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ABSTRACT

Radio continuum emission provides a unique opportunity to study star formation unbiased by dust obscuration. However, if
radio observations are to be used to accurately trace star formation to high redshifts, it is crucial that the physical processes that
affect the radio emission from star-forming galaxies are well understood. While inverse Compton (IC) losses from the cosmic
microwave background (CMB) are negligible in the local universe, the rapid increase in the strength of the CMB energy density
with redshift [~ (1 + z)*] means that this effect becomes increasingly important at z > 3. Using a sample of ~ 200 000 high-
redshift (3 < z < 5) Lyman-break galaxies selected in the rest-frame ultraviolet (UV), we have stacked radio observations from
the MIGHTEE survey to estimate their 1.4-GHz flux densities. We find that for a given rest-frame UV magnitude, the 1.4-GHz
flux density and luminosity decrease with redshift. We compare these results to the theoretical predicted effect of energy losses
due to IC scattering off the CMB, and find that the observed decrease is consistent with this explanation. We discuss other possible
causes for the observed decrease in radio flux density with redshift at a given UV magnitude, such as a top-heavy initial mass
function at high redshift or an evolution of the dust properties, but suggest that IC scattering is the most compelling explanation.

Key words: scattering — galaxies: evolution — galaxies: high-redshift — galaxies: statistics —radio continuum: galaxies.

by using the observed luminosity at a given wavelength that closely

1 INTRODUCTION . . . .
traces a physical process associated with star formation. For example,

Understanding how galaxies form and evolve over cosmic time is
intrinsically linked to being able to measure the rate at which stars
form from their molecular gas reservoirs. There are a plethora of
methods for measuring the star formation rate (SFR) in galaxies (see
Kennicutt 1998; Kennicutt & Evans 2012, for reviews), traditionally
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the most direct tracer is the ultraviolet (UV) emission from the
young massive stars; however, the UV spectrum is inaccessible to
ground-based telescopes for relatively low-redshift (z < 0.5) galax-
ies, meaning that space-based observations are required. At higher
redshifts (z > 1), the UV emission enters the visible wavelengths
accessible to ground-based telescopes. However, although it is the
most direct probe of the ongoing star formation in galaxies by directly
measuring emission from stellar photospheres, the UV is also the
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most susceptible to obscuration by dust, leading to underestimates of
the total star formation that may be occurring in individual systems
(e.g. Burgarella, Buat & Iglesias-Paramo 2005; Hao et al. 2011; Buat
et al. 2012; Casey, Narayanan & Cooray 2014; Heinis et al. 2014).

The amount of dust obscuration that occurs in star-forming
galaxies is now known to be significant (e.g. Burgarella et al. 2013;
Madau & Dickinson 2014). Deep surveys have elucidated the nature
of the star formation history of the Universe, showing that the
majority of the star formation density at z ~ 2 is indeed obscured
by dust, with UV emission accounting for around 15-30 per cent of
the total SFR density (see e.g. fig. 8 in Madau & Dickinson 2014).
Beyond z ~ 2 the picture is less clear, predominantly due to the fact
that most studies rely on data from the Herschel Space Observatory,
which has relatively poor angular resolution and limited sensitivity
at the longest wavelengths (2 250 pwm) that are sensitive to the peak
of the dust emission at high redshift. Although past studies with
ground-based submillimetre telescopes demonstrate that there are
still heavily obscured systems at the highest redshifts (e.g. Hughes
et al. 1998; Blain et al. 2002; Geach et al. 2017), these studies
are generally not deep enough to detect the typical star-forming
population that is responsible for the bulk of the SFR density at these
redshifts. Small area studies with the Atacama Large Millimetre
Array (ALMA) have improved our understanding (e.g. Dunlop et al.
2017; Franco et al. 2018; Dudzeviciaité et al. 2020), but they are
limited by small number statistics, with others based on the follow-
up of UV-bright sources (e.g. Inami et al. 2022; Bowler et al. 2024),
which introduces more selection effects.

Many studies have shown that the extinction due to dust can be
very clumpy and vary across the galaxy (e.g. Bowler et al. 2022;
Giménez-Arteaga et al. 2023; Lines et al. 2024; Harvey et al. 2025),
calling into question how one balances the relative contributions to
the star formation rate density (SFRD) from both ‘obscured’ and
‘unobscured’ systems. This leads to the open question of whether we
can combine low-resolution far-infrared and submillimetre data with
much higher resolution rest-frame UV data, where in the former we
are integrating the far-infrared emission over the whole galaxy and
in the latter we are potentially just sampling through the holes in
the dust distribution. This calls into question the validity of spectral
energy density (SED) fitting codes that determine the total SFR
using the assumption of ‘energy balance’, where all of the energy
absorbed at short wavelength is balanced by the energy emitted at
longer wavelengths (e.g. da Cunha, Charlot & Elbaz 2008; Boquien
et al. 2019). However, detailed studies of simulated galaxies where
energy balance methods are tested on whole galaxy systems, suggest
that this may not be a significant problem in determining the overall
SFR of galaxies at low redshift (e.g. Hayward & Smith 2015). At
higher redshifts the picture becomes more uncertain, as star formation
becomes burstier (Haskell et al. 2024), and observational samples
become more biased.

