condon 1992a ). The radio emission emanating from SFGs
xhibits a strong correlation with the far-infrared (FIR) emission,
 relationship commonly referred to as the FIR–radio correlation
M. S. Yun, N. A. Reddy & J. J. Condon 2001 ; M. J. Jarvis et al.
010 ; S. C. Read et al. 2018 ; H. S. B. Algera et al. 2020 ) and, given
he FIR emission is a good tracer of the SFR in galaxies, the SFR–
adio correlation (e.g. E. F. Bell 2003 ; L. Wang et al. 2019 ; D. J. B.
mith et al. 2021a , b ; R. H. W. Cook et al. 2024 ). 
Furthermore, such measurements are not affected by dust ob-
curation, thus potentially leading to an unbiased view of the star
ormation history of the Universe, providing semi-independent
easurements of the cosmic star formation rate density (SFRD)
p to z ∼ 2 that can also be traced by combining UV, optical and
IR wavelengths (e.g. A. Karim et al. 2011 ; M. Novak et al. 2017 ;
. D. Malefahlo et al. 2022 ; F. Gentile et al. 2025 ). Recently, using
xtremely deep radio continuum observations, R. K. Cochrane
t al. ( 2023 ) and A. M. Matthews et al. ( 2024 ) have shown that
he SFRD traced by radio emission may actually exceed that from
V and FIR tracers at z < 1 . 5 . 
As we move to higher redshifts ( z > 3 ), inverse Compton scat-

ering of the Cosmic Microwave Background photons may also
ecome important (e.g. E. J. Murphy 2009 ). Indeed, evidence for
his has recently been found from stacking the radio emission
rom high-redshift Lyman-break galaxies, leading to a relative
ecrease in the observed radio continuum emission at a given
FR (I. H. Whittam et al. 2025 ). As such, determining the evolving
FRD at even earlier epochs may present different challenges. 
As efforts are made to utilize radio emission as a reliable indi-
ator of SF activity, a significant challenge arises when attempt-
ng to discern the contribution of AGN to the observed radio
mission. This radio emission can often be mis-associated with
he emission originating from SF processes (and vice versa) (e.g.
. E. Kimball et al. 2011 ; J. J. Condon et al. 2013 ; S. V. White
t al. 2015 , 2017 ; E. Malefahlo et al. 2020 ; C. Macfarlane et al.
021 ; B. H. Yue et al. 2025 ), all of which highlight the prob-
em of measuring the star formation contribution in optically
elected radio-quiet quasars, which are known to have an AGN,
re not selected via their radio emission, but still often have
etectable radio emission. The situation can become even more
omplicated for radio-selected samples, where it is not known a
riori whether the radio sources have an AGN at all. This po-
ential confusion necessitates careful consideration and analysis
o disentangle the distinct sources of radio emission and to ac-
urately interpret the underlying astrophysical phenomena. The
ost robust method to account for this is with sensitive high-
esolution studies and with very long baseline interferometry
e.g. T. W. B. Muxlow et al. 2020 ; J. F. Radcliffe et al. 2021 ;
. K. Morabito et al. 2025 ). However, such data are often lim-
NRAS 548, 1–26 (2026)
ted to small areas and have relatively poor surface brightness
ensitivity. 
It has been known for several decades that high radio lumi-
osity AGN ( Lrad � 1025 W Hz−1 ) evolve positively, meaning they
ecome more common at higher redshift (e.g. J. S. Dunlop & J.
. Peacock 1990 ; M. J. Jarvis et al. 2001 ; C. J. Willott et al. 2001 ;
. E. Rigby et al. 2011 ), in a similar way to the cosmic SFRD.
hese AGN can also have a significant impact on galaxy evolu-
ion, where AGN outflows are often posited as being responsible
or controlling or terminating SF (e.g. A. Cattaneo et al. 2009 ; P. N.
est & T. M. Heckman 2012 ; A. C. Fabian 2012 ; T. M. Heckman &
. N. Best 2014 ; M. J. Hardcastle & J. H. Croston 2020 ; R. Konda-
ally et al. 2023 ; T. M. Heckman et al. 2024 ). On the other hand,
he evolution of low-luminosity ( Lrad � 1025 ) AGN is not as well
nderstood and some studies suggest that there is no evolution
f the radio luminosity function (L. Clewley & M. J. Jarvis 2004 ),
hereas some suggested they do evolve but slowly compared to
he high-luminosity AGN (V. Smolčić et al. 2009 ; K. McAlpine &
. J. Jarvis 2011 ; R. Kondapally et al. 2022 ). 
We note that a simple division into high- and low-luminosity

adio AGN does not uniquely correspond to physically dis-
inct accretion modes. A more physically motivated distinction
s between High-Excitation Radio Galaxies (HERGs) and Low-
xcitation Radio Galaxies (LERGs; T. M. Heckman & P. N. Best
014 ). These populations differ in their accretion properties and
ptical spectra, but they overlap substantially in radio luminosity
e.g. M. B. Pracy et al. 2016 ). Since HERGs are known to evolve
ore strongly with redshift than LERGs, the overall shape of 
he AGN RLF may change with cosmic time relative to its local
orm; however, the spectroscopic data are often not available or
omplete enough to disentangle such effects over large redshift
aselines. 
At low-redshift ( z � 0 . 2 ), volume-limited samples of radio
ources with complete redshift information and classification of 
ources into star-forming or AGN-dominated can be achieved
sing optical emission lines. T. Mauch & E. M. Sadler ( 2007 ) used
824 radio sources divided into SFGs and AGNs using optical
pectroscopy, revealing that SFGs dominate the local radio lumi-
osity function below L1 . 4GHz < 1023 WHz−1 , whereas AGN dom-
nate above this threshold. However, at higher redshifts, complete
pectroscopy becomes more difficult to obtain and the emission
ines used for distinguishing SFGs and AGN can be redshifted
eyond the optical window, particularly at z > 1 . However, re-
ent work using the overlap of the Dark Energy Spectroscopic
nstrument (DESI; DESI Collaboration 2024 ) and the LOFAR
wo-metre sky survey deep fields (J. Sabater et al. 2021 ; C. Tasse
t al. 2021 ) shows that this is now possible to z ∼ 1 (e.g. M. I.
rnaudova et al. 2025 ). 
One method of avoiding the pitfalls in classifying radio sources

nto AGN and/or SFGs, in order to measure their evolution, is by
easuring the complete radio luminosity function with a flexible
nough parametrization that allows for the contributions from
oth populations to be represented. This has been done at both
adio wavelength (e.g K. McAlpine, M. J. Jarvis & D. G. Bonfield
013 ) and for the rest-frame UV luminosity function (e.g. N. J.
dams et al. 2023 ). 
Modelling the total RLF provides a statistical framework for
eparating SFGs and AGN based on their radio emission. By con-
tructing separate RLF models for SFGs and AGN, but by fitting
or them jointly, we can characterize the luminosity distribution
or each population across different redshifts. Importantly, this
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ethod does not rely on classifications for every sources, but 
ims to understand the evolution of the populations as a whole, 
hrough statistical separation. In this paper, we adopt this strategy 
o measure the evolving radio-luminosity function using data 
rom the MeerKAT International GHz Tiered International Ex- 
loration (MIGHTEE; M. Jarvis et al. 2016 ) survey. 
This paper is organised as follows. In Section 2 , we describe

he MeerKAT data and the multiwavelength ancillary data used 
hroughout this work. Section 3 outlines the completeness cor- 
ections applied. In Section 4 , we describe the methods to mea-
ure and model RLFs and their evolution over cosmic time. In
ection 5 , we present the results of our fits to the RLFs of both
FGs and AGN and discuss how this translates to measurements 
f the evolution in the cosmic SFRD. Finally, in Section 6 , we
ummarize our results and present our conclusions. 
Throughout this paper, we adopt the following cosmological 
arameters: H0 = 70 km s−1 Mpc−1 , �M 

= 0 . 3 , and � = 0 . 7 . All
agnitudes are AB magnitudes unless stated otherwise (J. B. 
ke & J. E. Gunn 1983 ). We assume a spectral index defined
s Sν ∝ να , with α = −0 . 7 , when converting flux density ( Sν) to
uminosity at a rest-frame frequency of 1.4 GHz. Logarithms are 
ase 10 unless stated otherwise. 

 DATA  AND  SAMPLE  SELECTION  

n this paper, we use the Early Science data in the COSMOS
nd the XMM–LSS fields from the MIGHTEE survey. For more 
etails about the data and the observations, please refer to I.
eywood et al. ( 2022 ). The COSMOS observations consist of a
ingle pointing with the MeerKAT telescope, covering ∼1.6 deg2 
own to a limiting thermal noise of ∼2µJy beam−1 at L-band. 
he larger XMM–LSS field consists of three overlapping point- 
ngs, covering ∼3.5 deg2 . Two versions of the Stokes I image (and
ssociated data products) are produced, one with higher sensitiv- 
ty and slightly poorer resolution and one for higher resolution 
t the expense of sensitivity. The maximum sensitivity image was 
roduced with Briggs robust = 0 . 0 , has synthesized beam size =
.6 × 8.6 arcsec2 and thermal noise ∼2µJy beam−1 . Although 
ue to classical confusion, these observations are limited to a 
otal noise of approximately 4µJy beam−1 at the centre of the 
rimary beam. The higher resolution image was produced with 
riggs robust = −1 . 2 , has a synthesized beam size ∼5 × 5 arcsec2 
nd thermal noise ∼6µJy beam−1 . Due to the wide bandwidth 
f the MeerKAT L −band receiver, the effective frequency varies 
cross the primary beam and I. Heywood et al. ( 2022 ) provide
n effective frequency map for each image, which gives the ef-
ective frequency at each pixel. Source extraction was conducted 
sing the Python Blob Detection and Source Finder (PyBDSF; 
. Mohan & D. Rafferty 2015 ) with the default parameters in I.
eywood et al. ( 2022 ). The extracted catalogue contains 30 170
adio components across the two fields: 9896 in COSMOS and 
0 274 in XMM–LSS. 
We use the cross-matched catalogues provided by I. H. Whit- 

am et al. ( 2024 ) for the COSMOS field and S. Zhu et al. ( 2023 )
or the XMM–LSS field, to associate the sources with an optical 
ounterpart. We associate these sources with the photometric 
edshifts determined using the Le Phare (O. Ilbert et al. 2009 )
pectral energy distribution fitting code combined with machine- 
earning photometric redshifts using GPz (I. A. Almosallam et al. 
016a ; I. A. Almosallam, M. J. Jarvis & S. J. Roberts 2016b ) as
etailed in P. W. Hatfield et al. ( 2022 ), following similar work (K.
. Duncan et al. 2018 , 2021 ). 
Specifically, we use optical data from the Canada–France–
awaii-Telescope Legacy Survey (CFHTLS; J.-C. J. Cuillandre 
t al. 2012 ), and the HyperSuprimeCam Strategic Survey Pro- 
ramme (HSC DR2; H. Aihara et al. 2018a , b , 2019 ). The cor-
esponding near-infrared data in the XMM-LSS field are from 

