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One of the major scientific aims of the SKA is to trace the history of star formation
across cosmic time. High-frequency radio surveys are indispensable in this regard,
as these are capable of probing thermal free-free emission (FFE) — the dominant
component of the radio continuum of star-forming galaxies above rest-frame
frequencies of > 25GHz. FFE is a powerful, direct star-formation rate (SFR)
indicator, which robustly traces the number of ionizing photons produced by
recently formed massive stars in a nearly dust-unbiased manner. In this chapter,
we forecast the ability of the SKA to detect FFE in typical star-forming galaxies
in the early Universe. Our starting point is the state-of-the-art T-RECS simulation
suite of the faint radio sky, to which we apply an ambitious, matched-depth, multi-
band AA4 SKA-Mid survey in Bands 1 through 5b, covering an area of 0.25 deg?
across 0.35 — 15.4 GHz. We predict that such a survey will detect ~ 1.5 x 10*
star-forming galaxies in all bands out to z = 7, and perform simulations using
established fitting techniques to investigate the accuracy with which their thermal
FFE can be recovered. We find that thermal fractions ( fi,) and synchrotron spectral
indices can be constrained in an unbiased manner, and predict uncertainties on the
thermal SFRs of < 0.1 dex for galaxies at the knee of the radio luminosity function
across redshift. Convolving the distribution of fy, inferred from the multi-band
SKA-Mid survey with wider luminosity function determinations at low radio
frequencies will yield robust constraints on the total cosmic star formation rate
density out to z ~ 7.
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1 Introduction

One of the key aims in extragalactic astronomy is to trace the star formation rate density (SFRD)
across cosmic time (e.g., Madau and Dickinson, 2014). While optical and near-infrared facilities
such as the Hubble, Spitzer and James Webb space telescopes have mapped the contribution of
unobscured star formation to well beyond z > 10 (e.g., McLure et al., 2013; Bouwens et al., 2015;
Oesch et al., 2018; Finkelstein et al., 2023), these facilities cannot readily account for star formation
hidden behind dust. Such obscured star formation is known to dominate the SFRD out to at least
z < 4 (Madau and Dickinson, 2014; Zavala et al., 2021), and possibly well beyond (Gruppioni
et al., 2020; Algera et al., 2023; Sun et al., 2025). While current (sub-)millimeter facilities such as
ALMA are sensitive enough to detect obscured star formation in individual galaxies well beyond
Cosmic Noon (z ~ 2 — 3, coincident with the peak of the cosmic SFRD), as demonstrated by recent
high-redshift detections (e.g., Hashimoto et al., 2019; Fudamoto et al., 2021; Inami et al., 2022),
they lack the mapping speed to carry out large, blind surveys at these early epochs. Consequently,
our understanding of obscured star formation and thus the build-up of galaxies across time remains
severely limited beyond z > 3 (c.f., Casey et al., 2018).

Radio continuum emission provides a clear way forward in mapping the high-redshift SFRD (e.g.,
Novak et al., 2017; Leslie et al., 2020; van der Vlugt et al., 2022). At GHz frequencies, the radio
emission from star-forming galaxies tightly correlates with their star formation rates (SFRs) through
what is known as the infrared/radio correlation (IRRC; e.g., Condon, 1992; Bell, 2003). This is
due to the infrared emission from these galaxies — which accounts for the bulk of their SFR —
being powered by the same young, massive stars that drive their non-thermal synchrotron emission
once they have ended their lives as core-collapse supernovae. However, the exact nature of the
IRRC in the early Universe, and whether it evolves with redshift or galaxy properties such as stellar
mass, remains poorly understood (e.g., Sargent et al., 2010a,b; Delhaize et al., 2017; Algera et al.,
2020a; Delvecchio et al., 2021; De Zotti et al., 2024). Consequently, SFRs derived through the
IRRC currently remain systematically uncertain. While SKA-Mid is set to greatly advance our
understanding of the IRRC at early cosmic times (see the companion chapter in this volume by An
et al. 2020), it is paramount to simultaneously explore other, more direct SFR tracers in the early
Universe.

Fortunately, the radio spectrum provides such a tracer. Thermal free-free emission (FFE) — which
becomes the dominant emission mechanism at rest-frame v > 25 GHz (Condon, 1992; Murphy
et al., 2011) — provides a direct (< 10 Myr) and nearly completely dust-unbiased proxy of galaxy
SFRs, which have lauded it as a particularly powerful tracer in the early Universe (e.g., Murphy
et al., 2017; Jiménez-Andrade et al., 2024). However, its intrinsic faintness and high-frequency
nature have limited direct observations of FFE in the early Universe to just a handful of galaxies
(e.g., Thomson et al., 2012; Huynh et al., 2017; Algera et al., 2021; Chen et al., 2024). The high
sensitivity and mapping speed provided by SKA-Mid are set to change this, as discussed in detail
in this Chapter.