Given the above, it is important that we have an independent
measure of the SFR in galaxies, where uncertainties around dust
obscuration and emission are minimized. An avenue for this is pro-
vided by radio continuum observations. Radio continuum emission
(at ~ 1-100 GHz) from galaxies is generally due to the combination
of free—free emission from H1II regions and synchrotron radiation
from electrons accelerated in magnetic fields (see e.g. Condon 1992
for a review). Both of these mechanisms operate in star-forming
galaxies and are correlated with the SFR (e.g. Murphy et al. 2011).
Therefore, using radio continuum emission opens up a pathway to
understanding the evolution of star formation in the Universe free
of the effects of dust, with sufficient angular resolution to overcome
confusion and the capability to cover a wide enough area to not
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be limited by small number statistics (e.g. Smolci¢ et al. 2008;
McAlpine, Jarvis & Bonfield 2013; Novak et al. 2017; Whittam
et al. 2024).

However, if radio observations are to be used to accurately trace
star formation, it is crucial that the physical processes which affect
the radio emission from star-forming galaxies are well understood.
Energy losses of relativistic electrons due to inverse Compton (IC)
scattering off of the cosmic microwave background (CMB) are
negligible in the local universe, but as the strength of the CMB energy
density scales as ~ (1 + z)*, this effect is expected to be significant
at higher redshifts. Murphy (2009) uses theoretical predictions to
estimate the magnitude of this effect on the observed radio signal
from star-forming galaxies, and shows that it should be significant
beyond z ~ 3. However, due to the depth of radio data required to
detect radio emission from star-forming galaxies at z 2 3, this effect
has not yet been convincingly observed.

In recent years, data taken with the Jansky Very Large Array (e.g.
Novak et al. 2017), MeerKAT (Delvecchio et al. 2021; Matthews
et al. 2024), and the Low-frequency Array (e.g. Giirkan et al. 2018;
Smith et al. 2021; Cochrane et al. 2023) have been used to investigate
the evolution of the SFRD of the Universe, and how this may depend
on galaxy properties. However, such studies are still limited by
sensitivity, and these investigations of the SFR traced through radio
continuum observations have been limited to z < 3.

An alternative approach to exploring the high-redshift faint SFG
population with radio data comes through stacking approaches,
where the depth of optical and near-infrared data is used to select
high-redshift galaxies and then an average of the radio flux density
is obtained by combining data for all these objects (e.g. Carilli et al.
2008; Karim et al. 2011) or by modelling the complete flux-density
distribution using Bayesian techniques (e.g. Zwart, Santos & Jarvis
2015; Malefahlo et al. 2022). However, all of these previous studies
have been restricted to a relatively small area (< 2 deg) with varying
quality of ancillary data from which to select high-redshift star-
forming galaxies.

In this work, we use a sample of 3<z < 5 galaxies selected in the
rest-frame UV compiled by Adams et al. (2023), together with radio
data taken with the MeerKAT telescope as part of the MeerKAT
International GHz Tiered Extragalactic Exploration (MIGHTEE;
Jarvis et al. 2016) survey to investigate the link between SFR traced
by the UV continuum and the radio emission. Our sample covers the
redshift range where we would expect IC scattering to be apparent
from the radio emission, and the depth and areal coverage of the radio
data is sufficient to perform statistical stacking on subsamples of the
Lyman-break galaxies. This paper is laid out as follows: the data
used are described in Section 2, and the methods used to stack the
radio data and estimate SFRs are outlined in Section 3. Our results
are presented in Section 4 and discussed in Section 5. In Section 6,
we provide our conclusions.

Throughout this paper, the following values for the cosmological
parameters are used: Hy = 70 kms~! Mpc™!, Qy = 0.3, and Q, =
0.7. Unless stated all magnitudes are AB magnitudes. We use the
following convention for radio spectral index, «: S, o v, for a
source with flux density S, and frequency v.

2 DATA USED

2.1 Sample selection

In this work, we use the sample of ~ 230, 000 Lyman break galaxies
in the redshift range 3 < z < 5 described in Adams et al. (2023).
The sample is selected in the rest-frame UV, and covers 10 deg2 in
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Figure 1. The redshift distribution of sources in the Adams et al. (2023)
catalogue used in this work.

three well-studied extragalactic fields — XMM-LSS, COSMOS, and
the Extended Chandra Deep Field South (E-CDES).

The multiwavelength data consist of 14 photometric bands cov-
ering 0.3-2.4 um; optical data from the Canada—France-Hawaii-
Telescope Legacy Survey (CFHTLS; Cuillandre et al. 2012), the
VST Optical Imaging of the CDFS Field (VOICE; Vaccari et al.
2016), and the HyperSuprimeCam Strategic Survey Programme
(HSC DR2; Aiharaetal. 2018a, b, 2019). The near-infrared data in the
XMM-LSS and CDFS fields are from the VISTA Deep Extragalactic
Observations (VIDEO) survey (Jarvis et al. 2013), while UltraVISTA
DR4 (McCracken et al. 2012) provides the near-infrared coverage
in COSMOS. For further details we refer the reader to Bowler et al.
(2021), Adams et al. (2023), and Varadaraj et al. (2023).

Photometric redshifts are obtained using the LEPHARE SED
template fitting code, full details are given in Adams et al. (2023).
The Adams et al. sample of Lyman break galaxies used in this work
consists of three different redshift samples centred on z =~ 3, 4, 5,
respectively, which are selected using the following criteria summa-
rized briefly here; we refer the reader to Adams et al. (2023) for
full details. For the z >~ 3 and ~ 4 samples, a source is required to
have a > 5o detection in the band containing the rest-frame UV
continuum emission (7 for z >~ 3 and i for z ~~ 4), and a photometric
redshift in the range 2.75 < z < 3.5 or 3.5 < z < 4.5 for the two
samples. The z >~ 5 sample was generated by selecting sources with
a > 5o detection in the HSC z band and a photometric redshift in
the range 4.5 < z < 5.2.! Additionally, sources in this redshift bin
were required to have a < 30 detection in the CFHT-u* band, as
the strong Lyman break exhibited by galaxies at this redshift should
result in a non-detection in this band. These criteria result in a sample
of 233 110 Lyman break galaxies, with 133 200, 49 955, and 12 604
galaxiesinthe z >~ 3, >~ 4 and >~ 5 samples, respectively. The redshift
distributions of the three samples are shown in Fig. 1, and the absolute
UV magnitude distributions are shown in Fig. 2.