he VISTA Deep Extragalactic Observations (VIDEO) survey (M. 
. Jarvis et al. 2013 ), while UltraVISTA DR6 (H. J. McCracken
t al. 2012 ) provides the near-infrared coverage in COSMOS. For
urther details, we refer the reader to R. A. A. Bowler et al. ( 2021 ),
. J. Adams et al. ( 2023 ), and R. G. Varadaraj et al. ( 2023 , 2026 ).
e use the full probability distribution function (PDF) for the 
hotometric redshifts to measure the RLF accounting for uncer- 
ainties in redshift. 
Spectroscopic redshifts are available over both fields from a 

ange of surveys and we use the updated compilation from A.
. Khostovan et al. ( 2026 ) in COSMOS and also from M. Vac-
ari ( 2022 ), which include more recent data. We also include
dditional spectroscopic redshifts from the DESI (DESI Collab- 
ration 2024 ). For radio sources where spectroscopic redshifts 
re available, we use these, otherwise photometric redshifts are 
dopted. 
We are unable to obtain reliable redshifts in regions where the
ptical/near-infrared imaging is compromised by bright stars and 
ssociated artefacts. We therefore apply a bright–star and cover- 
ge mask to the radio footprints in the MIGHTEE Early-Science 
OSMOS and XMM–LSS fields, excluding radio sources that fall 
nside masked pixels. The resulting effective area for each field 
s � 0 . 83 deg 2 (COSMOS) and � 3 . 23 deg 2 (XMM–LSS), giving a
ombined area of � 4 . 06 deg 2 . 
We adopt a conservative flux-density cut at 40 μJy (around 8–
0 σ across both fields) to mitigate against confusion and signif- 
cant completeness corrections (see Section 3 ). With this flux- 
ensity limit and after masking, 6039 radio sources remain in 
OSMOS. Of these, 830 lack an optical/NIR counterpart from 

he visually inspected catalogue of I. H. Whittam et al. ( 2024 ),
ielding Copt = 86 . 3 per cent. In the XMM–LSS field, 17,666 of 
8,796 sources at S > 40 μJy have an optical/NIR counterpart
rom the catalogue of S. Zhu et al. ( 2023 ). We note that the higher
ompleteness in the XMM–LSS field arises from the different 
pproaches to the cross-matching, with the approach taken in 
. H. Whittam et al. ( 2024 ) being more conservative than that
sed by S. Zhu et al. ( 2023 ). However, we note that we correct
or the incompleteness due to missing counterparts in both fields 
n a similar way (see Section 3.2 ), and the difference between
he source cross-matching has a negligible effect on our results.
he redshift distributions for both the COSMOS and XMM-LSS 
elds, denoting the spectroscopic versus photometric redshifts, 
re shown in Fig. 1 
Deep radio surveys may contain a small fraction of very ex-

ended sources, where in some cases the lobes of large-angular 
ized AGN may be mis-identified as distinct sources. Identifying 
he correct optical host for such systems requires associating the 
ndividual radio components, often by eye, as done for the sample
sed here (I. H. Whittam et al. 2024 ). It is still possible that some
adio sources without optical counterparts are components of 
arger systems whose true optical counterparts lie at large angular 
eparations, possibly associated with a core. However, we expect 
his to be a negligible fraction of the radio sources without optical
ounterparts, due to both the relative rarity of extended AGN and
he excellent surface brightness sensitivity of MeerKAT, which 
an often detect the faint diffuse emission that connects a core to
 lobe (e.g. J. Delhaize et al. 2021 ). 
MNRAS 548, 1–26 (2026)
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M

Figure 1. Normalised Redshift distributions for radio sources in the COSMOS (left) and XMM–LSS (right) fields. Each panel shows the normalised 
redshift histograms for sources with spectroscopic redshifts (spec- z ; blue), photometric redshifts where no spec- z is available (phot- z ; orange), and radio 
sources without optical counterparts plotted at z> 1 (nonXID; green). Non-XID sources are assigned redshifts using the flux-dependent method described 
in Section 3.2 and are shown here restricted to z> 1. The median redshifts are zmed = 1 . 04 ± 0 . 01 (COSMOS) and zmed = 1 . 06 ± 0 . 01 (XMM–LSS). 
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By combining both the COSMOS and XMM–LSS field, we re-
uce the level of cosmic variance due to the large-scale structure
f the Universe. However, at the lowest redshifts in our study,
his may still be significant. We therefore use the cosmic variance
alculator in B. P. Moster et al. ( 2011 ) to estimate the expected
osmic variance in the two fields and in the combined fields. The
osmic variance increases with the galaxy bias, and we expect
he low-mass galaxies that dominate the faint end of the SFG
opulation to have relatively low bias, whereas the more massive
alaxies that host the radio-AGN in our sample are likely to be
he most highly biased (see e.g. S. N. Lindsay et al. 2014 ; M.
agliocchetti et al. 2017 ; C. L. Hale et al. 2018 ; G. C. Petter et al.
024 ; J. Hamlett et al. 2026 ). 
In our lowest redshift bin of 0 . 2 < z < 0 . 4 , with the lowest
o-moving volume, the cosmic variance in the expected number
ensity of these populations spans 12–18 per cent in the COSMOS
eld and 8–14 per cent in the larger XMM–LSS field. For the
ombined area, the cosmic variance is greatly reduced, as the two
elds sample independent large-scale structure, to a fractional
osmic variance of ∼ 5–8 per cent across the stellar mass range of 
ur radio sources. The level of the cosmic variance remains sim-
lar across the full-redshift range considered in this work due to
he fact that we essentially remove the lowest mass, least biased,
opulations as we move to higher redshifts due to the flux-density
imit of the radio and multiwavelength data, whilst the comoving
olume per redshift bin increases. 

 COMPLETENESS  CORRECTIONS  

ompleteness is a key concern in constructing the luminosity
unction from a flux-density-limited survey. Completeness cor-
ections become imperative for properly including faint radio
ources in the analysis, where their detection is strongly cor-
NRAS 548, 1–26 (2026)
elated with the noise properties of the image. Neglecting this
spect can lead to a substantial underestimation of the space
ensity. Furthermore, flux-density-limited surveys are suscepti-
le to the Malmquist bias, where more luminous objects at higher
edshifts and fainter objects at lower redshifts are preferentially
etected. This bias introduces a potential distortion in the ob-
erved sample, leading to skewed representations of source distri-
utions and space densities. Addressing completeness and miti-
ating Malmquist bias is therefore paramount for ensuring the
ccuracy and reliability of the derived luminosity function. 

.1 Radio completeness correction 

he radio completeness quantifies the fraction of sources that
re detected as a function of flux density. The noise properties of 
he images used in this analysis are not constant, with the noise
ncreasing towards the edges due to the primary beam correction,
o detectability varies across the field. We therefore use the results
rom C. L. Hale et al. ( 2023 ), who measured the completeness by
njecting simulated radio sources into the residual maps and re-
an the source detection. 
To summarize, three different input catalogues were used,
ased on SIMBA (R. Davé et al. 2019 ); SKADS (R. J. Wilman et al.
008 ); and modified SKADS. These sources were injected and re-
overed in flux-density bins and the completeness was calculated
s the ratio of the number of recovered to injected of sources
n each bin. We then fit a smooth function to the binned com-
leteness measurements using a monotonic cubic interpolation
n log (S) . At bright flux densities ( S > 10 mJy), where the data
re fully complete, we explicitly set the completeness to 1. The
hree separate simulation-based curves, shown in Fig. 2 , were
hen combined into a single mean completeness function as a
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Figure 2. Completeness of the 1.4 GHz COSMOS catalogue as a function 
of input flux density. SKADS (green), modified SKADS (blue), SIMBA 

(maroon), the mean completeness is the back line. The vertical dashed 
line marks the uniform flux–density cut at 40µJy; the horizontal dashed 
line marks 100 per cent completeness. Completeness values exceeding 
one intermediate flux densities result from noise shifting some sources 
from adjacent, lower flux bins into brighter bins (see C. L. Hale et al. 2023 , 
for details). 
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1 We assume α = −0 . 7 , which is typical for SFGs (J. J. Condon 1992b ; E. 
F. Bell 2003 ) 
unction of 1.4-GHz flux density, which we apply as the radio
orrection in the following analysis. 
In this work, we choose to use flux–density limit of S ≥ 40µJy,
t which the completeness is 0.65. At this threshold, uncertainties 
ssociated with rms noise variations are minimized, which are 
ore significant at lower flux-density limits and the measured 
ux densities become less affected by confusion noise. 

.2 Optical completeness correction 

ithin the unmasked area, some radio sources lack optical/NIR 

ounterparts and thus have no redshift available, either photo- 
etric or spectroscopic. Moreover, the ancillary imaging depths 
iffer between COSMOS and XMM–LSS, so simply discarding 
nmatched radio sources would bias the space densities (es- 
ecially against dust-obscured and high-redshift systems) and 
ould do so unevenly between fields. In our baseline analysis, 
e include these sources (hereafter referred to as non-XID) by 
ssigning statistical redshifts. Assigning statistical redshifts to 
adio-only detections in each field preserves total number counts, 
voids counterpart-driven selection biases, and puts both fields 
n a more uniform footing before combining them to determine 
he RLF. 
To achieve this, we started with the complete radio component 
atalogue, which contains all detected components. Within each 
eld we take the matched catalogue, divide it into log-spaced 
adio flux-density bins, and in each bin construct an empirical 
edshift PDF from the matched sources, smoothed with a kernel 
ensity estimator (KDE). For every unmatched radio source, we 
ocate its flux-density bin and draw a redshift from the corre-
ponding KDE, if that bin is empty we use the KDE from the near-
st non-empty flux bin. Redshifts assigned to non-XID sources are
rawn once from these flux-density dependent KDEs and are held
xed across all Monte-Carlo realizations, although we note that 
esampling the non-XID sources does not make any difference to 
ur results. 
In our baseline analysis, we force all sources lacking optical 

dentifications to be at z > 1 . Whilst approximately 50 per cent
f radio sources with optical/NIR counterparts and brighter than 
0µJy typically reside at z < 1 , optically unidentified systems in
his flux range are more likely to be faint galaxies that fall be-
ow the optical detection limits due to them residing at higher
edshift (see e.g. F. Gentile et al. 2024 , 2025 ). Adopting z > 1
or these non-XID sources therefore provides a conservative es- 
imate of their radio luminosities and avoids biasing our anal- 
sis toward low-redshift, optically bright populations. The as- 
igned redshifts (shown in Fig. 1 ) are carried forward in the anal-
sis alongside those objects with spectroscopic or photometric 
edshifts. 
As a check on the impact of our baseline strategy for assigning

edshifts to non-XID sources, we also repeat the analysis using 
 second redshift assignment approach. We repeat the method 
f assigning redshifts to the non-XID sources, but without forc- 
ng them to be at z > 1 . In this case, the overall redshift distri-
ution is similar to that of the redshift distribution of sources
f similar flux-density distribution, which have an optical/NIR 

ounterparts. Adopting this strategy does not change our results 
ignificantly, as once the shape of the RLF is measured well at
ow redshift with a large fraction of spectroscopic redshifts, then 
ow we spread the ∼ 10–15 per cent of non-XID sources does not
trongly affect evolution parameters. 
Finally, to check how our method of sampling from the pho-

ometric redshift PDF may affect our results, we also adopt a
single- z’ approach, in which every source is assigned a single
best’ redshift taken directly from the catalogue (spectroscopic or 
he best-fitting photometric redshift), rather than being sampled 
rom its full-redshift PDF. In this approach, all non-XID sources 
re placed at z > 1 , following a similar method to our baseline
trategy. 
The number of sources with spectroscopic and photometric 

edshifts in each radio luminosity and redshift bin is given in
able A1 , alongside the number of non-XID sources from our
aseline model where they are forced to have z > 1 . 