The typical radio spectrum of a star-forming galaxy with SFR = 100 Mg, yr~!, redshifted between
z =2 -9, is shown in Figure 1. The radio emission of star-forming galaxies is often presumed
to be composed of two components (e.g., Condon, 1992; Niklas et al., 1997; Murphy et al., 2017;
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Figure 1: The typical long-wavelength spectrum of a star-forming galaxy with SFR = 100 M, yr~!, plotted
for a range of redshifts between z = 2—9. The radio component assumes a thermal fraction of fi, (1.4 GHz) =
0.1 and a synchrotron slope of ant = —0.85, while dust emission is modeled as a modified blackbody with
temperature Ty, = 35 K and emissivity index Sir = 2.0. The individual free-free, synchrotron and dust
components of the z = 9 spectrum (bottom) are indicated through the dash-dotted, dashed and dotted lines,
respectively. The nominal frequency coverage of SKA-Mid Bands 1, 2, 5a and 5b is indicated through the
vertical shading, and the maroon triangles represent the 5o~ detection limits for the fiducial SKA-Mid survey
outlined in Section 2, which is set to directly detect highly star-forming galaxies (SFR 2 100 Mg yr~') in all
bands well beyond Cosmic Noon (z 2 3).

Tabatabaei et al., 2017, 2025; Klein et al., 2018; Algera et al., 2021): non-thermal synchrotron
emission with a relatively steep spectral slope (ant ~ —0.8), and flat-spectrum thermal free-
free emission (apr = —0.1).! At higher frequencies (v 2 200 GHz in the galaxy rest-frame),
thermal dust emission is expected to overtake the radio emission. This picture is somewhat of an
oversimplification, as the radio spectra of high-redshift SFGs can also exhibit spectral curvature
(e.g., Calistro Rivera et al., 2017; Galvin et al., 2018; Thomson et al., 2019; Tisani¢ et al., 2019;
An et al., 2021). Moreover, anomalous microwave emission (AME) is known to contribute to radio
emission at higher frequencies (e.g., Murphy et al., 2010, 2018). These contributions to the radio
spectrum for low-redshift galaxies are discussed in the chapter by Moldon et al. (2026) in this
volume, which we refer to for details.

For simplicity, however, throughout this Chapter we will assume a two-component radio spectrum
where synchrotron and free-free emission are both represented by single power-laws. Since we
focus on studying FFE at high redshifts, the effects of (sub-)GHz-frequency spectral turnovers and
flattening are limited for our parameter space of interest (i.e., SKA-Mid Band 1 already probes
Viest = 3 GHz beyond z > 3). Moreover, the main population that SKA-Mid will be able to detect

'We define the spectral index as @ = dlogS,/dlogv, i.e., we use the sign convention whereby S, o v such
that typically @ < 0. Throughout this chapter we add the subscript ‘NT’ (i.e., @nt) When referring specifically to the
non-thermal synchrotron spectral index.
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consists of faint, star-forming galaxies typically beyond the confusion limit in the SKA-Low bands,
where a detailed low-frequency characterization will thus generally not be feasible. Nevertheless,
capturing these complex radio spectra for bright high-redshift galaxies is well within the reach of
SKA-Low and -Mid, and will be key to better understand, for instance, injection processes of cosmic
ray electrons. Fully characterizing spectral curvature and other higher-order effects with SKA-Mid
would furthermore greatly benefit from expanding its frequency coverage to Bands 3 and 4, and
ideally even beyond its Band 5 (see also the entry by M. Sargent et al. in the SKA Memo by Conway
et al., 2020).

2 A Multi-band SKA-Mid Survey of Radio Free-free emission

The primary goal of this Chapter is to forecast the power of SKA-Mid AA4 to reliably trace thermal
free-free emission in distant galaxies. To investigate this, we first adopt a realistic multi-frequency
SKA-Mid survey, following the strategy outlined in the companion chapter in this volume by
Prandoni et al. (2026) which is summarized below. Subsequently, we apply these survey parameters
to the Bonaldi et al. (2019) simulations of the radio sky to generate a realistic population of mock
radio sources, akin to those that will be observed by SKA-Mid. Finally, we decompose their spectra
into synchrotron and free-free emission following established fitting approaches. We detail this
process below.

2.1 A SKA-Mid AA4 multi-frequency survey

To assess the ability of SKA-Mid to probe FFE in faint, star-forming galaxies, our starting point is
the deep, multi-frequency SKA survey outlined in the companion chapter by Prandoni et al. (2026)
in this volume, which in turn builds upon the SKA-Mid Deep survey outlined in Prandoni and
Seymour (2015). In summary, their proposed survey is a 0.25 deg?, matched-depth SKA-Low +
SKA-Mid survey in all available observing bands, i.e., spanning a range of 80 MHz — 11.85 GHz.
The proposed RMS noise in Band 2 (1.355 GHz) is approximately 0.4 uJy/beam, which is then
scaled to all other bands assuming a standard spectral index of @ = —0.70. In Band 5b, this
corresponds to a noise level of 0.09 uJy/beam. In Bands 1 and 2, this requires an observing
time of approximately 10 h each, while mosaicking is required to cover this field-of-view at higher
frequencies. As aresult, Bands 5a and 5b dominate the total SKA-Mid time request, with indicative
observing times of ~ 500 h (12 pointings) and ~ 3300 h (39 pointings), respectively.