2.2 Radio data

The MIGHTEE survey (Jarvis et al. 2016) is one of the Large Survey
Projects currently underway with the MeerKAT radio telescope
(Jonas 2009; Jonas & MeerKAT Team 2016). The survey covers
over ~20 deg? in four well-studied extragalactic fields: XMM-LSS,

! An upper limit of z = 5.2 was imposed to limit contamination by brown
dwarfs, see Adams et al. (2023) for further details.
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Figure 2. The absolute UV magnitude distribution of sources in the Adams
et al. (2023) catalogue used in this work. Sources in the three redshift bins
are shown separately. The region with Myy < —23, where we expect the
observed sources to be AGN-dominated (see Adams et al. 2023) is shaded in
grey.

COSMOS, ELAIS-S1, and E-CDFS. The data are primarily taken
using the L-band receiver, spanning 856—1711 MHz. The MIGHTEE
survey produces continuum (Heywood et al. 2022; Hale et al. 2025),
spectral line (Heywood et al. 2024), and polarization (Taylor et al.
2024) data.

In this work, we use the MIGHTEE Continuum Data Release
1 (DR1) data, which is described in detail in Hale et al. (2025).
These data cover ~ 20 deg? in the COSMOS, XMM-LSS, and E-
CDFS fields, and consist of 86 individual MeerKAT tracks totalling
709.2 h across the three fields. Two versions of the data processed
with different (Briggs 1995) robust parameters are released in each
field; the first uses Briggs’ robustness parameter = —1.2 which down-
weights the short baselines in the core, resulting in a higher resolution
image, but this comes at the expense of sensitivity. The second image
uses robust = 0.0, which is optimized for sensitivity but has a lower
resolution. In this paper, we use the higher-resolution (robust = —
1.2) image, as the lower-resolution image is dominated by confusion
noise, which is particularly problematic when using a stacking
analysis. The high-resolution image has a circular synthesized beam
full width at half-maximum (FWHM) diameter of 5.2 (COSMOS),
5.0 (XMM-LSS), and 5.5 (CDFS) arcsec, and the pixel size is
1.1 x 1.1 arcsec in all three fields. The thermal noise in the three
fields is 0.9-3.4 wJybeam™', however, due to confusion noise the
effective rms noise in the centre of the high-resolution image of each
field is 2.4, 1.2, and 3.6 WJy (COSMOS, CDFS, and XMM-LSS,
respectively).

Due to the wide bandwidth of the MeerK AT L-band receiver (856—
1711 MHz) and the varying response of the primary beam with
frequency (along with other factors such as flagging of the raw data),
the effective frequency of the MIGHTEE DRI data varies across the
image (see Heywood et al. 2022; Hale et al. 2025, for details). We
therefore make use of the effective frequency map released with the
DRI images to scale the flux density of each source to 1.4 GHz, this
is discussed further in Section 3.

3 METHODS

3.1 Stacking the radio data

In order to estimate the radio flux densities of the high-redshift
galaxies in the Adams et al. (2023) sample, we measure the flux
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density of the pixel in the radio image at the position of that object.
The synthesized beam FWHM is ~5 arcsec (it varies slightly between
fields), so we expect all of the galaxies in our sample to be unresolved,
given the largest UV size is ~ 4 kpc (~ 0.5 arcsec) at these redshifts
(Varadaraj et al. 2024). This means that the central pixel provides
a good estimate of the total flux density of each source. We then
measure radio pixel values at 500 randomly generated positions in a
box 1.8 x 1.8 arcmin around the object (excluding the central region
where the source lies) and find the median random pixel value (i.e.
an estimate of the local background level). This median random flux
density is then subtracted from the pixel flux density value for the
object to give an estimate of the radio flux density of the object.
Each flux density is then scaled to 1.4 GHz assuming a spectral
index of o = 0.7,% taking into account the effective frequency at
each position in the radio image (as the frequency varies slightly
across the radio images, see Section 2.2). The galaxies in each of the
three redshift samples are split into bins according to their rest-frame
UV magnitude (Myy), and the median stacked radio flux density
in each bin is calculated. The uncertainties in the median values
are estimated using bootstrap re-sampling. The distributions of the
corrected radio pixel flux densities and the medians in each bin are
shown in Fig. 3, and the median flux densities are shown as a function
of Myy in Fig. 4.

To estimate the stacked radio luminosity, the corrected radio flux
density of each object is converted to a radio luminosity, using the
photometric redshift of each individual object and applying a k-
correction assuming a radio spectral index of & = 0.7. The median
radio luminosity and uncertainty (using bootstrap re-sampling) is
then calculated in each Myy/redshift bin, and the resulting distri-
butions are shown in Fig. 5. The median stacked flux densities,
luminosities, and associated uncertainties are shown in Table 1, along
with the number of sources in each bin.