 THE  RADIO  LUMINOSITY  FUNCTION  

n this section, we describe the form of the radio luminosity
unction (RLF) that we adopt in this analysis, how we calculate
he RLF in redshift bins, and how we model its evolution. 

.1 The 1 / Vmax method 

o measure the cosmic evolution of radio sources, we determine 
he RLFs for different redshift bins using the 1 /Vmax method (M.
chmidt 1968 ). 
We first calculate the rest-frame radio luminosity at 1.4 GHz, 
orresponding to the observed-frame flux density. The MIGHTEE 

ata has a varying effective frequency across the image, with a
ean effective frequency of νeff ∼ 1 . 28 GHz. To determine the
est-frame luminosity at 1.4 GHz ( L1 . 4rf ) we therefore use, 

1 . 4rf =
4 πD2 

L 

(1 + z)1+ α
Sνeff 

(
1 . 4 
νeff 

)α

, (1) 

here DL is the luminosity distance, α is the spectral index of the
ource 1 and z is the redshift of the source. In practice, we use the
ffective frequency associated with the position of the source in 
he continuum images as described in I. Heywood et al. ( 2022 ).
he rest-frame 1.4 GHz luminosity as a function of redshift for
ur sample is shown in Fig. 3 for both the COSMOS and XMM–
SS fields. 
MNRAS 548, 1–26 (2026)
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M

Figure 3. Rest-frame 1.4 GHz luminosity versus redshift for COSMOS (left) and XMM–LSS (right). Black points are individual sources. The solid red 
curve corresponds to the adopted 40µJy flux-density cut at the frequency. 
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The radio luminosity function (number density per unit log L )
s given by 

(L, z) = 1 
	 log L 

N ∑ 

i =1 

1 
Vmaxi 

, (2) 

ith the corresponding uncertainty given by H. L. Marshall
 1985 ): 

φ(L,z) = 1 
	 log L 

√ √ √ √ 

N ∑ 

i =1 

1 
V 2 
maxi 

, (3) 

here Vmax ,i is the maximum comoving volume accessible to
ource i in the given (L, z) bin. 
We calculate Vmax by dividing the sample into ten redshift bins
panning 0 . 2 < z < 4 . 6 . We limit the analysis to z > 0 . 2 as we do
ot have the necessary cosmic volume to accurately measure the
uminosity function at z < 0 . 2 . We adopt a luminosity–bin width
f 	 log L = 0 . 25 dex to strike a balance of preserving useful reso-
ution across a reasonable range in luminosity while limiting the
oisson noise, and limiting leakage between adjacent bins due to
hotometric redshift uncertainties and noise fluctuations. At the
right end, where sources are sparse, we widen to 	 log L = 0 . 4
or log L ≥ 26 to compensate for the low source density. 
For each source i , Vmax is computed by summing the accessible
omoving volume element within each redshift bin from zmin 
o zmax , where zmax is set by the redshift at which the observed
ux density at 1.4 GHz drops to the survey selection limit ( S1 . 4 ≥
0µJy), and is capped at the upper edge of the relevant redshift
in. We also apply a completeness correction C(S1 . 4 ) using the
mpirical completeness curves shown in Fig. 2 , to obtain a com-
leteness corrected measurement of the maximum accessible co-
oving volume for each source: 

max ,i =
zmax ∑ 

z= zmin 

[
V (z + 	z) −V (z)

]
C(S1 . 4 ) . (4) 

The incompleteness due to some radio sources lacking an opti-
al/NIR counterpart is, as described in Section 3.2 , accounted for
y including unmatched sources with statistical redshift values. 
NRAS 548, 1–26 (2026)
.2 Parametrization of the radio luminosity function 

o quantify the combined RLF for both AGN and SFGs, we con-
ider the parametric forms used in previous work. Specifically, we
dopt a double power law for the AGN, following T. Mauch & E.
. Sadler ( 2007 ): 

AGN 
0 (L ) = φAGN 

∗(
L 

LAGN ∗

)a 
+

(
L 

LAGN ∗

)b (5) 

here φAGN 
∗ is the normalisation, LAGN ∗ is the knee or break in the

LF, and a and b are the bright- and faint-end slopes. 
For the SFG population, we use the four parameter analytical

orm used by M. Novak et al. ( 2017 ), which is comprised of a
ower-law plus lognormal distribution from W. Saunders et al.
 1990 ): 

SF 
0 (L ) = φSF 

∗

(
L 
LSF ∗

)1 −δ

exp 
[
− 1 
2 σ 2 log 

2 
(
1 + L 

LSF ∗

)]
, (6) 

here φSF 
∗ is the normalisation, LSF ∗ is the knee of the distribution,

is the faint-end slope and σ describes the exponential fall off
eyond the knee. 
Both the AGN and SFG populations are known to evolve
trongly with redshift. This evolution is traditionally modelled as
ither; (i) pure luminosity evolution, whereby the specific popula-
ion changes in luminosity with redshift, and the comoving space
ensity of the population remains constant; (ii) pure density evo-
ution, where the comoving space density evolves with redshift;
r (iii) a combination of both of these evolutionary forms. In
ractice, the data are often not sufficient to fully disentangle pure
uminosity from pure density evolution or combinations thereof,
s the data need to sample below and above the knee or break
n the luminosity function. This means that both deep and wide
reas are necessary. This is particularly true for radio surveys,
here we have a combination of both SFGs and AGN, which have
ifferent shaped luminosity functions and may evolve in different
ays. 
For this study, we adopt an approach driven by our core science
ims, to measure the evolution of the SFGs using the radio contin-
um data, whilst accounting for the contribution to the total radio
uminosity function from the AGN. We therefore fix the shape
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Table 1. Priors adopted for the free parameters in the model fitting. 
Lognormal priors are assumed for the local SFG RLF parameters φSF ∗ and 
LSF ∗ , and uniform priors are adopted for the remaining RLF parameters. 
The local AGN RLF parameters are held fixed in all fits (see Table 2 ). 

Parameters Priors 

log (φSF ∗ /Mpc −3 dex −1 ) Gaussian ∼ (μ = −2 . 45 , σ = 0 . 30) 
log (LSF ∗ /W Hz −1 ) Gaussian ∼ (μ = 21 . 25 , σ = 0 . 25) 
δ Uniform ∈ [ −2 , 5] 
σ Uniform ∈ [0 , 1] 
αSF L Uniform ∈ [0 , 5] 
βSF L Uniform ∈ [ −1 , 0] 
αAGN D Uniform ∈ [0 , 5] 
βAGN D Uniform ∈ [ −2 , 0] 
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f the AGN luminosity function using the local AGN luminosity 
unction from M. Novak et al. ( 2018 ), which is consistent with
. Mauch & E. M. Sadler ( 2007 ). We allow the AGN luminosity
unction to evolve using a pure density-only evolution model, 
ue to the fact that we do not have enough cosmological volume
o accurately determine the break of the AGN part of the RLF,
hich is important for decoupling pure density from pure lumi- 
osity evolution. We note that our results for the SFG luminosity
unction do not change significantly if we adopt a pure luminos-
ty evolution model for the AGN. We parametrize the evolution 
ith, 

(AGN ) = φAGN 
0 (1 + z)αAGN D + zβAGN D , (7) 

here αAGN 
D and βAGN 

D provide the flexibility to model the ex- 
ected increase in comoving space density from low to high red-
hift, whilst also permitting a turnover beyond a given redshift. 
For the SFGs, which are the focus of this work, we allow all the
arameters of the local luminosity function (equation 6 ) to be free
arameters, and adopt a pure luminosity evolution model, due to 
he fact that we predominantly sample beyond the knee in the
uminosity function, given by 

(SF ) = φSF 
0 

[
L 

(1 + z)αSF L + zβSF L 

]
, (8) 

here αSF 
L and βSF 

L again provide flexibility for the luminosity 
volution to increase and then decrease beyond a given redshift. 
We then fit for both the AGN evolution parameters ( αAGN 

D and 
AGN 
D ) and the SFG evolution parameters ( αSF 

L and βSF 
L ) along with

he overall shape of the SFG RLF, similar to K. McAlpine et al.
 2013 ). One advantage of fitting the total RLF is that the inference
oes not depend on the specific galaxy classification scheme, 
rovided the RLF shapes for the SFG and AGN populations are 
dequately specified. 

.3 Multinest sampling 

o explore the multiparameter likelihood space, in order to find 
he best-fitting RLF parameters and associated posteriors, we 
se MultiNest (F. Feroz & M. P. Hobson 2008 ). MultiNest is
 Bayesian inference algorithm designed to efficiently calculate 
he Bayesian evidence and explore complex parameter spaces. 
ultiNest returns the full posterior distribution, enabling ro- 
ust parameter estimation and accurate uncertainty quantifica- 
ion. We use the Python interface PyMultiNest (J. Buchner et al. 
014 ). 
In Bayesian inference, we seek the posterior 

 (θ | D, H ) = L (D |θ, H ) π (θ | H ) 
Z(D | H ) , (9) 

here θ are the model parameters, D the data, H the model, L the
ikelihood, and π the prior. The Bayesian evidence ( z) given by 

(D | H ) =
∫ 

L (D |θ, H ) π (θ |H ) dθ (10) 

ormalises the posterior and enables quantitative model compar- 
son. 
We adopt uniform priors with bounds set by physical plau- 
ibility on all local–SFG luminosity function and all evolution 
arameters (Table 1 ), apart from LSF ∗ and φSF 

∗ , where we adopt 
ognormal priors centred around the local values given by M. 
ovak et al. ( 2017 ). This is because our survey has limited vol-
me at low redshift and both the normalisation and knee in the
uminosity function are relatively well-defined at low redshift. As 
e fit for the faint-end slope it also removes some of the degen-
racy whilst retaining the flexibility for a flatter or steeper faint-
nd slope for the SFG luminosity function. We marginalize over 
he photometric–redshift uncertainty via a per–resample Monte–
arlo strategy. For each of Nrep = 100 realizations (where Nrep is 
he number of photometric–redshift resampling iterations), the 
edshift of every source is sampled from the PDF of its photomet-
ic redshift, while spectroscopic redshifts and non-XID values are 
ept fixed. The full binned RLF across all redshifts is recomputed,
nd a single MultiNest fit is run to obtain posterior samples
or each realization. The final photometric redshift posterior is 
ormed by equal weight concatenation of the posterior samples 
rom all Nrep runs. This numerically integrates over the photomet- 
ic redshift PDFs without reweighting and preserves the correct 
verall likelihood weight. 