As outlined in Prandoni et al. (2026, their Section 3.2.2), the proposed survey aims for an approxi-
mately matched-depth, matched-resolution view of the high-redshift galaxy population, and adopts
uv-tapering and different imaging weighting schemes to do so. For the SKA-Mid Bands, this results
in a typical angular resolution of ~ 2" — 2.5”; ideal for robust flux density measurements of faint
radio sources, as these are not expected to be resolved on these scales (e.g., Miettinen et al., 2017;
Jiménez-Andrade et al., 2019).

Although this proposed multi-frequency survey probes all the way down to SKA-Low frequencies,
we here focus only on the full suite of SKA-Mid Bands (i.e., Bands 1, 2, 5a and 5b). This
is because the diagnostic power of low-frequency measurements in tracing free-free emission is
limited given the typical deviation from a two-component nature in this regime (Calistro Rivera
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Figure 2: Radio luminosity at the rest-frame frequency probed by SKA-Mid Band 2 (vops = 1.355 GHz)
against redshift for galaxies sampled in the central 0.25deg® of an SKA-Mid Band 2 pointing with a
50 = 2.0 uJy/beam depth. The luminosity limit of the survey is indicated through the dashed black line.
Approximately 1.5 x 10* radio sources — the vast majority (2 95%) of which are star-forming galaxies — are
expected to be detected above this limit, of which ~ 2000 reside at z > 3 and ~ 50 at z > 6.

etal., 2017; Galvin et al., 2018; Thomson et al., 2019). Overall, we thus consider a frequency range
of vops = 0.80 — 12 GHz in our analysis, which corresponds to the central frequencies of SKA-Mid
Bands 1 through 5b, as also indicated in Figure 1.

2.2 Generating a realistic SKA-Mid galaxy population

We apply the survey parameters detailed above to the Bonaldi et al. (2019) T-RECS simulations,
which simulate the extragalactic radio sky from 150 MHz — 20 GHz. Both star-forming galaxies
(SFGs), radio-quiet and radio-loud active galactic nuclei (AGN) are included in the simulations,
although Bonaldi et al. (2019) model the radio-quiet AGN as a subset of star-forming galaxies. We
here follow this approach, and do not further distinguish between these populations, though we
briefly comment on how such AGN may impact studies of radio free-free emission in Section 3.4.
Moreover, we will not consider radio-loud AGN in this Chapter, and thus essentially assume that
these can be robustly identified through ancillary multi-frequency observations. In practice this is
not always a straightforward task, although radio-loud AGN make up only a small fraction of the
faint radio sky such that their expected level of contamination is limited in deep SKA-Mid surveys
(e.g., Delvecchio et al., 2017; Smol¢i€ et al., 2017a; Algera et al., 2020b; Lyu et al., 2022; Peluso
et al., 2025).

We extract mock star-forming galaxies within a single, randomized SKA-Mid Band 2 field-of-view
from the Bonaldi et al. (2019) simulations at a reference frequency of veen = 1.4GHz.> We

2The catalogs provided by Bonaldi et al. (2019) contain flux densities at a fixed set of frequencies; 1.4 GHz is closest
to the central frequency of 1.355 GHz adopted in the Prandoni et al. (2026) survey. We do not correct for the minor
difference in frequency, which affects flux density measurements to < 2 — 3 % given a typical @ = —0.70.
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subsequently apply a 5o point-source detection limit, folding in attenuation by the primary beam,
which we approximate as a Gaussian with FWHM = 48.3’. The Band 2 sensitivity limit of our
mock survey as well as the full set of sampled mock sources (SFGs + AGN) from the T-RECS
simulations is shown in Figure 2. The expected number of radio sources detectable at > 5o in
the central 0.25 deg” of the Band 2 pointing is approximately N ~ 1.5 x 10*, of which > 95% are
expected to be star-forming galaxies (or radio-quiet AGN). By virtue of the matched-depth nature
of the radio survey adopted in this Chapter, the majority of these are detected at > 5o across all
four SKA-Mid bands.

2.3 Constructing the mock radio spectra

While the T-RECS simulations readily provide multi-frequency flux densities for the simulated
sources, we here use the SKA-Mid Band 2 flux density as a starting point from which to construct
their mock radio spectra. For each of the mock sources, we draw a thermal fraction normalized
at rest-frame 1.4 GHz, denoted fi (1.4 GHz), from a normal distribution with mean g = 0.10 and
standard deviation o = 0.06, clipped between fi, (1.4 GHz) € [0.01,0.30]. We furthermore draw
a synchrotron spectral index ant from a normal distribution with ¢ = —0.85 and o = 0.30, clipped
between ant € [—1.5,—-0.3]. These parameters are broadly representative for star-forming galaxies
at high redshift (e.g., Murphy et al., 2017; Smolci¢ et al., 2017b; Algeraet al., 2021; Anetal., 2021).
Combined, this fully determines the shape of their radio spectra, which we subsequently sample
in the four SKA-Mid bands. We fold in simple Gaussian noise based on the RMS of the images,
including the effects of the primary beam in Bands 1 and 2. For Bands 5a and 5b, where mosaicking
is required, we assume no primary beam attenuation. The assumption of purely Gaussian noise
effectively implies the galaxies are fully unresolved at the adopted resolution of 2 — 2.5”, such that
the uncertainty on their (peak) flux density is well-represented by the local noise (see also Condon,
1997).