Carilli et al. (2008) stacked the 1.4-GHz radio flux densities of a
considerably smaller sample of Lyman break galaxies at z ~ 3, 4,
and 5, using VLA data in the COSMOS field with a median
rms of ~ 15 ply beam~!. They found that the z ~ 3 sample,
containing 6457 galaxies, had a median stacked 1.4-GHz flux
density of 0.90 +0.21 pJy. A random subsample of 6457 galaxies
drawn from our z ~ 3 sample has a stacked median flux density of
0.29 £ 0.05 Wy, which is ~ 30 lower than the Carilli et al. result.
This difference is not surprising as the parent data sets are very
different, and the stacked radio flux density is strongly dependent on
host galaxy properties, such as Myy (e.g. see Fig. 4). The Carilli
et al. z =3 detection is consistent with our z =3 sample with
My, > —21. The Carilli et al. (2008) z ~ 4 and 5 samples, with
1447 and 614 galaxies, respectively, were undetected in their radio
stacks. The upper limits from their work are higher than the median
stacked flux densities in our z ~ 4 and 5 samples, and therefore
consistent.

3.2 The far-infrared-radio correlation

The far-infrared—radio correlation (FIRC) can be used to estimate
the SFR of a galaxy from its radio luminosity with the underlying
assumption that the total infrared luminosity of a galaxy provides
a robust measurement of its SFR. The FIRC can be quantified by
the parameter gir, which is defined as the logarithmic ratio of the

2See Section 5.6 for a discussion on the effect of choice of spectral index on
the results.
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Figure 3. Distributions of corrected pixel flux densities in each MUV bin
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1.4 GHz). The vertical dashed lines show the median flux density in each
MUV bin, and the shaded coloured regions illustrate the uncertainties on
these median flux densities, estimated by bootstrap re-sampling. The different
panels show the three redshift bins. The MUV bins are the same as those used
in Fig. 7.

infrared and radio luminosities:

Lix [W]/3.75 x 10'2 [Hz]
Ly 4 cn, [W/Hz]

qr = logo , (1
where Lg is the total infrared luminosity between 8 and 1000 pm.
This is divided by the central frequency of 3.75 x 10'2 Hz (80 wum)
so that gir is a dimensionless quantity. The radio SFR can then be
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estimated from the radio luminosity as follows:
SFR[Mg /yr] = fiuk 1072 107® L} 4 g1, [W/Hz], )

where fivr is a factor accounting for the initial mass function (IMF;
Jfimr = 1 for a Chabrier IMF used here).

In order to compare to theoretical predictions and other work and
to investigate the implications of our results of SFR estimates, we
estimate gr values for the galaxies in our sample in the following
way. The UV SFR is calculated from the UV magnitude using the
scaling from Madau & Dickinson (2014), assuming a Chabrier (2003)
IMF. As we are not able to constrain the possible attenuation values,
we make no attempt to correct these values for dust absorption,
meaning that these values are likely to be underestimates of the
SFR. The potential effects of dust on these results are discussed in
Section 5.2. We then scale from SFR to infrared luminosity (Lr)
using the updated Kennicutt & Evans (2012) calibration, which is
based on the work by Hao et al. (2011); Murphy et al. (2011), as
follows:

Lir[Lol = 8.6 x 10° fiyk SFR[Mg yr~!]. 3)
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Table 1. Median 1.4 GHz flux density (S}.4), luminosity (L;4) and number of sources (N) for each My and redshift bin. The flux densities listed here are the median corrected pixel values (in Wy beam™!),

assuming the sources are unresolved, these pixel values correspond to the total flux densities (in pJy) (see the text for details). Uncertainties on the medians are estimated using bootstrap resampling.
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Figure 6. gr as a function of redshift. The coloured points show the stacked
results from this work, in the same Myy and redshift bins shown in Fig. 7.
We note that no correction for dust obscuration has been applied, so these
are likely to be underestimates, and that the highest Myy bin (=23 < Myy <
—24)is likely to dominated by AGN emission. In the top panel, the black lines
show the predicted relations from Murphy (2009), which take into account
the effect of IC scattering (adapted from figure 5 of Murphy 2009). These are
shifted by —0.45 in gr from the original Murphy (2009) relations to line up
with the Tabatabaei et al. (2025) observational result at 1.5 < z < 3.5 (shown
by the grey dot—dashed line, which also serves to illustrate the no-IC scattering
case). In the bottom panel several gir relations from observational studies are
also shown; the black dashed line shows the Bell (2003) relation, with the
grey shaded region illustrating the associated spread (0.26). The solid red line
shows the power-law fit from Delhaize et al. (2017), and the cyan dash—dotted
line shows the Algera et al. (2020) and Tabatabaei et al. (2025) relation. The
grey points are the median values from table 1 of De Zotti et al. (2024).

The ¢qir values in each My, bin are then estimated from the
median stacked radio luminosities using equation (1). As mentioned
previously, the My, values are uncorrected for dust meaning that
they may be underestimated, causing the derived gr values to also
be underestimates.

4 RESULTS

The median stacked radio flux density and luminosity as a function
of absolute UV-magnitude are shown in Figs 4 and 5, respectively.
It is clear that for a given UV magnitude, both the radio flux density
and luminosity decrease as redshift increases. We defer discussion
of this to Section 5.

Fig. 6 shows the g values as a function of redshift, in three My
bins. In the top panel, our results are compared to the theoretical
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predictions of Murphy (2009), which take into account the effects
of IC scattering from the CMB. The Murphy relations are shifted
by —0.45 in gr to line up with the recent Algera et al. (2020) and
Tabatabaei et al. (2025) observational results at z < 3. Our results
clearly show an increase in gigr with redshift, with a slope consistent
with the predicted effects of IC scattering. This is discussed further
in Section 5.1.