 RESULTS  AND  DISCUSSION  

n Fig. 4 , we present the total RLF in redshift bins, showing
ur 1 /Vmax measurements and the modelled redshift evolution 
f the SFG and AGN components alongside data points from 

revious studies. The corresponding posterior distributions of the 
odel parameters for the case where we distribute non-XID radio 
ources at z > 1 are shown in Fig. 5 . For the other approaches,
he total RLFs and the corresponding corner plots are shown in
igs B1 and B2 (uniform- z for non-XID sources) and Figs B4 and
5 for the case of a single best redshift. 

.1 The local radio luminosity function of SFGs 

he first thing that is noticeable with our measured binned lu-
inosity function values (Fig. 4 ) is that at low redshift and at
he lowest luminosities they are significantly higher than the 
uminosity function point from M. Novak et al. ( 2017 ), who use
ata from the 3 GHz survey over the COSMOS field. However,
ur data are consistent with the other very deep MeerKAT survey
ver the DEEP2 field by A. M. Matthews et al. ( 2024 ). The key
ifferences between the VLA-3GHz survey and both ours and the 
EEP2 MeerKAT data are the observed frequency ( ∼ 1 . 3 GHz
s 3 GHz), but probably more importantly is the sensitivity of 
eerKAT to low-surface brightness emission. The latter is likely 
he more important consideration, as many studies have shown 
hat the spectral index distribution between 1.4 and 3 GHz is well
ehaved with a mean spectral index of α ≈ 0 . 7 . Indeed, C. L.
MNRAS 548, 1–26 (2026)
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Figure 4. Total 1.4 GHz RLF in ten redshift bins from our photometric redshift PDF-based analysis, including statistically assigned redshifts for the 
non-XID sources restricted to be at z > 1 . Black hexagons show the 1 /Vmax measurements from this work. Red solid and blue dashed curves show the 
best-fitting SF (PLE) and AGN (PDE) components, respectively, with magenta and light-blue bands show their 90 per cent confidence intervals. The 
combined total LF is shown as a black dash–dotted curve. The yellow, brown and grey dashed curves denote the total, SFG, and AGN RLFs, respectively, 
from M. Novak et al. ( 2018 ). For reference, the 1 /Vmax points from M. Novak et al. ( 2018 ) and A. M. Matthews et al. ( 2024 ) are also shown as green 
right-pointing and magenta down-pointing triangles, respectively. 
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Figure 5. Posterior distributions for the eight parameters of the total RLF model: SFG Schechter function parameters (δ, σ, φSF ∗ , LSF ∗ ) , SFG luminosity 
evolution ( αSF L , β

SF 
L ), and AGN density evolution ( αAGN D , βAGN D ). Contours show the 68th and 95th percentile confidence regions; vertical lines in the 

1D marginals mark the median and 16th/84th percentiles. The SFG (PLE) and AGN (PDE) evolution pairs exhibit the expected anticorrelations, while 
cross-component couplings remain weak, indicating that the two channels are separately constrained. 
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ale et al. ( 2023 ) showed that the MIGHTEE data detected lower
urface brightness, but relatively high flux density ( � 100 μJy),
ources that were completely invisible in the VLA-3GHz survey 
ata, even though the flux-density sensitivity would suggest that 
uch objects should have been detected at > 50 σ . This is due to
he core-dominated baseline distribution of the MeerKAT array, 
hich results in both high sensitivity to diffuse emission, coupled 
ith long enough baselines to image at ∼ 5 arcsec resolution. On 
he other hand, the VLA-3GHz survey was designed to maximise 
esolution using the VLA A-Array configuration to allow more 
obust cross-identification to optical counterparts and enabling 
tudies of the radio morphology to help separate AGN from SFGs.
owever, this survey design comes at the cost of losing low-
urface brightness sensitivity due to the absence of high enough 
ensitivity on short baselines. Although the VLA-3GHz survey 
omplemented the A-array data with shallower C-array data, this 
learly was insufficient to detect the faint low-surface brightness 
mission that is seen with MeerKAT. All of this essentially leads
o both more low-surface brightness galaxies being detected for 
 given total flux density and more emission being detected for
MNRAS 548, 1–26 (2026)
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alaxies already in the sample, thus moving them to higher radio
uminosities, in the MeerKAT data. 
Another difference between the MIGHTEE data used here,
articular in the COSMOS field, and the VLA-3GHz work of M.
ovak et al. ( 2017 ), is the availability of many more spectroscopic
edshifts since 2017 (see Table A1 ), particularly in these low-
edshift bins, from DESI (DESI Collaboration 2024 ). This means
hat our measured luminosity function is more robust at these
edshifts and luminosities. Thus, the significantly higher normal-
sation at the faint end is indeed real, providing confirmation of 
imilar results using MeerKAT data (A. M. Matthews et al. 2024 ).
As the faint-end slope of the measured RLF is constrained pri-
arily by the lowest redshift bin, we compare our 0 . 2 < z < 0 . 4
LF to the NVSS-based local 1.4 GHz RLF of T. Mauch & E. M.
adler ( 2007 ). We find a similar exponential drop beyond the knee
f the RLF for SFGs, however, we find a significantly steeper faint-
nd slope, with T. Mauch & E. M. Sadler ( 2007 ) finding δ = 1 . 02
ompared to our value of δ = 1 . 48 . Although consistent at the
 σ level, the difference is also likely due to the relatively bright
−band magnitude limit coupled with the strong correlation
etween radio luminosity and K−band magnitude which leads
o some incompleteness at the lowest radio luminosities in the
ocal study of T. Mauch & E. M. Sadler ( 2007 ). 
The other noticeable aspect in our measured luminosity func-

ions is the upturn towards higher luminosities that is due to the
ontribution of the AGN, i.e. the total RLF is a combination of two
nderlying distributions of two different populations, where the
adio emission is related to different physical processes. Indeed,
his is the reason we choose to model the total RLF as described
n Section 4.2 . 
The observed higher normalisation of the low-luminosity end
f the RLF clearly leads to a different best-fitting functional form
or the local radio luminosity function of SFGs, compared to
. Novak et al. ( 2017 ), which is the closest study in terms of 
epth and frequency, albeit with smaller area. We find a value
f δ = 1 . 48+0 . 20 

−0 . 26 for the faint-end slope of the SFG luminosity
unction. This value is steeper than the faint-end slope measured
or local RLF of SFGs found by M. Novak et al. ( 2017 ) of δ = 1 . 22 ,
lthough we note that they are formally consistent within the
ncertainties. However, such a steep slope is consistent with the
aint-end slope of the luminosity function at other wavelengths.
or example, the ultraviolet luminosity function at low-redshift
S. Arnouts et al. 2005 ) has a slope of −1 . 5 < δ < −1 . 2 . At FIR
avelengths M. P. Koprowski et al. ( 2017 ) find a similar value
f δ = −1 . 4 (converting their definition of δ to that used from
quation ( 6 )). We also note that in fig. 3 of M. Novak et al. ( 2017 )
he data points at low luminosity generally sit above their model
aint-end slope and it is only the final points in each sample,
here the completeness corrections are the most significant, that
orce the faint-end slope to be flatter than what we find here. 
However, this steeper slope is also coupled with a significantly
igher normalisation term log (φSF 

∗ / Mpc−3 dex−1 ) = −2 . 00+0 . 10 
−0 . 11 ,

ompared to log (φSF 
∗ / Mpc−3 dex−1 ) = −2 . 45 in M. Novak et al.

 2017 ), even with a lognormal prior set around the latter value.
ogether, these provide a best-fitting model that suggests there
s a far greater number of SFGs in deep radio surveys than in-
erred from previous surveys that cannot detect the low-surface
rightness diffuse emission. However, although the best-fitting
ocal luminosity function parameters for the SFG population are
obust, Fig. 5 shows that δ, φSF 

∗ and LSF ∗ are highly degenerate.
his is a well-known aspect of the functional form adopted, and
mphasizes the requirement to have a robust measurement of 
NRAS 548, 1–26 (2026)
he luminosity function both above and below the knee. Indeed,
his is the reason we fix the AGN-related part of the luminosity
unction to the local values. 

.2 The evolution of the SFG and AGN luminosity 
unction 

e next turn to the best-fitting to the evolutionary parameters:
SF 
L and βSF 

L for the pure luminosity evolution of the SFGs and
AGN 
D and βAGN 

D for the pure density evolution of the AGN. We
nd evidence for strong evolution of the SFG luminosity function,
ith αSF 

L = 4 . 0 with a shallow but significant turnover at high
edshifts with βSF 

L = −0 . 42 (for both cases of redistributing the
on-XID radio sources). The strength of this evolution means
hat the comoving space density of SFGs increases by a factor of 
10 from z ∼ 0 → 2 . This evolution is similar in magnitude to

hat found at other wavelengths for SFGs, providing independent
vidence that the combined SFG and AGN luminosity functions
sed in this work are behaving as one would expect in terms
f their evolution. However, due to the fact that the normalisa-
ion of the local luminosity function in this work has a much
igher value, coupled with a steep faint-end slope, we also obtain
 significantly higher comoving space density at high redshift.
his is largely due to the adoption of pure luminosity evolution
nd a faint-end slope and normalisation fixed by the low-redshift
ata. However, we also note that a pure-density evolution model
roduces a similar degree of evolution due to the need to fit the
right end of the SFG luminosity function at higher redshifts. We
eturn to the implications of this for the evolution of the cosmic
FRD in Section 5.3 . 
For AGN, the PDE fit ( αAGN 

D , βAGN 
D ) produces a vertical shift

n normalisation while keeping the RLF shape fixed. The co-
oving space density of AGN also rises from z = 0 to z ∼ 1- 2
nd then flattens, in agreement with previous deep radio surveys
K. McAlpine et al. 2013 ; V. Smolčić et al. 2017b ). The posterior
istributions (Fig. 5 ) show the expected anticorrelations within
SF 
L , βSF 

L and αAGN 
D , βAGN 

D , with relatively weak cross-component
ouplings between the AGN and SFG luminosity functions, in-
icating that PLE (SFG) and PDE (AGN) are independently con-
trained. 
These results support the adopted modelling choice of PLE for
FG and PDE for AGN. Our data do not bracket the break in
he RLF for AGN ( LAGN ∗ ) in most redshift bins, so the AGN LF is
ffectively single power–law over the luminosity range we probe;
llowing the AGN shape to shift would be weakly constrained
nd largely degenerate with normalisation. Fixing the AGN shape
nd evolving only its density thus captures what the data measure
ost directly. In contrast, the SFG constraints are strongest near
he bright-end of the SFG RLF, so a horizontal shift in LSF ∗ is
ell measured and physically interpretable as the movement of 
he knee in the SFG RLF to higher luminosities with increasing
edshift. 
The single-redshift analysis (Fig. B4 ), which assigns each
ource a single best redshift, likewise agrees with the z > 1 re-
ults in overall shape and amplitude. Differences arise in the
parsest, highest-redshift bins and at the brightest luminosities,
here the absence of smoothing over the photometric redshift
DFs can accentuate Poisson spikes. Refitting under the differ-
nt treatments produces small, compensating shifts in local RLF
arameters (e.g. φSF 

∗ , LSF ∗ ). Quantitatively, inferred evolutionary
rends are statistically unchanged and the SFG/AGN separation
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emains consistent across redshift; any deviations are limited to 
inor shifts in a few 1 /Vmax points at the highest luminosities. 

