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5 Probing Cosmic Star Formation
With Radio Free-free Emission

Radio free-free emission is considered one of the most reliable tracers of star for-
mation in galaxies. However, as it constitutes the faintest part of the radio spec-
trum — being roughly an order of magnitude less luminous than radio synchrotron
emission at the GHz frequencies typically targeted in radio surveys — the usage
of free-free emission as a star formation rate tracer has mostly remained limited
to the local Universe. We here perform a multi-frequency radio stacking analy-
sis using deep Karl G. Jansky Very Large Array observations at 1.4, 3, 5, 10 and
34 GHz in the COSMOS and GOODS-North fields to probe free-free emission in
the typical galaxy population at the peak of cosmic star-formation. We find that
z ~ 0.5 — 2.5 star-forming galaxies exhibit radio emission at rest-frame frequen-
cies of ~ 60 — 80 GHz that is ~ 1.5 — 2x fainter than would be expected from
a simple combination of free-free and synchrotron emission, as in the prototyp-
ical starburst galaxy M82. We interpret this as a deficit in high-frequency syn-
chrotron emission, while the typical level of free-free emission is as expected from
M82. We additionally provide the first constraints on the cosmic star-formation
history using free-free emission at 0.5 < z < 2.5, and find a good agreement with
more established tracers at high redshift. In the future, deep multi-frequency ra-
dio surveys will be crucial in order to accurately determine the shape of the radio
spectrum of faint star-forming galaxies, and to further establish radio free-free
emission as a tracer of high-redshift star formation.

H. S. B. Algera, J. A. Hodge, D. A. Riechers et al.
The Astrophysical Journal, submitted (2021)
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5.1 Introduction

One of the major goals in extragalactic astronomy is to constrain the cosmic
star-formation rate density (SFRD). The SFRD is known to peak between
z ~ 1 — 3, and then declines rapidly towards the present (e.g., Madau
& Dickinson 2014; Bouwens et all 2020; LLeslie et all 2020; Zavala et al.
2021). However, beyond z > 3 star-formation rates have predominantly
been measured using rest-frame ultra-violet observations (Bouwens et al.
2020). Whilst a powerful tracer of star formation, UV-emission is easily
attenuated by dust, and may therefore miss an appreciable fraction of the
total star formation taking place in the early Universe (Casey et al. 2018).
In turn, uncertain dust corrections are typically adopted in order to con-
strain the earliest epochs of cosmic star formation (Bouwens et all 2009,
2014; Burgarella et al. 2013; Oesch et al/ 2013). Such complications may
be circumvented by instead using infrared observations, which probe dust-
reprocessed starlight, and as such constrain the fraction of star formation
that is dust-obscured (e.g., Kennicutt 1998). However, with most current
infrared facilities it is notoriously difficult to probe beyond the peak of cos-
mic star formation, due to the limited depth and resolution provided by
both ground- and space-based facilities (Hodge & da Cunha 2020). In re-
cent years, the highly sensitive Atacama Large Millimeter/submillimeter
Array (ALMA) has enabled progress out to higher redshift (Bouwens et al.
2020; Dudzevidiute et al. 2020; Gruppioni et al. 2020; Zavala et al| 2021),
although its limited field of view makes wide-area far-infrared surveys of
star-formation highly expensive.

At longer wavelengths, radio emission has provided a powerful tracer
of cosmic star-formation out to z ~ 5 (Novak et al. 2017; Leslie et al. 2020).
This relies on the tight correlation between the radio and far-infrared lumi-
nosities of star-forming galaxies, which has been established to hold across
awide range of galaxy types in the local Universe (Helou et al|1985; Condon
1992; Yun et al) 2001; Bell 2003). Low-frequency radio synchrotron emis-
sion in star-forming galaxies originates predominantly from the shocks pro-
duced by supernovae, and as such forms a delayed tracer of star forma-
tion activity (~ 30 — 100 Myr; Bressan et al/ 2002). However, both at low
and high redshift, the far-infrared/radio correlation remains an area of ac-
tive investigation, with various studies finding that it may be non-linear,
change with cosmic time, or depend on galaxy type or physical parame-
ters such as stellar mass (Ivison et al. 2010b; Sargent et al. 2010; Thom-
son et al! 2014; Basu et al. 2o15; Magnelli et al| 2015; Delhaize et al| 2017;
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Read et al. 2018; Algera et al| 2020a; Delvecchio et al| 2021; Molnar et al.
2021). In addition, active galactic nuclei (AGN) may similarly emit at radio
wavelengths, and can therefore further bias studies of radio star formation
(e.g., Molnar et al. 2018; Algera et al. 2020a). Combined with the presently
incomplete theoretical underpinning of the far-infrared/radio correlation,
the appropriate conversion between radio luminosity and star-formation
rate in the high-redshift Universe remains not fully understood.