In the bottom panel of Fig. 6, our results are compared to several
other observational studies; the first is the Bell (2003) value gr =
2.64 £+ 0.02, which was derived at low redshift. The second is the
redshift-dependent relationship from Delhaize et al. (2017): gir =
(2.88 4 0.03)(1 4 z)~%19%001 The physical processes responsible
for this observed redshift evolution are open to debate, as recent work
has suggested that a dependence on stellar mass (e.g. Delvecchio et al.
2021; Smith et al. 2021) or an evolution of the spectral index may be
responsible for the observed trend. The third relation shown is from
recent work by Tabatabaei et al. (2025), which uses significantly
deeper radio data and finds gr = 2.20 £ 0.01 over 1.5 < z < 3.5,
with no evidence for redshift evolution. This value is consistent with
previous work by Algera et al. (2020), who found gig = 2.20 4 0.03,
with no evidence for redshift evolution, for a sample of submillimetre
galaxies over a similar redshift range. The Delhaize et al. (2017)
sample has recently been re-analysed by De Zotti et al. (2024) with
the addition of the MIGHTEE Early Science data now available in
the field (Heywood et al. 2022), the results from their work are shown
as grey points.

Again, we note that since the My, values which are used to
estimate the gr values are uncorrected for dust attenuation and
should therefore be considered lower limits, the g values should be
considered as lower limits. As such, while our results are consistent
with the Delhaize et al. (2017), Algera et al. (2020), and Tabatabaei
et al. (2025) results at z ~ 3, at z > 3.5 we find gr values larger
than these previous works, which may become more discrepant
when accounting for the fact that these are essentially lower limits.
Our results show remarkable agreement with De Zotti et al. (2024),
particularly since their work estimates Lig directly from Herschel
data, rather than scaling from the UV emission as done in our work.
This is discussed further in Section 5.2. The implications of these
results for radio SFR estimates are discussed in Section 5.7.

5 DISCUSSION

In Section 4, we found that for a given rest-frame UV magnitude, the
stacked rest-frame 1.4-GHz flux density decreases with redshift. We
discuss possible reasons for this result in this section, and discuss the
implications for radio SFR estimations in Section 5.7.

5.1 Inverse Compton scattering off the CMB

Energy losses of relativistic electrons to CMB photons via IC
scattering are negligible in the local universe, but are expected to
become increasingly significant at z = 3, reducing the observed
radio flux density originating from synchrotron emission. Recent
work by De Zotti et al. (2024) investigated the redshift-dependence
of the FIRC by combining the Delhaize et al. (2017) sample with
MIGHTEE Early Science data in the COSMOS field (Heywood et al.
2022). They found a hint of an upturn in gr at z > 3.5, which they
note is consistent with the predicted decrease in synchrotron emission
due to IC scattering off the CMB, but they were not able to probe
high enough redshifts to confirm this result.

A relative decrease in the radio flux density with redshift, over
and above that expected from cosmological dimming, is clear in the



QO AGN dominated

""" M09 original

0 st M09 updated
> update:
2 —&— 1.7 <log(SFRyy) < 2.1
i~ 1.3 < log(SFRyy) < 1.7
Z 104 —&— 0.9 <log(SFRyy) < 1.3
=
3 log(SFR{R)
o=
N 0 J
=10
9
~

<
;

Redshift

Figure 7. Observed-frame 1.4-GHz flux densities as a function of redshift.
The coloured points show the observed values from this work for three
UV SFR bins. These bins correspond the following Myy ranges: —24 <
Myy < —23 (blue), —23 < Myy < —22 (orange), and —22 < Myy < —21
(green). We note that the brightest MUV bin (blue) is dominated by AGN.
The z >~ 5 point is not shown for the 1.7 < (log(SFRyy) < 2.1 bin as the
uncertainties on this value are very large (0.43 &+ 1.40pJy). The points are
plotted at the median redshift in each bin. The dotted black lines show the
theoretical predicted relationships from Murphy (2009), taking into account
energy losses of electrons due to IC scattering off of the CMB, assuming an
internal magnetic field strength of 100 pG. The cyan dotted lines show an
updated version of the Murphy (2009) prediction (see the text for details).
The SFRs are given in Mg yr~!.

work presented here. In Fig. 7, we show this in three UV SFR bins,
where the UV SFR is estimated from the rest-frame UV magnitude as
described in Section 3.2, and three redshift bins. Murphy (2009) used
theoretical predictions to estimate the observed radio flux density as
a function of redshift, taking into account the effect of IC scattering
off the CMB. These theoretical predictions are shown as the black
dotted lines in Fig. 7, for a range of different infrared-derived SFRs.
The original Murphy predictions assumed a constant radiation field
energy density (Uy,g) for the galaxies, but in Fig. 7 we also show an
updated version (cyan dotted lines), where U,,q is allowed to scale
with Ug, the magnetic field energy density of the galaxy (Murphy
et al. 2015). The predicted flux densities in Murphy (2009) are
provided in infrared luminosity bins, but to ease comparison with
our sample in Fig. 7 we have converted these to infrared SFRs, using
the scaling in equation (3).

The decrease in the radio flux density seen in the observed data is in
general agreement with the decrease due to IC scattering predicted by
Murphy (2009). For the higher SFRs (log;o(SFR) > 1.3M o yr™1),
the observed decrease in flux density with redshift appears to be
steeper than predicted. However, we expect the UV emission in
this bin, which corresponds to UV magnitudes of —24 < Myy <
—23, to be dominated by AGN emission, as discussed further in
Section 5.3. The decrease in flux density with redshift is slightly
steeper than predicted for the remaining two UV SFR bins; more
data are required to determine if this steepening is significant, and
whether it is indicative of a change in the magnetic field strength, or
other effects. For example, the skewed redshift distributions in each
bin and the lack of UV dust attenuation corrections could be playing
arole. For a given SFR and redshift, the observed flux density is also
higher than predicted. The updated Murphy et al. (2015) predictions,
where U,,q is allowed to scale with Ug, are a better match to our
observations.
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The comparison between our observational results and the Murphy
(2009) predicted effect of IC scattering is visualized in a different
way in Fig. 6, which shows g as a function of redshift. In the
top panel, the results from this work are compared to the Murphy
predictions, which show how IC-scattering is predicted to cause
the radio flux density to decrease, and therefore gr increase, with
increasing redshift. In this plot, the Murphy relations are shifted by
—0.45 in gir to line up with the recent Tabatabaei et al. (2025) gir
resultat z < 3. The redshift-invariant Tabatabaei et al. relation is also
shown in the figure, and serves to illustrate the no-IC losses case.
The data clearly show an increase in gigr with redshift, with a slope
consistent with the predicted effect of IC scattering.