.3 Star formation rate density 

he functional form of the evolving SFG luminosity function 
llows us to measure the evolution in the comoving SFRD of 
he Universe, assuming the radio luminosity for these sources 
losely traces the SFR. The link between SFR and radio luminos-
ty has been extensively studied at both low and high redshifts.
raditionally this has been done through the use of the radio–
IR correlation (e.g. G. Helou, B. T. Soifer & M. Rowan-Robinson
985 ; M. S. Yun et al. 2001 ; E. F. Bell 2003 ; M. J. Jarvis et al. 2010 ;
. Delhaize et al. 2017 ). However, more recent studies have used
ull spectral energy distribution modelling to determine the SFR 

rom all components of a galaxy SED (e.g. L. J. M. Davies et al.
017 ; G. Gürkan et al. 2018 ; D. J. B. Smith et al. 2021a ; R. H. W.
ook et al. 2024 ). 
Here we derive the SFRD by integrating our RLFs in redshift
lices. For the radio–to–SFR conversion we use two tracks, an 
volving FIR–radio correlation (evolving–q ) following J. Delhaize 
t al. ( 2017 ) and M. Novak et al. ( 2017 ), and a non-evolving (fixed–
 ) control (with a constant FIR–radio correlation) from E. J. Mur-
hy ( 2009 ). Using two separate evolution models is valuable as
hey give an indication of the range of plausible SFRs derived 
rom the FIR–radio correlation for the SFGs in our sample and 
he associated RLF. 
For our evolving- q track, we adopt the relation from M. Novak
t al. ( 2017 ): 

TIR (z) = 2 . 78 (1 + z)−0 . 14 , (11) 

FRevolving- q = fIMF 10−24 10qTIR (z) 
L1 . 4 

W Hz−1 , (12) 

here fIMF is the IMF normalisation factor (set to 1 for a Chabrier
MF), and L1 . 4 is the rest-frame 1.4 GHz luminosity. This evolving 
TIR allows for the observed decline of qIR with redshift, plausibly 
ied to a stellar mass dependence coupled with a flux-limited 
ample at near-infrared wavelengths (I. Delvecchio et al. 2021 ; D. 
. B. Smith et al. 2021a ). 
The cosmic SFRD is then given by 

FRD (z) =
∫ Lmax 
Lmin 

φSF (L, z) SFR (L, z) d log L, (13) 

here φSF (L, z) is the SFG RLF. For consistency across red-
hift bins, we integrate in log-space from log (Lmin ) = 20 . 0 to
og (Lmax ) = 26 . 1 , noting that the bulk of the luminosity density
rises from near the knee of the RLF and the exact choice of these
imits does not affect the overall results. 
Fig. 6 shows both the fixed- q (red-dashed) and evolving- q 

blue-dashed) curves derived using the same RLF fit, their sep- 
ration reflects only the calibration used to convert to SFR. Both
alibrations are informative, the evolving- q curve provides a base- 
ine that accounts for the observed decline of qTIR (z) , whereas
he fixed- q curve offers continuity with much of the historical
adio literature and serves as a transparent control. Together 
hey bracket the radio-to-SFR calibration uncertainty based on 
he FIR–radio correlation. In both cases, the radio-derived SFRD 

ises to z ∼2 and then declines at earlier epochs as expected from
 range of multiwavelength studies (e.g. P. Madau & M. Dickinson
014 ). However, the radio-derived SFRDs from our measured 
LF for SFGs are consistently higher than UV + IR compilations,
specially below z ∼1 . 3 , where we have the strongest constraints.
iven the very high spectroscopic completeness at the lowest 
edshifts in our sample (see Table A1 ), this cannot be attributed
o photometric redshift uncertainties. Indeed, we have almost 
00 per cent spectroscopic redshifts for our lowest redshift bin in
he COSMOS field and find that the normalisation is consistent 
etween COSMOS and the XMM–LSS field. Therefore, we are 
nding a genuinely higher luminosity function normalisation. 
nce this form of the luminosity function is set by the low-
edshift points, then it is inevitable that the SFRD remains con-
istently high across all redshifts, as the overall shape of the RLF
s retained across all redshifts. 
This higher normalisation has also been found by a compa- 

able study using MeerKAT data over the DEEP2 field by A. M.
atthews et al. ( 2024 ) and to a lesser degree in other recent deep
adio survey (e.g. A. Enia et al. 2022 ; R. K. Cochrane et al. 2023 ).
ndeed, our analysis confirms the results of A. M. Matthews et al.
 2024 ), where they acknowledge the limitations of their single-
eep -field survey, which increases the uncertainty in the normal- 
sation due to cosmic variance, which is of the order of 20 per
ent in the lowest redshift bins. Given we have two separate fields,
hich we would not expect to be at all correlated in the large-scale
tructure they contain, the cosmic variance across the two fields 
noting the larger area in XMM–LSS) should therefore be reduced 
y a factor of ∼ 2 (see equation 9 in B. P. Moster et al. 2011 ). Thus,
osmic variance cannot explain the factor of ∼ 2 higher SFRD in
he radio compared to the other multiwavelength tracers. 
We overplot the radio-only SFRD model of A. M. Matthews et
l. ( 2021 ) in Fig. 6 . The model constrains the redshift evolution
f the SFRD statistically by fitting the 1.4 GHz source counts,
ithout requiring individual redshifts. The resulting track lies 
etween our fixed–q and evolving–q curves and shares the same 
road rise and decline with redshift, supporting the view that 
ur photometric-redshift PDF–based RLF modelling is fully con- 
istent with earlier counts–based constraints on the radio SFRD 

rom MeerKAT observations, and that the elevated radio nor- 
alisation is unlikely to be driven by redshift incompleteness or 
hotometric–redshift systematics. 
The most likely explanation is the conversion used to deter- 
ine the galaxy SFR from the radio luminosity. Although we use
he standard relation from E. J. Murphy et al. ( 2011 ), this relation
s derived solely from FIR data. Using the MIGHTEE survey data,
. H. W. Cook et al. ( 2024 ) derived SFRs for all the MIGHTEE
adio continuum galaxies using full SED modelling of the UV-far- 
nfrared data. They found a slightly shallower relation between 
adio luminosity and SFR of the form: 

FR / M
 yr −1 = 101 . 014 ±0 . 003 
(

L1 . 4 
5 × 1022 WHz −1 

)0 . 868 ±0 . 005 
. (14) 

or a similar evolving q to that described by J. Delhaize et al.
 2017 ) and M. Novak et al. ( 2017 ), this leads to 

tot (z) = 5 . 31(1 + z)−0 . 14 , (15) 

here, in this case qtot denotes the evolving relation between 
FR and 1.4 GHz luminosity defined using the R. H. W. Cook
t al. ( 2024 ) relation at z = 0 . This then leads to an alternative
volutionary form: 

FR qtot / M
 yr −1 = fIMF 10−24 10qtot (z) 
(

L1 . 4 
W Hz−1 

)0 . 868 

. (16) 

he evolution of the SFRD shown by the lines labelled ‘SED-
erived’ in Fig. 6 use this calibration. This relation results in lower
verall SFRs for a given radio luminosity compared to equations 
MNRAS 548, 1–26 (2026)
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M

Figure 6. SFRD, ρSFR , as a function of redshift. Solid lines show the evolution assuming the SED-derived conversion to SFR from radio luminosity (R. 
H. W. Cook et al. 2024 ). The fixed- q track is denoted by the red curve (with 68 per cent confidence band) and the evolving- q track by the blue line (with 
68 per cent confidence band). We also show an alternative line with qtot ∝ (1 + z)−0 . 07 (orange). For comparison, the dashed lines show the SFRD based 
on the FIR-based conversion from radio luminosity to SFR with fixed- q (red) and evolving- q (blue). The brown dashed curve shows the radio-only model 
from A. M. Matthews et al. ( 2021 ). We also show data points from radio-derived SFRD measurements from various literature: M. Novak et al. ( 2017 ) 
(green dashed line), R. K. Cochrane et al. ( 2023 ) (open circles with blue error bars) and A. M. Matthews et al. ( 2024 ) (purple inverted triangles). The 
black dotted line is the UV + IR compilation fit of P. Madau & M. Dickinson ( 2014 ). We only show the confidence region for our baseline model for 
clarity. 
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 11 ) and ( 12 ). Indeed, the difference in SFR at the knee of the
uminosity function at LSF ∗ = 1021 . 32 W Hz−1 where the bulk of the
FRD arises, is a factor of 1.8, which can account for the factor of 
2 higher normalisation in the low-redshift SFRD. Fig. 6 demon-

trates this, and also largely reconciles the apparent discrepancy
etween previous work on the SFRD derived from deep radio data
ompared to UV and FIR data. 
We also show how adopting the relationship between SFR and

adio luminosity from R. H. W. Cook et al. ( 2024 ), alongside a non-
volving dependence of this relation with redshift (red line in Fig.
 ), which shows excellent agreement with the similar study by R.
. Cochrane et al. ( 2023 ) using deep LOFAR data, at least out to
 ∼ 1 . 
However, it should also be noted that the closer agreement
etween the SFRD based on the R. H. W. Cook et al. ( 2024 )
elation and the UV + FIR derived SFRD from P. Madau & M.
ickinson ( 2014 ), is inevitable to a certain degree, and not based
n a deeper understanding of the physical processes involved.
y insisting that the SFR derived from radio luminosity is tied
o SFR derived from the full SED fitting, we should obtain the
ame normalisation in the SFRD as one would obtain from using
he UV–FIR data, assuming that both samples are complete to a
NRAS 548, 1–26 (2026)
iven SFR. This highlights the importance of using the correct
elation between radio luminosity and SFR, but also highlights
hat when enforcing consistency at the lowest redshifts then we
nd that the radio-derived evolving SFRD closely matches that of 
he dust-corrected SFRD (P. Madau & M. Dickinson 2014 ). 
Beyond z ∼ 1 , the non-evolving model using equation ( 14 )
enerally overpredicts the SFRD compared to the UV- and FIR
racers. On the other hand incorporating a similar redshift de-
endence to that of M. Novak et al. ( 2017 ) (equation ( 16 )) ap-
ears to underpredict the SFRD, although field-to-field variations
nd cosmic variance may account for some of this discrepancy.
owever, this may also be resolved by considering the mass-
ependence of the SFR–radio luminosity relation (e.g. G. Gürkan
t al. 2018 ; I. Delvecchio et al. 2021 ; D. J. B. Smith et al. 2021a )
r by adopting a shallower redshift evolution in equation ( 11 ),
onsistent with the lack of significant evolution in the radio–
FR relation at 1 . 5 < z < 3 . 5 reported by F. Tabatabaei et al.
 2025 ), also using MIGHTEE data. For illustration, in Fig. 6 ,
e also show a line for qtot ∝ (1 + z)−0 . 07 highlighting the sen-
itivity of the high-redshift SFRD to the form of the evolution,
specially for a non-linear relationship between SFR and radio
uminosity. 
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Table 2. Best-fitting parameters for RLF of SFGs and AGN. We show the results using the two different approaches of assigning redshift statistically 
for those sources without an optical/NIR counterpart (non-XID), with those restricted to be at z > 1 shown in the first row, with row 2 showing the 
results when the non-XID sources are allowed to populate all redshift ranges. The third column shows the results when the best-fitting photometric 
redshift is used for those sources without a spectroscopic redshift. We fit a pure luminosity evolution (PLE) model for SFGs ( αSF L , β

SF 
L ) and a pure density 

evolution (PDE) model for AGN ( αAGN D , βAGN D ). The local AGN LF parameters were fixed: log (φAGN ∗ /Mpc−3 dex−1 ) = −5 . 1 , log (LAGN ∗ /W Hz−1 ) = 24 . 59 , 
a = −1 . 27 and b = −0 . 49 . 