2.4 Decomposing the mock radio spectra

The next step is decomposing the mock radio spectra into their synchrotron and free-free compo-
nents. We adopt the mock flux density measurements in Bands 1, 2, 5a and 5b, as outlined in
the previous section, and fit these using the Bayesian framework from Algera et al. (2021, 2022).
Briefly, this approach uses the Monte Carlo Markov Chain (MCMC) framework implemented in the
EMCEE library (Foreman-Mackey et al., 2013), and fits for three free parameters: the flux density at
an arbitrary frequency, here chosen to be 1.4 GHz in the observer-frame (denoted S 4); the thermal
fraction at this frequency; and the synchrotron spectral index. A flat prior on the thermal fraction is
adopted, between fin € [-0.2, 1.2]. Unphysical values below zero and above unity are allowed as
these yield more reliable uncertainties and can be used to assess the need for a thermal component
in the fit (Linden et al., 2020; Algera et al., 2021). We furthermore adopt a Gaussian prior on the
synchrotron slope with mean u = —0.85 and standard deviation o = 0.5, as in Algera et al. (2021)
and Chen et al. (2024), and a weakly informative, flat prior on the flux density S; 4. An example of
the decomposed radio spectrum for a mock galaxy at z = 2.5 is shown in Figure 3.
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Figure 3: The radio spectrum of an example mock z ~ 2.5 galaxy, as will be identified in large numbers in
upcoming deep SKA-Mid surveys. The radio spectrum is sampled in Bands 1, 2, 5a and 5b (red datapoints;
central observed-frame frequencies are annotated on the top x-axis) and decomposed into its synchrotron
(red) and free-free (blue) components. The black line and grey shading represent the total spectrum and its
uncertainty, respectively. The signal-to-noise in the four bands spans S/N = 12 — 26, which enables the
accurate detection of a flattening spectrum at high frequencies; the signature of thermal free-free emission.

3 Predicted constraints on high-redshift free-free emission with SKA-Mid

3.1 Recovery of thermal fractions and synchrotron slopes

We perform the spectral decomposition outlined in the previous section on the full sample of
~ 1.5 x 10* mock star-forming galaxies in our fiducial SKA-Mid survey. The fitted thermal
fractions and synchrotron slopes are shown as a function of their input values in Figure 4. Overall,
we find good agreement between the fitted and input parameters, suggesting that our simulated
SKA-Mid survey can aptly recover the intrinsic radio spectra of star-forming galaxies, and robustly
isolate their free-free emission. However, some caveats apply: the left panel of Figure 4 reveals
a population of outliers with high fitted thermal fractions (fi,(1.4 GHz) > 0.3). These are all
characterized by a shallow input synchrotron slope, highlighting the known degeneracy between
a large free-free contribution and an overall flat synchrotron spectrum (c.f., Algera et al., 2021;
Chen et al., 2024). In the right panel of the Figure, the correlation between the fitted and input
synchrotron slopes is slightly shallower than unity. This is due to the adopted Gaussian prior on aNT
in the modeling, which down-weights fits with particularly shallow or steep synchrotron spectra,
and thus slightly flattens the relation between the fitted and input slopes.

Figure 5 plots the difference between the fitted and input parameters (Afin = fin,fit = fin,inpur and
similar for Aant) against each other. The two parameters are mildly anti-correlated, but across the

full mock sample of ~ 1.5 x 10* star-forming galaxies neither shows any systematic biases. We

0’:%'.%3 and Aant = —0.01*%-14 across the full sample (here, and elsewhere

infer a median A fy, = 0.0 20.19
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Figure 4: The fitted thermal fractions (left) and synchrotron spectral indices (right) of our mock radio
sources as a function of their input values. Contours are drawn at the 0.5, 1, 1.5 and 20 levels, and individual
datapoints are color-coded by ant (left) or fi, (1.4 GHz) (right). Three representative errorbars are shown in
the bottom right corner of each panel, and correspond to different bins in Band 2 S/N (5 — 100, 10 — 200,
and 20 — 500). In both panels, the input and fitted values agree well with one another, suggesting that the
radio spectra of star-forming galaxies can be well-recovered in our simulated multi-band SKA-Mid survey.
Only a minority population of galaxies with flat synchrotron slopes (dark red points in the left panel) can
induce some bias in measurements of the thermal fraction.