The strength of the IC signal depends on the internal magnetic field
strength of each galaxy. Murphy (2009) predicts the magnitude of
this effect using two different assumptions for the internal magnetic
field strength: 10 pG and 100 nG. The predictions assuming 100 uG
are a better match to our observations, and are the ones shown in
Fig. 7. This is consistent with recent work by Tabatabaei et al. (2025)
who investigated the magnetic fields strength of star-forming galaxies
detected in MIGHTEE in the redshift range 1.5 < z < 3.5. They find
that magnetic field strength increases with increasing redshift such
that B = (55 7) x (1 + 2)®"*0DuG. Evaluating this relation at
the mean redshift value for our three redshift samples gives magnetic
field strengths of 147, 170, and 189 uG for the z = 3,4, and 5
samples, respectively.

Overall, this provides evidence that the decrease in flux density
observed with redshift in our stacked sample is consistent with
the predictions for IC scattering of cosmic ray electrons off of the
CMB, and provides compelling observational evidence for this effect.
Other possible causes of the observed decrease are discussed in the
remainder of the section.

This result differs from what was shown in fig. 6 of Murphy (2009),
where they collected detections from the literature and found that the
observed gr values fall below the expectations due to IC losses from
the CMB. This is because the observations available at the time only
contain the most luminous objects in the sky, and do not include the
more typical galaxies at high redshift. With the significantly deeper
data available here, we are able to extract the average properties
of much fainter populations of galaxies, and investigate the typical
galaxy population. This work shows that when the general galaxy
population is considered, the observations are consistent with the
predicted losses due to IC scattering.

5.2 Effect of dust

As discussed in Section 1, UV magnitudes, and therefore the UV-
derived SFRs, are sensitive to dust obscuration. As we do not have
enough information to constrain the dust content of the galaxies in
this sample, we do not attempt to correct the UV magnitudes for dust
attenuation. The true UV magnitudes of the galaxies in our sample
are therefore likely to be higher than the values used here, as some
of the emission will be absorbed by dust in the galaxy.

Although radio emission is unaffected by dust, we have binned
the galaxies in our sample according to their uncorrected rest-frame
UV magnitude when stacking the radio data. This means that if
the level of dust attenuation varies with redshift, it is possible that
this could be responsible for the observed relative decrease in radio
flux density (compared to the UV emission), with redshift, rather
than IC scattering. To test the possible effects of dust evolution,
we investigate the several different possible prescriptions for the
evolution of dust attenuation on these results to see if any could
reproduce the observed decrease in radio luminosity for a given UV
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Figure 8. Investigating the potential effects of dust evolution on these results.
Here, we reproduce Fig. 6 (gir as a function of redshift) with one possible dust
evolution, fine-tuned to remove the observed drop in radio luminosity relative
to UV luminosity (and therefore increase in gjr) with redshift, E(B — V) =
0.04, 0.02, 0.01, at redshifts 3, 4, and 5, respectively. The coloured points
show the stacked results from this work with a correction for the example
evolution of dust attenuation applied in the same Myy and redshift bins shown
in Fig. 7. We note that the highest Myy bin (=23 < Myy < —24) is likely
to dominated by AGN emission. Several gir relations from observational
studies are also shown; the black dashed line shows the Bell (2003) relation,
with the grey shaded region illustrating the associated spread (0.26). The solid
red line shows the power-law fit from Delhaize et al. (2017), and the cyan
dash—dotted line shows the Algera et al. (2020) and Tabatabaei et al. (2025)
relation.

magnitude. We find that that if the dust properties of this sample of
Lyman-break galaxies evolve such that the mean E(B — V) values
at z =3,4,5 are E(B— V) =10.04,0.02,0.01, respectively, then
the observed decrease in radio luminosity relative to UV luminosity
can be accounted for. This is demonstrated in Fig. 8, where Fig. 6 is
reproduced, with the rest-frame My, values corrected by this example
E(B — V) distribution. As these E(B — V) values are chosen to
remove the observed decrease in radio luminosity relative to UV
luminosity with redshift by design gir shows no evolution with
redshift.

However, our results without dust correction show a remarkably
good agreement with De Zotti et al. (2024), as seen in Fig. 6. This is
significant because De Zotti et al. uses infrared data from Herschel
to calculate the Lir values directly, rather than scaling from the UV
emission as done here, so they will be affected by dust in the opposite
way to our results (i.e. if dust attenuation decreased with redshift,
this would cause the UV luminosities and therefore our gr estimates
to increase, but would cause the infrared luminosities and therefore
the De Zotti et al. gjr values to decrease). Therefore, the fact that the
two results are in agreement suggests that dust is not the cause of the
increase in gir observed.