Method log (φSF ∗ /Mpc−3 dex−1 ) log (LSF ∗ /W Hz−1 ) δ σ αSF L βSF L αAGN D βAGN D 

z > 1 −2 . 00+0 . 10 
−0 . 11 21 . 32+0 . 18 

−0 . 20 1 . 48+0 . 20 
−0 . 26 0 . 514+0 . 027 

−0 . 029 3 . 87+0 . 10 
−0 . 11 −0 . 416+0 . 034 

−0 . 034 2 . 61+0 . 09 
−0 . 10 −0 . 640+0 . 043 

−0 . 044 
Uniform- z −1 . 89+0 . 08 

−0 . 10 21 . 17+0 . 17 
−0 . 13 1 . 50+0 . 19 

−0 . 21 0 . 563+0 . 028 
−0 . 025 3 . 96+0 . 079 

−0 . 078 −0 . 423+0 . 024 
−0 . 025 2 . 26+0 . 13 

−0 . 12 −0 . 690+0 . 058 
−0 . 060 

Single- z −1 . 89+0 . 06 
−0 . 07 21 . 09+0 . 16 

−0 . 11 1 . 32+0 . 21 
−0 . 21 0 . 527+0 . 027 

−0 . 026 4 . 19+0 . 13 
−0 . 13 −0 . 540+0 . 049 

−0 . 046 2 . 55+0 . 08 
−0 . 08 −0 . 546+0 . 029 

−0 . 031 

Table 3. Best-fitting parameters for SF and AGN for the COSMOS and XMM–LSS fields. We fit a PLE model for SF galaxies ( αSF L and β
SF 
L ) and a PDE 

model for AGN ( αAGN D and βAGN D ). The local AGN LF parameters are held fixed in all fits (see Table 2 ). 

Field log (φSF ∗ /Mpc−3 dex−1 ) log (LSF ∗ /W Hz−1 ) δ σ αSF L βSF L αAGN D βAGN D 

COSMOS −1 . 79+0 . 08 
−0 . 15 21 . 26+0 . 18 

−0 . 20 1 . 55+0 . 33 
−0 . 43 0 . 46+0 . 04 

−0 . 04 4 . 56+0 . 35 
−0 . 34 −0 . 73+0 . 14 

−0 . 15 1 . 41+0 . 27 
−0 . 28 −0 . 40+0 . 11 

−0 . 11 
XMM–LSS −2 . 15+0 . 10 

−0 . 13 21 . 40+0 . 18 
−0 . 21 1 . 49+0 . 19 

−0 . 26 0 . 50+0 . 03 
−0 . 03 3 . 91+0 . 12 

−0 . 11 −0 . 42+0 . 03 
−0 . 04 2 . 79+0 . 10 

−0 . 10 −0 . 67+0 . 04 
−0 . 05 
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Fig. B3 shows the SFRD obtained from our uniform- z ap- 
roach. When compared with our z > 1 approach, both methods
ecover the same overall shape a rise to a broad maximum at z ∼2
ollowed by a gradual decline and statistically consistent evolu- 
ion parameters. Refitting the RLF leads to small, compensating 
hifts in the local SFG parameters, keeping the overall SFRD off-
et modest. The two confidence envelopes overlap across the full- 
edshift range, confirming that the SFRD shape and peak position 
emain unchanged within the combined uncertainties. Fig. B6 
hows the SFRD obtained derived using the results of using just
he single best-fitting redshift analysis. The two curves (evolving- 
 and fixed- q ) are nearly identical across the full-redshift range,
ith modest differences. Table 2 shows the best-fitting parame- 
ers obtained using the single-redshift approach, consistent with 
he PDF–based solutions within uncertainties. 

.4 Field-to-field variations 

lthough we are relatively limited in terms of assessing the level 
f cosmic variance between the two fields. We can compare the
est-fit RLF for each field independently, the results are shown in
able 3 with the RLFs shown in Figs C1 and C2 . We find that the
ts are formally consistent across all the key parameters, albeit 
ith some interesting small differences. The normalisation for 
he SFGs in the COSMOS field is a factor of ∼ 0 . 2 dex higher at
he knee of the SFG luminosity function. This is coupled with a
igher degree of evolution, marginally increasing the difference 
t z ∼ 0 . 2 , our lowest redshift bin. This suggests that COSMOS
as 60 per cent higher density at ∼ 0 . 2 than the XMM–LSS field. It
ould be difficult to attribute this to poor photometric redshifts in
he XMM–LSS field, given that the performance of the photomet- 
ic redshift algorithm used in P. W. Hatfield et al. ( 2022 ) is most
ccurate at 0 . 2 < z < 0 . 5 , due to the wealth of training data for
he GPz algorithm. As such, it is likely due to a genuinely higher
omoving space density in the COSMOS field. However, such 
n ‘overdensity’ does not necessarily have to be at low redshift.
ue to the method of inferring the best-fitting radio luminosity 
arameters across all redshift bins, then an overdensity at mod- 
rately high redshift can also lead to an elevated φSF 

∗ . Indeed,
OSMOS is well known to have a significant overdensity at z ∼ 1
nd this can also be seen in Fig. 1 , which in turn can drive up the
volution term. This highlights how just studying a single, rela- 
ively narrow field, across a significant redshift range can lead to
iffering results and conclusions. Importantly, moving forward, 
e will have both wide and deep radio data coupled with wide
nd deep optical data over the full MIGHTEE fields to address
his issue fully. 

 SUMMARY  AND  CONCLUSIONS  

e have measured the evolution of the RLF for SFGs and AGN
sing deep 1.28 GHz MeerKAT observations from the MIGHTEE 

urvey, combining the COSMOS and XMM–LSS fields. The total 
LF was decomposed into SFG and AGN components and mod- 
lled with PLE for SFGs and PDE for AGN. 
We adopt a new approach to account for photometric redshift 
ncertainties and incompleteness due to some radio sources not 
aving an optical identification and therefore redshift. Spectro- 
copic redshifts are adopted where available and, for sources 
ithout spectroscopy, we propagate full photometric redshift 
DFs through 100 Monte-Carlo resamples to generate robust 
ncertainties on Vmax and the binned LFs. This Monte-Carlo 
DF propagation both broadens the uncertainties to include 
edshift error and reduces Poisson-driven spikes at the bright- 
nd of the RLF by redistributing redshift probability across 
ins. 
To assess sensitivity to optical/NIR identification incomplete- 
ess, we employ three different approaches. Our primary analysis 
ssigns all non-identified sources to z > 1 , providing a clear upper
ound on their high- z impact. As alternative cross-checks, we dis-
ribute the same sources uniformly in z and also adopt a single–
edshift analysis that assigns one best redshift per source and then
MNRAS 548, 1–26 (2026)



14 N. J. Thykkathu et al.

M

r  

w  

m
 

f  

M  

c  

M  

W  

i  

A  

o  

m  

e
 

i
S  

b  

a  

f  

(
 

t  

w  

M  

fi  

b  

(  

M  

i
 

l  

i  

a  

m  

r  

i  

d
 

c  

s  

t  

a  

b  

e  

s  

l  

t  

R  

T  

c  

p  

t  

r  

i
 

n  

f  

s  

t  

m  

h

A

W  

h  

s  

t  

R  

R  

p  

t  

R  

e  

I  

s  

A  

t  

C  

I  

R  

1  

S
 

A  

s  

I  

f  

o  

U  

s  

f  

(  

U  

C  

R  

k  

S  

s

D

T  

a

R

A  

A
A
A
A
A  

A
A
A
B
B
B  

B
C
C
C

edetermine the RLF. All three analyses produce consistent RLFs
ithin the combined uncertainties; differences are confined to
odest, localized shifts. 
We find a much higher normalisation for the SFG luminosity

unction compared to previous studies at 3 GHz over the COS-
OS field by M. Novak et al. ( 2017 ), however, our results are
onsistent with more recent studies with both MeerKAT (A. M.
atthews et al. 2024 ) and LOFAR (R. K. Cochrane et al. 2023 ).
e attribute this to the much better surface brightness sensitiv-
ty of the MeerKAT (and LOFAR) telescopes, compared to the
 + C configuration used for the VLA-3GHz COSMOS survey
f V. Smolčić et al. ( 2017a ). However, even with this higher nor-
alisation, coupled with a steeper faint-end slope, we still find
vidence for strong evolution for the SFG population to z ∼ 2 . 
From the radio luminosity function, we infer the evolution

n the cosmic SFRD. We determine the SFRD using two radio–
FR calibrations: one where we adopt a fixed linear relationship
etween radio luminosity and SFR from E. J. Murphy ( 2009 )
nd one that evolves from this z = 0 calibration, with redshift
ollowing the work of J. Delhaize et al. ( 2017 ) and M. Novak et al.
 2017 ). 
Both calibrations show an increase in the SFRDs that exceed

he SFRD from UV + IR compilations and also the radio-based
ork of M. Novak et al. ( 2017 ), but are consistent with the A. M.
atthews et al. ( 2024 ) radio-based measurements. However, we
nd that adopting more recent determinations of the correlation
etween radio luminosity and SFRs from R. H. W. Cook et al.
 2024 ), based on full spectral energy distribution modelling of the
IGHTEE continuum data, can reconcile the SFRD with UV and

nfrared tracers of the SFRD. 
Given the interplay between the calibration of the radio

uminosity–SFR calibration and the SFRD through the luminos-
ty function, it is critical to adopt consistent calibrations and
ssumptions when combining these. Indeed, if there is also a
ass-dependent aspect to the relationship between the SFR and
adio luminosity, then this also needs to be included as a factor
n the determination of the SFRD based on radio continuum
ata. 
However, if the radio continuum emission can be properly
alibrated against robust measurements of the SFR across all
tellar masses, overcoming the various Malmquist bias effects,
hen it is clear that the new generation of radio telescopes are
 tremendously powerful probe of the evolution in the total,
oth obscured and unobscured, SFRD. Moreover, E. D. Malefahlo
t al. ( 2026 ) have recently shown that utilizing new Bayesian
ource extraction methods based on the multiwavelength cata-
ogues, enables robust flux-density measurement much closer to
he confusion noise, opening up the potential to determine the
LF to significantly fainter flux-densities. Thus, the full MIGH-
EE radio continuum data when fully cross-matched with both
urrent and forthcoming data from Rubin and Euclid , should
rovide the most robust measurement of the evolution in both
he SFRD, where depth is critical, and the evolution of the
adio-AGN activity, where areal coverage becomes increasingly
mportant. 
Furthermore, this study shows that these different compo-
ents can be modelled separately in a combined radio luminosity
unction, thus mitigating against issues surrounding classifying
ources as AGN or star-formation-dominated galaxies. Indeed,
he statistical measurement of both populations may provide
ore robust and unbiased insights, as it naturally accounts for
ybrid sources. 
NRAS 548, 1–26 (2026)
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ApJ , 768, 37 

ook R. H. W. et al., 2024, MNRAS , 531, 708 
uillandre J.-C. J. et al., 2012, in Peck A. B., Seaman R. L., Comeron F.,
eds, Proc. SPIE Conf. Ser. Vol. 8448, Observatory Operations: Strate- 
gies, Processes, and Systems IV. SPIE , Bellingham, p. 84480M 