Afi(1.4GHz)
o
o

| L o /s ___

—0.25  0.00 0.25
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Figure 5: Offset between fitted and input thermal fractions (at 1.4 GHz; A fi, = fin,fic — fin,inpur) versus that
for the synchrotron slope (Aant, defined analogously) across the full population of mock sources. There are
no systematic biases in the recovery of either parameter, although a mild anti-correlation is visible.

in this Chapter, the errors represent the 16 — 84™ percentile spread of the distribution).

While the above discussion establishes the overall accuracy with which the spectra can be decom-
posed into their thermal and non-thermal components, the recovery of the fitting parameters is
expected to depend on the signal-to-noise ratio (S/N) in the radio maps. We show A fin (1.4 GHz)
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Figure 6: The accuracy with which the thermal fractions (left) and synchrotron spectral indices (right) can
be recovered, as a function of the Band 2 signal-to-noise ratio. Contours and points are as in Figure 4. Deep
SKA-Mid surveys will not be systematically biased in their measurements of thermal free-free emission even
at low S/N, although uncertainties will be significant in this regime. This is mainly due to the degeneracy
between fi, and ant that requires high S/N (> 10 — 20) or observations in additional bands to break. The
accuracy with which the synchrotron slope can be recovered is a strong function of Band 2 S/N, as expected,
but similarly does not show any systematic biases at low signal-to-noise.

and Aant as a function of the S/N in SKA-Mid Band 2 — our nominal ‘detection band’ in this
exercise — in Figure 6.

The synchrotron spectral index is well-recovered across the full range of S/N expected from the
T-RECS simulations, without any systematic biases or offsets. The scatter in anr unsurprisingly
increases towards lower S/N, and extends out to the width of the Gaussian prior near the detection
limit (0.5dex; Section 2.4). The thermal fraction is similarly not strongly biased, although the
aforementioned population with shallow synchrotron slopes yields an uptick in A fi, at low signal-
to-noise due to fitting degeneracies between the two parameters. Nevertheless, we conclude that,
on average, the spectral decomposition is robust even at modest S/N (< 10).

Given that we are ultimately interested in tracing the evolution of the galaxy population across
time, we finally consider the recovery of the thermal fraction and synchrotron slope as a function
of redshift. We construct three signal-to-noise bins in SKA-Mid Band 2 (5§ — 100, 10 — 200, and
20 — 500) and compute the median uncertainty on fi (1.4 GHz) and ant, denoted 6 fin, and Sanr,
in bins of redshift with a width of Az = 0.5. Only bins with N > 5 sources are considered.

The resulting parameter uncertainties are shown in Figure 7. Higher-S/N bins naturally yield tighter
constraints on both the thermal fraction and synchrotron slope. More notably, at fixed S/N, the
thermal fraction is typically better constrained at higher redshifts, given that the SKA-Mid bands
better trace the free-free-dominated regime at these earlier epochs. Conversely, the accuracy with
which ant can be measured decreases slightly towards higher redshifts. In the next Section, we
discuss how these uncertainties propagate into the expected constraints on free-free star formation
rates for our fiducial SKA-Mid survey.
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Figure 7: The typical 1o uncertainty on the thermal fraction (left) and synchrotron spectral index (right) as
a function of redshift. Three bins of SKA-Mid Band 2 S/N are considered, and only those with > 5 sources
are plotted. The solid lines represent the median uncertainty on fy (1.4 GHz) and ayr in a given bin, while
the shaded regions represent the 16 — 84 percentile scatter. At a fixed signal-to-noise ratio, thermal fractions
can be better constrained at higher redshift, while the accuracy with which the synchrotron slope can be
measured decreases slightly towards earlier cosmic times.

3.2 Constraints on thermal SFRs

The quantity that we are ultimately interested in constraining is the free-free star formation rate,
SFRgr. Under the assumption of particular initial mass function (IMF) and electron temperature
T,, this can be determined as SFRgg o< fin(v)L,, = Lﬁ‘ (e.g., Murphy et al., 2011), where L,, is the
radio luminosity at rest-frame frequency v and L' the corresponding thermal free-free luminosity.
Both the thermal fraction and total radio luminosity can be determined at any arbitrary frequency
by propagating (a representative sample of draws from) the MCMC posterior distributions, and we
here adopt a canonical frequency of 1.4 GHz. We define the ‘free-free S/N” as S/Ngp = L‘lh " 6L‘1*f 4
i.e., the ratio of the thermal luminosity and its (symmetrized) uncertainty, which is equal to the S/N

on the thermal SFR given the above assumptions.

We show the mean S/Ngg in bins of redshift and radio luminosity in Figure 8. Near the detection
limit (~ 507), the uncertainties on free-free SFRs will be > 50 %, although for bright SFGs the
S/N rapidly increases.” The maroon shading in Figure 8 shows the ‘knee’ of the radio luminosity
function (LF) from Cochrane et al. (2023), who employed sensitive LOFAR observations across
a ~ 25 deg? area to constrain the LF at 150 MHz out to z ~ 4. We scale their results to 1.4 GHz
assuming a standard @ = —0.70, and find that galaxies at the knee of the LF will be detected
at approximately ~ 200 in our fiducial SKA-Mid survey.* At this S/N, the FFE component can
be readily constrained at > 5o in individual galaxies, implying the nominal uncertainty on their
thermal SFRs will be < 20% (i.e., < 0.1dex). We expect such robust constraints for ~ 1000
galaxies beyond z > 2, of which ~ 150 lie beyond z > 4.