Additionally, since the galaxies are all selected via the Lyman
break technique in the rest-frame UV, they are expected to have
reasonably similar dust properties, so there is unlikely to be a
significant change in their dust content with redshift even if there is
a general change in dust properties for the wider galaxy populations
at these redshifts. Additionally, observational evidence from the
VANDELS spectroscopic survey (Cullen et al. 2018) suggests that
dust attenuation does not evolve over the redshift range 0 < z < 5.
This is supported by the mild evolution seen in the colour—-magnitude
relation over z = 3-5 (e.g. Bouwens et al. 2014; Morales et al. 2025).
More recently, Bowler et al. (2024) used ALMA data to investigate
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the properties of Lyman-break galaxies and found little evolution
in the average dust properties between 4 < z < 8. Therefore, we
suggest that it is unlikely that dust attenuation is responsible for
the decrease in radio luminosity, relative to the UV luminosity, with
redshift observed here.

5.3 Contribution of AGN

If AGN activity is present, this could potentially contribute to the
emission in either the UV or radio wavelengths, or both. Bowler
et al. (2021) and Adams et al. (2023) estimated the fraction of
AGN in the sample used here by parametrizing the UV luminosity
function to include functional forms for both galaxies and AGN. They
found that AGN dominate (i.e. contribute 2 90 per cent of) the z = 3
sample at My, < —23.0, the z = 4 sample at My S —23.5 and the

z = 5 sample at My, < —24. Galaxies dominate the three samples
at My, = —22,—22.5 and —22.5, respectively, with a transition
between the two populations in between. The three UV SFR bins
shown in Fig. 7 correspond to the following My, values; —24 <
My < =23, =23 < My, < =22, =22 < M,y < —21. So while we
expect the brightest bin to be dominated by AGN, the contribution of
AGN to the faintest bin should be negligible. Given that the decrease
inradio flux density with luminosity is seen in all three UV-magnitude
bins shown in Fig. 7, it is unlikely that AGN emission in the UV
is contributing significantly to this result. Moreover, the low radio
luminosities of the galaxies in this sample (see Fig. 5) imply that there
is unlikely to be significant AGN contribution to the radio emission
(see e.g. Mauch & Sadler 2007; Novak et al. 2017; Smol¢i¢ et al.
2017; Malefahlo et al. 2022).

The effect of AGN activity in the UV-bright sources is evident
when looking at the radio luminosity distributions in Fig. 5; there
is a clear turnover in the distributions at My, < —23. This is most
likely due to AGN emission contributing to the UV flux, while not
contributing significantly to the radio flux density, causing the UV-
derived SFRs to be overestimated when compared to the radio SFRs.

5.4 Size evolution

A decrease in radio luminosity with increasing redshift could also
occur if galaxies at higher redshift are systematically smaller than
those at lower redshift. This could mean that cosmic rays diffuse out
of the galaxy on time-scales shorter than those required to maintain
the FIRC (Yun, Reddy & Condon 2001; Carilli et al. 2008; Murphy
et al. 2008). Varadaraj et al. (2024) studied the sizes of a subsample
of the Lyman break galaxies used in this work, using data from the
JWSTPublic Release IMaging for Extragalactic Research (PRIMER)
survey (Dunlop et al. 2021). They found no significant evolution
in the median size of galaxies between 3 < z < 5; therefore, size
evolution is unlikely to be responsible for the decrease in radio
luminosity with redshift observed in this work.

5.5 Evolution in the initial mass function

Another possibility is an evolution of the IMF. Radio emission at
~GHz frequencies is produced by massive stars (2 8 M), which
end their lives in core-collapse supernovae. However, very massive
stars, with M 2 25 Mg, typically end their lives via direct collapse or
exotic supernovae, and may not produce radio synchrotron emission
from supernovae remnants (see e.g. Gehrz, Sramek & Weedman
1983; Smartt 2009). UV emission, on the other hand, is produced
by all stars with stellar masses = 3 M. This means that if the IMF
has changed between 3<z < 5, then the ratio between the UV and
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Figure 9. Investigating the possible effects of an evolving IMF. Here, we
reproduce Fig. 6, gir as a function of redshift, correcting for the effect of one
possible evolution of the IMF. The coloured points show the stacked results
from this work, with the z = 4 and 5 samples corrected for the effect of a top-
heavy IMF with slope —2.0 at > 25 M, (see the text for details). We note that
no correction for dust obscuration has been applied, so these are likely to be
underestimates, and that the highest Myy bin (—23 < Myy < —24) is likely
to dominated by AGN emission. Several gir relations from observational
studies are also shown; the black dashed line shows the Bell (2003) relation,
with the grey shaded region illustrating the associated spread (0.26). The solid
red line shows the power-law fit from Delhaize et al. (2017), and the cyan
dash—dotted line shows the Algera et al. (2020) and Tabatabaei et al. (2025)
relation.

radio emission caused by star formation will also have changed. For
example, if the IMF was more top-heavy at higher redshift, then this
would mean that there were a larger fraction of stars with masses
> 25M,g, which would lead to more UV emission relative to the
radio emission. Indeed, a top-heavy IMF has been suggested as a
possible explanation for the abundance of very bright submillimetre
galaxies at high redshift (e.g. Baugh et al. 2005), and recent work
by Zhang et al. (2018) and Cameron et al. (2024) find tentative
evidence for a top-heavy IMF at redshifts z ~2-3 and z =6,
respectively.

To investigate the possible impact of an evolving IMF on our
results, we estimate the increase in UV luminosity relative to radio
luminosity that would be caused by the high-mass end of the IMF
at M > 25Mg changing from a Chabrier (2003) IMF to a more
top-heavy IMF. We find that if the IMF changes such that the power-
law slope is —2.0 at M > 25 M, as opposed to a Chabrier (2003)
IMF with slope = —2.3, this would cause the ratio of the UV to
radio luminosities to increase by a factor of 1.27, a relative change
in rest-frame UV magnitude of —0.26. To give an indication of the
impact this effect could have on our results, we ‘corrected’ for the
effect by reducing the UV magnitudes of all galaxies in our z = 4
and 5 samples by this amount; in Fig. 9 we reproduce the results
of Fig. 6 with this correction. This shows that if the IMF changed
from a Chabrier IMF to a more top-heavy IMF with slope= —2.0 at
M > 25Mg in the time between redshifts 3 and 4, then this could
potentially explain the reduction in radio flux relative to UV flux we
observe.