However, the radio regime offers an additional tracer of star formation:
at high-frequencies (v > 30 GHz), free-free emission is thought to overtake
synchrotron radiation as the dominant mechanism generating radio emis-
sion (Condon 1992; Murphy et al. 2011; Tabatabaei et al| 2017; Querejeta
et al. 2019). Free-free emission originates directly from sites of massive
star formation (M = 5Mg) on short timescales (< 10 Myr), and its long
wavelength nature ensures it is mostly insensitive to obscuration by dust.
Therefore, free-free emission provides a direct and dust-unbiased tracer of
star formation that has been used to calibrate various local tracers (Murphy
et al. 2011, 2012). The clear next step, then, is to investigate this powerful
tracer in the early Universe.

Targeting free-free emission at high redshift, however, remains chal-
lenging with current radio facilities. Algera et al) (2021) recently presented
ablind survey of free-free emission in high-redshift galaxies, using a 34 GHz-
selected sample identified in deep observations from the Karl G. Jansky
Very Large Array (VLA) CO Luminosity Density at High redshift survey
(COLDz; Pavesi et al! 2018; Riechers et al. 2019, 2020), in combination
with multi-frequency ancillary data. Algera et all (2021) identified seven
star-forming galaxies in these observations with 34 GHz flux densities dom-
inated by a combination of free-free and synchrotron emission, and as such
provided the first blind constraints on free-free emission at high redshift.
While limited to a modest sample, they found a good agreement between
star-formation rates determined from free-free emission and those from
canonical tracers such as spectral energy distribution (SED) fitting and the
far-infrared/radio correlation.

With present facilities, it remains prohibitively expensive to expand the
study of free-free emission at high redshift to significantly larger galaxy
samples, and push beyond the bright star-forming population. As an exam-
ple, a galaxy with a star-formation rate of just I0Mgyr—tatz =1 (2 = 2)
is expected to have a 34 GHz flux density of S34 =~ 1.0 uJy (S34 ~ 0.3 udy),
which will remain out of reach for radio telescopes until the advent of the
next-generation VLA. However, through a multi-frequency stacking analy-
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sis, it is possible to already study the nature of high-frequency radio emis-
sion in normal star-forming galaxies. In this work, we adopt such stack-
ing techniques in combination with the deep radio observations available
across the Cosmic Evolution Survey (COSMOS; Scoville et al| 2007) and
the Great Observatories Origins Deep Survey North (GOODS-N; Giavalisco
et al. 2004) in order to provide the first constraints on the nature of free-
free emission in representative high-redshift galaxies.

In addition, a multi-frequency stacking analysis simultaneously allows
for constraints on the shape of the radio spectra of typical star-forming
galaxies. In recent years, a growing amount of evidence has suggested that
the radio spectrum of star-forming galaxies may be more complex than the
widely adopted combination of just power-law free-free and synchrotron
emission. Local Ultra-Luminous Infrared Galaxies (ULIRGs), for exam-
ple, typically show radio spectra that steepen towards higher frequencies
(Clemens et al. 2008; Leroy et al| 2011; Galvin et al. 2018). At high red-
shift, the radio spectra of the radio-bright population have similarly been
studied in detail, revealing relatively typical synchrotron-dominated spec-
tra at low frequencies (rest-frame < 5 GHz; [bar et al/2010; Thomson et al.
2014; Calistro Rivera et al| 2017; Algera et all 2020a). However, subse-
quent follow-up probing higher rest-frame frequencies in starburst galax-
ies (SFR > 100 M yr—!) indicate their radio spectra might show spectral
steepening similar to local ULIRGs (Thomson et al! 2019; Tisanic et al.
2019), which is most readily interpreted as a deficit of free-free emission,
or spectral ageing of the synchrotron component. Finally, a puzzling com-
ponent dubbed anomalous microwave emission has been observed in local
star-forming regions and galaxies (Murphy et al. 2015, 2020), occupying
a similar frequency range as free-free emission. Deep radio observations,
capable of probing rest-frame frequencies » > 10 GHz are crucial in order
to better understand what powers the high-frequency emission in galaxies.