To cast the knee of the 1.4 GHz LF into a more directly interpretable quantity — namely star

3In our simplified model, S/Ngg > 50 is readily achievable in particularly bright sources. However, at this stage
second-order effects in the shape of the radio spectrum will dominate the error budget.

4We note that Calistro Rivera et al. (2017) indeed find a typical spectral index of a/iigo ~ —0.70 for SFGs such that
this scaling is appropriate. Moreover, we obtain consistent results when adopting the 3 GHz-based measurements of L,

from van der Vlugt et al. (2022), which are based on deeper data, albeit across a smaller area.

10
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Figure 8: Binned rest-frame 1.4 GHz radio luminosity versus redshift for our mock SKA-Mid survey.
The bins are color-coded by their mean free-free S/N. The thick dashed line corresponds to the approximate
sensitivity limit, based on the So- SKA-Mid Band 2 detection threshold of 2 uJy/beam and a fixed @ = —0.70.
The thin line represents sources that are 4x brighter than this limit (i.e., detected at the ~ 200" level). The
maroon shading corresponds to the knee of the luminosity function L, determined by Cochrane et al. (2023)
at 150 MHz and scaled to 1.4 GHz with @ = —0.7. Free-free emission in galaxies at the knee can be readily
detected (at > 5 — 100) out to z ~ 6.

formation rate — we make use of the infrared/radio correlation. This provides an SFR measurement
mostly independent of free-free emission based on the predominantly non-thermal radio continuum
emission at lower frequencies. At a typical redshift of z = 3, where the radio LF remains well-
constrained observationally, L, corresponds to SFR;4gg; ~ 75 — 100 Mg ylr‘1 assuming the
redshift-dependent infrared/radio correlation of Delhaize et al. (2017) or the redshift-invariant but
non-linear correlation of Molndr et al. (2021). This, in turn, roughly corresponds to the typical
star-formation rate of a main-sequence galaxy with stellar mass M, ~ 109> Mg at z ~ 3 (Speagle
et al., 2014).

We next investigate to what extent S/Ngp depends on redshift for our realistic population of radio-
detected star-forming galaxies. At fixed radio luminosity, more distant galaxies are fainter due to
the positive K-correction, though in Section 3.1 we also predicted that — at fixed S/N — constraints
on FFE improve at higher redshifts. We focus only on the mock sample with L; 4 > 10** W/Hz,
which is expected to be detectable at > 50 regardless of redshift. For this highly star-forming
subset, the median free-free S/N in individual galaxies is expected to decrease from S/Ngp ~ 30 at
1 $752t0S/Npp ~7atd < z< 5. This thus suggests that, at fixed radio luminosity, the ability
of SKA-Mid to constrain FFE will decrease with increasing redshift. Nevertheless, for sufficiently
luminous galaxies, free-free emission will be readily detectable out to z ~ 6.
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3.3 Constraints on cosmic star formation

In the previous sections, we have demonstrated that — for a reasonable input distribution of f, and
a realistic population of radio-detected SFGs — it is possible to recover the true thermal fraction
with high accuracy (Figures 4 through 7). This will enable the determination of the ‘free-free
luminosity function” ®(Lg,) as a function of redshift, analogously to the standard radio luminosity
function. While necessitating detailed simulations to account for completeness, integrating ©( Ly, )
will provide a direct constraint on the SFRD through radio free-free emission.

An arguably more powerful means of constraining the SFRD, however, will be to calibrate the
predominantly non-thermal low-frequency radio emission as a star formation rate tracer using free-
free-derived SFRs as a benchmark. While FFE and synchrotron emission trace star formation
on different timescales (e.g., Bressan et al., 2002), in practice such variation will mostly average
out when considering large galaxy samples. As a result, the prime objective will be to find the
calibration function g(p) such that SFRgp = g(p) X L4, where p = {z, M, ...} is the possible
parameter set upon which the conversion from low-frequency radio luminosity to star formation
rate depends. Various techniques, such as Bayesian model comparison or a Principal Component
Analysis (PCA), can then be used to quantify which physical parameters are the main drivers of
variation in the L 4-to-SFR conversion. Once an appropriate functional form has been established,
it will be possible to accurately use low-frequency radio observations — where survey speeds are
significantly higher than in SKA-Mid Bands 5a and 5b — to probe the SFRD well into the epoch of
reionization (z > 6).