ESI Collaboration , 2024, AJ , 168, 58 
avé R. , Anglés-Alcázar D., Narayanan D., Li Q., Rafieferantsoa M. H., 
Appleby S., 2019, MNRAS , 486, 2827 

avies L. J. M. et al., 2017, MNRAS , 466, 2312 
elhaize J. et al., 2017, A&A , 602, A4 
elhaize J. et al., 2021, MNRAS , 501, 3833 
elvecchio I. et al., 2021, A&A , 647, A123 
uncan K. J. , Jarvis M. J., Brown M. J. I., Röttgering H. J. A., 2018,
MNRAS , 477, 5177 

uncan K. J. et al., 2021, A&A , 648, A4 
unlop J. S. , Peacock J. A., 1990, MNRAS, 247, 19 
nia A. et al., 2022, ApJ , 927, 204 
abian A. C. , 2012, ARA&A , 50, 455 
eroz F. , Hobson M. P., 2008, MNRAS , 384, 449 
entile F. et al., 2024, ApJ , 962, 26 
entile F. et al., 2025, A&A , 697, A46 
ürkan G. et al., 2018, MNRAS , 475, 3010 
ale C. L. , Jarvis M. J., Delvecchio I., Hatfield P. W., Novak M., Smolčić
V., Zamorani G., 2018, MNRAS , 474, 4133 

ale C. L. et al., 2023, MNRAS , 520, 2668 
amlett J. et al., 2026, MNRAS , 547, 468 
ardcastle M. J. , Croston J. H., 2020, New A Rev. , 88, 101539 
atfield P. W. , Jarvis M. J., Adams N., Bowler R. A. A., Häußler B., Duncan
K. J., 2022, MNRAS , 513, 3719 

eckman T. M. , Best P. N., 2014, ARA&A , 52, 589 
eckman T. M. , Roy N., Best P. N., Kondapally R., 2024, ApJ , 977, 
125 

elou G. , Soifer B. T., Rowan-Robinson M., 1985, ApJ , 298, L7 
eywood I. et al., 2022, MNRAS , 509, 2150 
lbert O. et al., 2009, ApJ , 690, 1236 
arvis M. et al., 2016, in MeerKAT Science: On the Pathway to the SKA .
PoS(MeerKAT2016)006, SISSA, Trieste, p. 6 

arvis M. J. , Rawlings S., Willott C. J., Blundell K. M., Eales S., Lacy M.,
2001, MNRAS , 327, 907 

arvis M. J. et al., 2010, MNRAS , 409, 92 
arvis M. J. et al., 2013, MNRAS , 428, 1281 
arim A. et al., 2011, ApJ , 730, 61 
ennicutt R. C. Jr , 1998, ARA&A , 36, 189 
ennicutt R. C. , Evans N. J., 2012, ARA&A , 50, 531 
hostovan A. A. et al., 2026, ApJS , 282, 6 
imball A. E. , Kellermann K. I., Condon J. J., Ivezić Ž., Perley R. A., 2011,
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Table A1. Luminosity functions of the total radio-selected sample obtained with the Vmax method for the z > 1 analysis. Source counts per redshift bin 
for the COSMOS and XMM–LSS fields, including spectroscopic redshifts ( Nspec ), photometric redshifts ( Nphot , counted only when Nspec is not available), 
and sources without optical counterparts ( NnoXID ), assigned statistical redshifts at z > 1 . 

Redshift log (L1 . 4GHz /W Hz −1 ) log (φ/Mpc −3 dex −1 ) COSMOS Nspec 

COSMOS 
Nphot COSMOS NnoXID XMM Nspec XMM Nphot XMM NnoXID 

0.2 < z <0.4 21.88 −2 . 15 ± 0 . 02 71 1 0 116 116 0 

22.12 −2 . 34 ± 0 . 02 159 1 0 195 212 0 

22.38 −2 . 73 ± 0 . 02 152 1 0 179 168 0 

22.62 −3 . 14 ± 0 . 03 86 1 0 86 89 0 

22.88 −3 . 45 ± 0 . 04 32 1 0 37 45 0 

23.12 −3 . 91 ± 0 . 07 12 1 0 13 17 0 

23.38 −4 . 10 ± 0 . 08 8 1 0 13 6 0 

23.62 −4 . 73 ± 0 . 18 1 0 0 2 3 0 

23.88 −4 . 55 ± 0 . 14 1 0 0 7 1 0 

24.12 −4 . 90 ± 0 . 22 1 0 0 2 1 0 

24.38 −4 . 81 ± 0 . 18 2 0 0 3 1 0 

24.62 −4 . 46 ± 0 . 13 0 0 0 10 1 0 

24.88 −5 . 52 ± 0 . 43 0 0 0 0 1 0 

25.12 −5 . 52 ± 0 . 43 0 0 0 0 1 0 

25.38 −5 . 52 ± 0 . 43 0 0 0 0 1 0 

0.4 < z <0.6 22.62 −2 . 60 ± 0 . 05 135 5 0 324 394 0 

22.88 −3 . 15 ± 0 . 02 95 3 0 195 223 0 

23.12 −3 . 62 ± 0 . 03 34 3 0 61 78 0 

23.38 −3 . 93 ± 0 . 05 10 1 0 36 39 0 

23.62 −4 . 43 ± 0 . 08 2 1 0 12 13 0 

23.88 −4 . 70 ± 0 . 11 3 1 0 8 3 0 

24.12 −5 . 00 ± 0 . 16 0 1 0 5 2 0 

24.38 −5 . 06 ± 0 . 18 1 1 0 3 2 0 

24.62 −5 . 54 ± 0 . 31 0 0 0 2 1 0 

24.88 −5 . 25 ± 0 . 22 1 0 0 3 1 0 

25.12 −5 . 85 ± 0 . 43 0 0 0 0 1 0 

25.38 −5 . 86 ± 0 . 43 0 0 0 0 1 0 

25.62 −5 . 86 ± 0 . 43 0 0 0 0 1 0 

25.88 −5 . 86 ± 0 . 43 0 0 0 0 1 0 

0.6 < z <0.8 23.12 −3 . 21 ± 0 . 02 115 9 0 241 282 0 

23.38 −3 . 60 ± 0 . 02 60 7 0 109 117 0 

23.62 −4 . 00 ± 0 . 04 33 2 0 39 42 0 

23.88 −4 . 35 ± 0 . 05 9 1 0 21 21 0 

24.12 −4 . 65 ± 0 . 07 9 1 0 7 11 0 

24.38 −4 . 81 ± 0 . 10 5 1 0 7 5 0 

24.62 −4 . 69 ± 0 . 09 1 1 0 15 6 0 

24.88 −5 . 19 ± 0 . 18 0 1 0 5 2 0 

25.12 −5 . 17 ± 0 . 12 0 0 0 7 1 0 

25.38 −5 . 57 ± 0 . 19 0 0 0 2 1 0 

25.62 −6 . 05 ± 0 . 31 0 0 0 1 1 0 

25.88 −6 . 05 ± 0 . 69 0 0 0 0 1 0 

26.20 −5 . 35 ± 0 . 40 0 0 0 8 1 0 

0.8 < z <1.0 23.38 −3 . 26 ± 0 . 02 143 18 0 198 442 0 

23.62 −3 . 65 ± 0 . 02 59 12 0 81 190 0 

23.88 −4 . 02 ± 0 . 04 18 4 0 39 79 0 

24.12 −4 . 35 ± 0 . 05 13 1 0 22 33 0 

24.38 −4 . 62 ± 0 . 07 9 2 0 11 14 0 

24.62 −4 . 86 ± 0 . 10 4 1 0 7 9 0 

24.88 −4 . 79 ± 0 . 09 3 1 0 13 6 0 

25.12 −5 . 38 ± 0 . 18 2 0 0 2 2 0 

25.38 −5 . 05 ± 0 . 12 3 0 0 6 4 0 

25.62 −5 . 46 ± 0 . 19 0 0 0 3 2 0 
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Table A1 – continued 