Murphy (2011) also investigate the effect of different IMFs on the
radio and UV luminosities. Taking into account the changes at the
low-mass end, they find that changing from a Kroupa IMF to a top-
heavy IMF with a power-law slope of —1.5 would change the ratio
of the radio to UV luminosities by a factor of 1.35, which would also
approximately account for the observed decrease in radio luminosity

Inverse Compton scattering in high-z galaxies 515

for a given UV luminosity, if this change occurred between redshifts
3 and 4.

It is therefore possible to construct plausible evolutionary scenar-
ios of the IMF which could potentially explain the observed decrease
in radio luminosity for a given UV luminosity with redshift. Note that
it would also be possible to combine this effect with the effect of dust
evolution, for example a small evolution in the dust attenuation with
redshift combined with a change in the IMF could be constructed
such that it would explain the signal observed here. However, these
explanations require a level of fine-tuning of the dust and/or IMF
evolution over a relatively short period of cosmic time, together with
IC scattering from the CMB not behaving as predicted. We therefore
conclude that IC scattering from the CMB is the most likely cause
of the observed reduction in radio flux density with redshift.

5.6 Spectral indices

To estimate the 1.4-GHz flux densities and luminosities in this paper
we have assumed a radio spectral index of o = 0.7. The choice
of spectral index makes very little difference to the calculated flux
densities, as this is only used to scale between the effective frequency
(~ 1.2 GHz) and 1.4 GHz, so cannot be responsible for the trend
seen in Fig. 7. As there is evidence for a somewhat flatter spectral
index for faint star-forming galaxies at high-redshift (e.g. Murphy
et al. 2017), we investigated the effect of assuming o = 0.6 instead
of 0.7 on our results. This would shift the luminosity distributions
slightly, but does not affect any of the overall trends and therefore
has no impact the conclusions of this paper. At higher redshifts,
we are sampling a higher rest-frame frequency, so the non-thermal
contribution to the total flux density may be higher, causing the
spectral shape to be flatter at higher redshifts. We therefore also
tested using a simple evolving spectral index (o = 0.7, 0.6, 0.5 at
z =3,4,5, respectively). This again has a negligible effect on the
flux densities and makes the decrease in luminosity with redshift
more pronounced.

5.7 Effect on star formation rate estimates

Radio continuum observations provide a unique opportunity to
estimate SFRs which is unbiased by dust. However, if these estimates
are to be accurate at high-redshift, it is vital that all the physical
processes that affect radio emission from star-forming galaxies are
accounted for. We have shown in Fig. 6 that the Delhaize et al. (2017),
Algera et al. (2020), and Tabatabaei et al. (2025) gr relations are
underestimates at z > 3.5, leading to an underestimate for the SFR.
As discussed earlier in this section, the most likely cause of the
observed increase in gig at z > 3 is IC scattering from the CMB. This
illustrates the importance of quantifying the effect of IC scattering if
radio data are to be used as a reliable measure of SFR at z > 3.5.

6 CONCLUSIONS

Using a sample of ~ 200, 000 high-redshift (3 < z < 5) galaxies
selected in the rest-frame UV, we have stacked the MIGHTEE radio
data to estimate the 1.4-GHz flux densities of the galaxies. We
find that for a given UV magnitude, the 1.4-GHz flux density and
luminosity decrease with redshift. We compare these results to the
theoretical predicted effect of IC scattering of relativistic electrons
off CMB photons from Murphy (2009) and find that the observed
decrease is consistent with what is predicted.

We discuss a number of different possible causes for the observed
decrease in radio luminosity relative to UV luminosity with redshift,
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such as a top-heavy IMF at high redshift or evolution in the dust
properties. Although it is possible to construct evolutions of the IMF
or dust attenuation (or a combination of the two) which could account
for the observed trend, these would all require a level of fine-tuning
of the IMF and/or dust evolution, together with the relatively well-
understood physics of IC scattering from the CMB not behaving
as predicted. This does not seem particularly likely, particularly for
galaxy samples selected in exactly the same way, over a very short
period of cosmic time. We therefore suggest that IC scattering is the
most compelling explanation, given that our results are consistent
with the theoretical predictions of this effect, providing observational
evidence of the detection of IC scattering from the CMB in high-
redshift star-forming galaxies.

In the near future it should be possible to confirm this result
using 2-3 GHz data in these fields from the S band component of the
MIGHTEE survey (Jarvis et al. 2016), which is currently in progress.
This will allow us to constrain the shape of the radio spectra of the
galaxies in this sample, and test whether or not this is consistent with
the predicted effect of IC scattering as a function of frequency.

Radio emission has long been touted as a promising method to
trace star formation, as it is unbiased by dust. However, if radio
emission is to be used to accurately estimate SFRs at z = 3, the
reduction in synchrotron emission due to IC scattering off the CMB
needs to be accounted for. Our results show that the Delhaize et al.
(2017), Algera et al. (2020), and Tabatabaei et al. (2025) g\ relations
are underestimates compared to this sample at z > 3.5. Further work
will allow us to pin down the factors which affect the magnitude of
this signal, such as the internal magnetic field strength, and therefore
the correction needed to be applied radio SFRs.
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