The structure of this paper is as follows. In Section f.d, we introduce
the radio and ancillary data utilized in this work. In Section f.3, we detail
the stacking analysis and our modelling of the radio spectrum. We present
stacked radio spectra of the high-redshift galaxy population in Section k.4
and interpret our results in Section 5.5. Finally, we summarize our find-
ings in Section 5.6. Throughout this work, we assume a standard ACDM
cosmology, with Hy = 70kms ' Mpc™', Q,, = 0.30 and Q4 = 0.70 and
adopt a Chabrier (2003) initial mass function. The radio spectral index «
is further defined as S, < v*, where S, represents the flux density at fre-
quency v.
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5.2 Data

5.21 Radio Data

In this work, we combine various sensitive multi-frequency VLA observa-
tions across the COSMOS and GOODS-North fields. At the core of our anal-
ysis lie the COLDz 34 GHz continuum observations, which are described in
detail in Pavesi et al. (2018) and |Algera et al) (2021). These observations
combine a deep but small mosaic in the COSMOS field, and a shallower but
wider radio map in GOODS-N, following the traditional “wedding-cake”
design. Briefly, the data in the COSMOS field consist of a 7-pointing mo-
saic accounting for a total of 93 hr of on-source time across the VLA D
and DnC configurations. The central root-mean-square (RMS) noise in the
map is 1.3 uJybeam ™', and the mosaic covers a field of view of 9.6 arcmin?.
The GOODS-N field was observed for 122 hr on-source across the VLA D,
D—DnC, DnC and DnC—C configurations. The resulting 57-pointing mo-
saic spans an area of 51 arcmin?, with a typical RMS of 5.3 uJybeam .
In addition, a single deep pointing within the mosaic, designed to over-
lap with the NOEMA observations in Decarli et al) (2014), probes down to
3.2 uJybeam'. Both mosaics reach a typical resolution of 2 - 2/5, which
is large enough that most continuum detections remain unresolved (Algera
et al. 2021), allowing for the cleanest measurement of their flux densities.

Deep ancillary radio data are crucial in order to accurately constrain
the shape of the radio spectrum in star-forming galaxies. A full descrip-
tion of the available radio data across the COSMOS and GOODS-N fields
is given in Algera et al. (2021), which we summarize here. In the COS-
MOS field, we employ sensitive observations at 3 and 10 GHz from the
COSMOS-XS survey (Algera et al| 2020b; van der Vlugt et al. 2021), which
fully cover the COLD: footprint. These data reach a typical RMS sensitivity
0f 0.53 pJybeam ' and 0.41 pJybeam ' at 3 and 10 GHz, respectively, and
as such are a factor of ~ 10 x more sensitive toward radio synchrotron emis-
sion from star-forming galaxies than the COLDz observations, after a spec-
tral scaling with a typical « = —0.70 (Condon 1992). At both frequencies,
the COSMOS-XS observations attain a typical resolution of ~ 270, similar
to that of the 34 GHz data.

To constrain the low-frequency radio emission of the sources individ-
ually detected in the 34 GHz data across COSMOS, Algera et al. (2021)
adopted the 1.4 GHz observations from Schinnerer et al| (2007, 2010) which
reach a typical RMS of 12 uJybeam ™. However, in this work we utilize
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new, more sensitive VLA observations at 1.4 GHz covering the COSMOS-
XS and COLD: footprints as part of the COSMOS-XL survey (PI: Algera).
These observations will be fully described in a forthcoming publication (Al-
gera et al., in preparation), but we briefly summarize their key properties
here. The COSMOS field was observed in a single 1.4 GHz pointing for a
total of 26.5 hr in the VLA A-configuration, centered on R.A. 10M00™20.75,
Decl. +02°32'52"6. These observations were taken between 20 Oct 2019
and 24 Feb 2021 as part of VLA programs 19A-370 and 20A-370. The
data were calibrated using the standard VLA pipeline, and imaging was
performed in CASA 5.7.1 via tclean. We adopted a multi-frequency syn-
thesis algorithm with nterms = 2 to account for the large fractional band-
width, and used w-projection to account for the non-coplanarity of base-
lines. The data were Briggs-weighted with a robust parameter of 0.5. Prior
to the primary beam correction, the median RMS within 20% of the primary
beam sensitivity equals 1.8 uJybeam . As a result, these 1.4 GHz obser-
vations are roughly 7 times deeper than the existing VLA observations at
1.4 GHz across the COLD~z footprint. In addition, they are also roughly 7
times deeper than the 34 GHz data across COSMOS, assuming a standard
spectral index of & = —0.70 (Condon 1992).