Equivalently, the SFRD can be determined by convolving the distribution of fi, (1.4 GHz) obtained
from our fiducial multi-band SKA-Mid survey with the 1.4 GHz luminosity function, which can be
readily measured across much wider areas. This can be expressed as

SFRD(z) :C(Te,IMF)/CD(L1_4)ﬁh(1.4GHz;L1_4,z,...)dlogL1_4 (1)

where the proportionality factor C depends on the electron temperature and IMF, which will need to
be assumed a priori, or marginalized over. The key functional form to constrain in this approach will
be the dependence of the thermal fraction on Lj 4, as well as any possible additional dependencies
on — for instance — stellar mass.

3.4 Challenges and multi-wavelength synergies
3.4.1 Redshifts

Throughout this Chapter, we have highlighted the power of free-free emission as a star-formation rate
tracer out to high redshift (z ~ 6). In doing so, we have implicitly assumed that the redshifts of the
radio-detected galaxy population can be robustly constrained, which is required for accurate radio
luminosity measurements, as well as for a robust spectral decomposition. In practice, obtaining
redshifts requires multi-band optical-to-near-infrared (NIR) photometry or — ideally — spectroscopy,
and the availability of such data would therefore naturally greatly benefit the proposed multi-band
SKA-Mid survey.
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While the SKA will efficiently survey the southern and equatorial radio sky at low frequencies,
studies of free-free emission will remain limited to relatively smaller areas due to the required
high-frequency capabilities and therefore limited instantaneous field-of-view. As a result, a deep
~ 0.25deg? survey such as that proposed by Prandoni et al. (2026) and further explored in this
Chapter is ideally suited to complement existing multi-wavelength deep fields, leveraging the rich
photometric and spectroscopic datasets from facilities like HST, JWST, and ALMA.

As an example, approximately ~ 0.5 deg” across the ~ 2deg? COSMOS field has been covered
by deep JWST/NIRCam imaging (Casey et al., 2023), including a ~ 0.2 deg? area targeted at mid-
infrared wavelengths with MIRI as well as recently at millimeter wavelengths by ALMA as part
of the CHAMPS program (PI Faisst, see also Zavala et al., 2026). The availability of such optical-
to-mm data would provide important context in which the multi-frequency radio observations can
be interpreted — not only for (photometric) redshift measurements, but also for obtaining robust
stellar masses, and for identifying AGN. Similarly, COSMOS has received a wealth of spectroscopic
follow-up (e.g., Khostovan et al., 2026), thereby yielding a high spectroscopic completeness for a
possible SKA-Mid survey carried out across this part of the sky. Other southern/equatorial deep
fields, such as UDS (Lawrence et al., 2007), GOODS-South (Giavalisco et al., 2004), and the Euclid
Deep Field South (Euclid Collaboration et al., 2022) represent similarly promising targets for deep,
high-frequency efforts with SKA-Mid.

Finally, we highlight that ongoing and future spectroscopic surveys and facilities are poised to
greatly increase the spectroscopic completeness of the distant galaxy population. Facilities and
instruments such as Subaru/PFS (Tamura et al., 2016), VISTA/4MOST (de Jong et al., 2019), and
the upcoming VLT/MOONS (Cirasuolo et al., 2014) combine powerful multiplexing capabilities
with a high sensitivity, thereby enabling particularly efficient redshift surveys. In the more distant
future, dedicated facilities such as the proposed Wide-field Spectroscopic Telescope (WST; Mainieri
et al., 2024) may further expand such spectroscopic coverage to wider areas and fainter galaxies.

3.4.2 Deviations from a two-component radio model: biases and physical implications

In our analysis, we have assumed that the radio spectrum can be well-represented by a combination
of two power laws, comprising a steep and flat component representing synchrotron emission and
free-free emission, respectively. We here briefly highlight how deviations from this simple model
could bias the inferred thermal fractions, and at the same time yield novel physical insights into the
galaxies powering the radio emission.

First of all, if the radio spectrum were to systematically flatten at lower frequencies, for example
due to free-free absorption (FFA), this would preferentially suppress the SKA-Mid Band 1 emission
compared to our fiducial model. This, in turn, would yield shallower synchrotron spectral indices
— which are mostly driven by the low-frequency constraints — and therefore lower overall thermal
fractions and SFRs. While the effects of FFA may be expected to decrease at high redshift given
the higher rest-frame frequencies being probed, galaxies are also known to become increasingly
compact and dense at earlier times (e.g., van der Wel et al., 2014; Isobe et al., 2023), which in
turn would increase the relative importance of FFA. Multi-frequency constraints at low frequencies,
likely through a combination of SKA-Low and SKA-Mid Bands 1 and 2, are therefore crucial to
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assess if, and to what extent, such flattening occurs in typical high-redshift SFGs.