Redshift log (L1 . 4GHz /W Hz −1 ) log (φ/Mpc −3 dex −1 ) COSMOS Nspec 

COSMOS 
Nphot COSMOS NnoXID XMM Nspec XMM Nphot XMM NnoXID 

25.88 −5 . 87 ± 0 . 31 0 0 0 0 2 0 

26.20 −6 . 38 ± 0 . 69 0 0 0 0 1 0 

26.60 −5 . 90 ± 0 . 40 0 0 0 3 1 0 

1.0 < z <1.3 23.62 −3 . 69 ± 0 . 02 86 14 61 82 367 46 

23.88 −4 . 06 ± 0 . 03 39 8 45 48 158 29 

24.12 −4 . 43 ± 0 . 04 21 3 19 19 64 38 

24.38 −4 . 73 ± 0 . 06 9 3 6 13 30 23 

24.62 −5 . 18 ± 0 . 10 0 1 3 6 12 27 

24.88 −5 . 28 ± 0 . 12 1 2 1 4 7 6 

25.12 −5 . 22 ± 0 . 11 7 1 0 6 3 2 

25.38 −5 . 42 ± 0 . 14 0 0 0 4 7 1 

25.62 −5 . 58 ± 0 . 16 0 0 0 1 6 2 

25.88 −6 . 42 ± 0 . 43 0 0 0 0 1 2 

26.20 −6 . 64 ± 0 . 69 0 0 0 0 1 0 

26.60 −6 . 64 ± 0 . 69 0 0 0 0 1 0 

1.3 < z <1.6 23.88 −3 . 86 ± 0 . 01 55 17 69 35 340 29 

24.12 −4 . 20 ± 0 . 02 26 7 26 17 147 45 

24.38 −4 . 62 ± 0 . 04 12 2 4 6 58 24 

24.62 −5 . 02 ± 0 . 06 4 1 6 0 26 27 

24.88 −5 . 20 ± 0 . 10 2 1 1 1 17 21 

25.12 −5 . 31 ± 0 . 11 1 1 0 2 12 5 

25.38 −5 . 64 ± 0 . 15 0 1 1 0 6 3 

25.62 −5 . 79 ± 0 . 15 0 0 0 0 5 4 

25.88 −5 . 80 ± 0 . 25 0 0 0 0 5 2 

26.20 −5 . 79 ± 0 . 49 0 0 0 5 3 2 

26.60 −6 . 71 ± 0 . 69 1 0 0 0 1 0 

27.00 −6 . 71 ± 0 . 69 0 0 0 0 1 0 

1.6 < z <2.0 23.88 −3 . 50 ± 0 . 02 29 17 51 27 589 31 

24.12 −4 . 09 ± 0 . 02 27 19 34 17 338 44 

24.38 −4 . 41 ± 0 . 03 17 5 18 9 137 52 

24.62 −4 . 80 ± 0 . 05 3 3 9 6 53 40 

24.88 −5 . 21 ± 0 . 08 1 1 1 1 20 29 

25.12 −5 . 27 ± 0 . 09 0 1 0 5 12 18 

25.38 −5 . 40 ± 0 . 10 0 2 0 1 6 5 

25.62 −5 . 65 ± 0 . 14 0 1 0 1 7 3 

25.88 −5 . 95 ± 0 . 19 0 0 0 0 3 2 

26.20 −6 . 02 ± 0 . 26 0 0 0 0 2 1 

26.60 −6 . 87 ± 0 . 69 0 0 0 0 1 3 

27.00 −6 . 87 ± 0 . 69 0 0 0 0 1 0 

27.40 −6 . 87 ± 0 . 69 0 0 0 1 0 0 

2.0 < z <2.5 24.12 −3 . 96 ± 0 . 02 37 16 23 12 314 19 

24.38 −4 . 45 ± 0 . 03 18 11 21 12 158 31 

24.62 −4 . 77 ± 0 . 04 7 3 12 7 65 19 

24.88 −5 . 10 ± 0 . 06 5 1 1 2 25 16 

25.12 −5 . 27 ± 0 . 08 1 1 0 3 10 19 

25.38 −5 . 46 ± 0 . 09 0 1 1 0 7 16 

25.62 −5 . 51 ± 0 . 10 2 1 0 3 4 9 

25.88 −5 . 72 ± 0 . 13 0 1 0 1 3 7 

26.20 −5 . 86 ± 0 . 19 3 0 1 0 2 8 

26.60 −6 . 69 ± 0 . 49 0 0 0 1 1 1 

27.00 −6 . 69 ± 0 . 49 0 0 0 0 1 2 

27.40 −6 . 69 ± 0 . 49 0 0 0 0 2 0 

2.5 < z <3.3 24.38 −4 . 24 ± 0 . 03 20 11 33 9 251 13 

24.62 −4 . 79 ± 0 . 03 18 5 16 5 113 14 
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Table A1 – continued 

Redshift log (L1 . 4GHz /W Hz −1 ) log (φ/Mpc −3 dex −1 ) COSMOS Nspec 

COSMOS 
Nphot COSMOS NnoXID XMM Nspec XMM Nphot XMM NnoXID 

24.88 −5 . 11 ± 0 . 05 2 4 7 1 47 15 

25.12 −5 . 34 ± 0 . 06 5 1 1 1 17 22 

25.38 −5 . 52 ± 0 . 08 2 1 1 0 8 11 

25.62 −5 . 78 ± 0 . 11 1 1 2 0 8 11 

25.88 −6 . 19 ± 0 . 18 0 1 0 0 3 19 

26.20 −6 . 17 ± 0 . 22 1 0 0 0 2 18 

26.60 −6 . 48 ± 0 . 31 0 0 0 0 2 6 

27.00 −7 . 19 ± 0 . 69 0 0 0 0 1 1 

27.40 −7 . 19 ± 0 . 69 0 0 0 0 1 0 

27.80 −7 . 19 ± 0 . 43 0 0 0 0 0 1 

28.20 −7 . 19 ± 0 . 43 0 0 0 0 0 1 

3.3 < z < 4.6 24.62 −4 . 90 ± 0 . 43 4 2 9 4 67 4 

24.88 −5 . 62 ± 0 . 43 6 2 1 1 26 0 

25.12 −5 . 93 ± 0 . 43 3 1 4 0 10 3 

25.38 −6 . 17 ± 0 . 43 2 1 1 0 5 3 

25.62 −6 . 69 ± 0 . 43 1 1 0 0 1 1 

25.88 −6 . 01 ± 0 . 43 0 1 0 0 1 13 

26.20 −5 . 77 ± 0 . 43 0 0 1 0 1 36 

26.60 −5 . 90 ± 0 . 43 0 0 0 0 1 27 

27.00 −6 . 35 ± 0 . 43 0 0 0 0 1 9 

27.40 −6 . 88 ± 0 . 43 0 0 0 0 1 3 

27.80 −7 . 36 ± 0 . 43 0 0 0 0 0 1 
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PPENDIX  B:  ALTERNATIVE  REDSHIFT  

SSIGNMENT  TESTS  

his appendix examines how different redshift assignment meth-
ds affect the derived RLFs and SFRDs. In addition to our pri-
ary PDF-based analysis with z > 1 , we test two alternative ap-
roaches: a uniform- z assignment for non-XID sources and a
NRAS 548, 1–26 (2026)
ingle best- z approach. These comparisons allow us to assess the
obustness of our evolutionary fits and quantify systematic uncer-
ainties arising from redshift incompleteness. The resulting lumi-
osity functions and SFRD evolution for these tests are shown in
igs B1 –B6 . 
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Figure B1. Total 1.4 GHz radio luminosity function (LF) in ten redshift bins when redshifts of non-XID sources are assigned uniformly in z. Black 
hexagons: 1 /Vmax measurements from this work, including statistical redshifts for radio sources without optical/NIR counterparts. Red solid and 
blue dashed curves: best-fitting SF (PLE) and AGN (PDE) components; magenta and light-blue bands show their 90 per cent credible intervals. 
Yellow/brown/grey dashed curves: total, SF, and AGN LFs from M. Novak et al. ( 2018 ) for comparison. For reference, Vmax points from M. Novak et al. 
( 2018 ) and A. M. Matthews et al. ( 2024 ) are also shown as green right-pointing and magenta down-pointing triangles, respectively. 
MNRAS 548, 1–26 (2026)
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Figure B2. Corner plot displaying the posterior distributions of the eight best-fitting parameters for the total radio LF evolution in the uniform- z 
analysis. 
NRAS 548, 1–26 (2026)
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Figure B3. SFRD, ρSFR , as a function of redshift where non-XID radio sources are assigned uniformly in z. Solid lines show the evolution assuming 
the SED-derived conversion to SFR from radio luminosity (R. H. W. Cook et al. 2024 ). The fixed- q track is denoted by the red curve (with 68 per cent 
confidence band) and the evolving- q track by the blue line (with 68 per cent confidence band). We also show an alternative line with qtot ∝ (1 + z)−0 . 07 
(orange). For comparison, the dashed lines show the SFRD based on the FIR-based conversion from radio luminosity to SFR with fixed- q (red) and 
evolving- q (blue). The brown dashed curve shows the radio-only model from A. M. Matthews et al. ( 2021 ). We also show data points from radio-derived 
SFRD measurements from various literature: M. Novak et al. ( 2017 ) (green dashed line), R. K. Cochrane et al. ( 2023 ) (open circles with blue error bars) 
and A. M. Matthews et al. ( 2024 ) (purple inverted triangles). The black dotted line is the UV + IR compilation fit of P. Madau & M. Dickinson ( 2014 ). 
We only show the confidence region for our baseline model for clarity. 
MNRAS 548, 1–26 (2026)
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Figure B4. Total 1.4 GHz radio luminosity function (LF) in ten redshift bins from the single-redshift analysis. Black hexagons: 1 /Vmax measurements 
from this work, including statistical redshifts for radio sources without optical/NIR counterparts at z > 1 . Red solid and blue dashed curves: best-fitting 
SF (PLE) and AGN (PDE) components; magenta and light-blue bands show their 90 per cent credible intervals. Yellow/brown/grey dashed curves: total, 
SF, and AGN LFs from M. Novak et al. ( 2018 ) for comparison. For reference, Vmax points from M. Novak et al. ( 2018 ) and A. M. Matthews et al. ( 2024 ) 
are also shown as green right-pointing and magenta down-pointing triangles, respectively. 
NRAS 548, 1–26 (2026)
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Figure B5. Corner plot displaying the posterior distributions of the eight best-fitting parameters used to describe the total radio LF evolution in the 
single-redshift analysis. 
MNRAS 548, 1–26 (2026)
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Figure B6. SFRD, ρSFR , as a function of redshift from the single-redshift analysis. Solid lines show the evolution assuming the SED-derived conversion 
to SFR from radio luminosity (R. H. W. Cook et al. 2024 ). The fixed- q track is denoted by the red curve (with 68 per cent confidence band) and the 
evolving- q track by the blue line (with 68 per cent confidence band). We also show an alternative line with qtot ∝ (1 + z)−0 . 07 (orange). For comparison, 
the dashed lines show the SFRD based on the FIR-based conversion from radio luminosity to SFR with fixed- q (red) and evolving- q (blue). The brown 
dashed curve shows the radio-only model from A. M. Matthews et al. ( 2021 ). We also show data points from radio-derived SFRD measurements from 

various literature: M. Novak et al. ( 2017 ) (green dashed line), R. K. Cochrane et al. ( 2023 ) (open circles with blue error bars) and A. M. Matthews et al. 
( 2024 ) (purple inverted triangles). The black dotted line is the UV + IR compilation fit of P. Madau & M. Dickinson ( 2014 ). We only show the confidence 
region for our baseline model for clarity. 
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PPENDIX  C:  RLFS  AND  EVOLUTION  

ARAMETERS  FOR  COSMOS  AND  XMM–LSS  

his appendix presents RLFs derived separately for the COSMOS
nd XMM–LSS fields, together with their corresponding evolu-
NRAS 548, 1–26 (2026)
ion parameters. These field-by-field measurements allow us to
ssess the consistency of the RLF shapes, evolution trends, and
tted parameters across the two MIGHTEE fields. The resulting
uminosity functions are shown in Figs C1 and C2 . 
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MNRAS 548, 1–26 (2026)

Figure C1. Total 1.4 GHz radio luminosity function in ten redshift bins for the COSMOS field. Black hexagons: 1 /Vmax measurements from this work, 
including statistical redshifts for radio sources without optical/NIR counterparts at z > 1 . Red solid and blue dashed curves: best-fitting SF (PLE) and 
AGN (PDE) components for COSMOS; magenta and light-blue bands show their 90 per cent credible intervals. 
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Figure C2. Total 1.4 GHz radio luminosity function in ten redshift bins for the XMM–LSS field. Black hexagons: 1 /Vmax measurements from this work, 
including statistical redshifts for radio sources without optical/NIR counterparts at z > 1 . Red solid and blue dashed curves: best-fitting SF (PLE) and 
AGN (PDE) components for XMM–LSS; magenta and light-blue bands show their 90 per cent credible intervals. 
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