At higher radio frequencies, synchrotron aging is moreover known to steepen the radio spectrum
(e.g., Thomson et al., 2019). As discussed in Algera et al. (2022), this too could lead to thermal
fractions being underestimated, as such steepening can counteract the expected flattening of the
radio spectrum through free-free emission. While the necessarily young ages of high-redshift
galaxies could on the one hand limit the effects of spectral aging, their possibly stronger magnetic
fields would instead serve to increase it (e.g., Schleicher and Beck, 2013; Algera et al., 2020a;
Yoon, 2024). Similarly, inverse-Compton losses — possibly against a warmer Cosmic Microwave
Background (e.g., Murphy, 2009; Whittam et al., 2025) — would similarly preferentially suppress
the high-frequency synchrotron component given its frequency-dependence of 7ic o« v~1/2. A
detailed characterization of spectral aging with SKA-Mid will not be straightforward given the
limited high-frequency coverage, but could plausibly be detected through a systematic steepening
between Bands 5a and 5b. This can furthermore be explored as a function of redshift, and thereby
provide insights into — for example — the evolution of magnetic fields in the galaxy population across
time.

Finally, we have assumed throughout this chapter that radio AGN can be accurately separated
from the SFG sample on which the spectral decomposition is carried out. For radio-loud AGN,
this is a reasonable assumption as these can be readily identified through their deviation from the
infrared/radio correlation (e.g., Yun et al., 2001; Del Moro et al., 2013; Smolci¢ et al., 2017a) by
making use of ancillary far-infrared data from facilities such as Herschel, ALMA and, in the near
future, PRIMA (Glenn et al., 2025).

However, low-level radio emission from faint AGN cannot easily be identified in this manner, and
could therefore potentially boost the observed synchrotron emission from a galaxy classified as
star-forming, and thus reduce the inferred thermal fraction. AGN signatures at other wavelengths,
such as from X-rays or rest-optical emission line ratios (e.g., Bonzini et al., 2013; Delvecchio et al.,
2017), can be employed to define a ‘clean’ SFG sample, although the extent of which such sources
also show AGN signatures at radio wavelengths remains debated (e.g., Padovani et al., 2011;
Herrera Ruiz et al., 2017; Radcliffe et al., 2021). An additional powerful means of identifying
faint radio AGN is to leverage the high native angular resolution of the high-frequency SKA-Mid
bands. While our fiducial multi-wavelength survey employs tapering to obtain a matched ~ 2.5”
resolution across all bands, SKA-Mid Band 5b can attain a resolution of just a few milliarcseconds
through standard Briggs weighting. This enables further AGN identification through the detection
of bright, compact sources as well as small-scale radio jets (e.g., Herrera Ruiz et al., 2017; Radcliffe
et al., 2018; Morabito et al., 2025). While (faint) radio AGN could thus ostensibly be a source
of contamination, the combination of high-resolution radio observations and powerful ancillary
optical through far-infrared data will help to partially mitigate this.

4 Summary

In this Chapter, we have presented predictions on the prospects of detecting free-free emission from
star-forming galaxies in the early Universe using the baseline AA4 design of the SKA. Our starting
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point is the SKA-Mid component of the multi-band radio survey proposed by Prandoni et al. (2026),
who advocate for matched-depth, matched-resolution observations in Bands 1, 2, 5a and 5b. Using
the T-RECS simulations (Bonaldi et al., 2019), we extract a realistic population of ~ 1.5 x 10*
star-forming galaxies across a ~ 0.25 deg” field-of-view, to which we apply the proposed Band 2
detection limit (50 ~ 2 uJy/beam). Adopting reasonable distributions for the thermal fraction and
synchrotron spectral index, we determine the expected flux densities of this sample in the other
SKA-Mid bands in the presence of Gaussian noise. Through established fitting techniques (Algera
etal., 2021, 2022), we decompose the radio spectra into their free-free and synchrotron components
and forecast the accuracy with which the intrinsic distributions of fi, and ant can be recovered.

We find that both the thermal fraction and synchrotron slope can be recovered in an unbiased
manner, meaning there are no systematic offsets between the input and fitted parameter values. As
expected, the significance with which the free-free component can be extracted depends primarily
on the detection S/N. For galaxies detected at modest significance (~ 5o per band), uncertainties
on free-free SFRs will be > 50 %. However, for galaxies detected at > 200", which corresponds to
galaxies roughly at the knee of the radio luminosity function, the error will be < 20 %, implying
uncertainties on thermal SFRs of < 0.1 dex. Such robust constraints will be common out to Cosmic
Noon, and remain feasible for particularly luminous star-forming galaxies out to z ~ 6.

Armed with a sample of radio sources in which free-free emission is robustly detected, it will be
possible to determine the SFRD out to z ~ 6 directly by constructing and subsequently integrating
the free-free radio luminosity function. A more powerful approach, however, will be to calibrate
the conversion between low-frequency radio emission (e.g., at the canonical 1.4 GHz) and free-free
star-formation rate, which should represent the ‘ground truth’ measurement. Given the increased
survey speed of SKA-Mid at lower frequencies, this will enable determining the SFRD from much
larger galaxy samples.

While we caveat that we have made some simplifying assumptions — such as the approximation
that the radio spectrum at > GHz frequencies can be described by two power laws, and that AGN
contamination is negligible — our analysis demonstrates the powerful ability of SKA-Mid to trace
radio free-free emission well beyond Cosmic Noon, and into the epoch of reionization.
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