The GOODS-N field similarly benefits from a wealth of ancillary radio
observations. We make use of the 1.4 GHz map from Owen (2018), which
reaches a typical RMS-noise of 2.2 uJybeam ™' in the pointing center, at
a resolution of 176. In addition, Gim et al. (2019) covered the GOODS-
N field with two VLA pointings at 5 GHz. Their data reach an RMS-noise
of 3.5 ubeeam_l, and attain a resolution of 1”5. Furthermore, Murphy
et al/ (2017) imaged the GOODS-N field at 10 GHz in a single VLA point-
ing, covering approximately 75% of the COLDz footprint. At their native
resolution of 0722, the 10 GHz observations reach an RMS-sensitivity of
0.57 pJybeam . However, in this work we make use of the tapered maps
provided by Murphy et al| (2017), in order to better match the resolution
of the other radio observations, and ensure that we accurately capture all
the flux of the (stacked) radio sources. The 10 GHz map tapered to 1” (2")
reaches a central RMS of 1.1 yuJybeam ™ (1.5 uJy beam ™). For our analy-
sis, we adopt the 10 GHz map with a 2” taper to better match the resolution
of the ancillary radio maps.

The archival radio data in GOODS-N are of a higher relative sensitivity
than the 34 GHz map, when scaled with a fixed spectral index of « = —0.70.
At 1.4 GHz, the Owen (2018) radio map is roughly 20x deeper, while at 5
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and 10 GHz, the radio images from Gim et al/ (2019) and Murphy et al.
(2017) are, respectively 6x and 8 x more sensitive. As such, we expect to
be limited by the signal-to-noise at 34 GHz in our analysis. Nevertheless,
the COLD~z continuum data provide crucial high-frequency constraints on
the radio spectra of star-forming galaxies, and form the foundation of this
work.

At the typical resolution of our radio data of 1”5 — 2”0, we do not ex-
pect to resolve (stacks of) star-forming galaxies, which are typically sub-
arcsecond in size in the pJy regime (Murphy et al| 2017; Bondi et al. 2018;
Cotton et al/2018; Jiménez-Andrade et al. 2019, 2021). In addition, galax-
ies are expected to become increasingly compact towards higher radio fre-
quencies, which form the focus of this work (Murphy et al) 2017; Thomson
et al{ 2019). In turn, we do not expect to resolve out any emission when
measuring radio flux densities, allowing for unbiased spectral index mea-
surements. However, the resolution of our radio data is additionally high
enough that any effects of source blending are negligible.

5.2.2 Optical/FIR Data

We employ deep optical and infrared observations across the COSMOS and
GOODS-N fields, to serve as prior positional information for our stacking
analysis. In the COSMOS field, we make use of the 27 "Y JH K-selected
COSMOS2015 catalog from Laigle et al| (2016), which compiles data span-
ning ultra-violet to far-infrared wavelengths. Laigle et al. (2016) addition-
ally use the SED-fitting code LePhare (Ilbert et al|2009) to determine pho-
tometric redshifts, stellar masses and star-formation rates for all entries in
the catalog. In total, 1158 galaxies from COSMOS2015 fall within 20% of
the COLDz/COSMOS primary beam sensitivity.

In order to derive useful and unbiased constraints on the radio prop-
erties of star-forming galaxies via a stacking analysis, it is necessary to as-
sess the completeness of the input sample. The mass-completeness of the
COSMOS2015 catalog is assessed by Laigle et al| (2016), who estimate the
catalog to be 90% complete above stellar masses of 10?,10%® and 10'° M,
outtoz < 1.3,z <23and z < 4.0, respectively.l

Across the GOODS-North field, we employ the photometry compiled
in the 3D-HST catalog (Brammer et al. 2012; Skelton et al. 2014)). Source
detection for 3D-HST was performed in a combined F125+F140W+F160W

'"These completeness limits were determined for the UltraVISTA “ultra-deep” stripes,
with which the COLDz observations overlap in their entirety.
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image, with additional photometry being performed in 22 filters spanning
the U—band to Spitzer/IRAC CH4. These observations are further extended
by Momcheva et all (2016), who determine the redshift for all 3D-HST
entries by combining broadband photometry with HST/GRISM spectro-
scopic observations. In addition, Momcheva et al. (2016) determine dust-
corrected star-formation rates by including information from Spitzer/MIPS
24 uym observations. The mass-completeness of the 3D-HST catalog has
been assessed by [Tal et al| (2014). They determine the catalog to be roughly
90% complete above stellar masses of 109 M, 10%° M, and 10'%5 M, out
toz < 1.8,z < 25and z < 3.5, respectively. In total, 14,313 galaxies in-
cluded in the 3D-HST catalog fall within the footprint of the COLDz/GOODS-
N observations, within 20% of the peak primary beam sensitivity.

5.3 Methods

531 Radio Stacking

In this work we employ a stacking analysis in order to investigate the shape
of the radio spectrum of typical star-forming galaxies between observed-
frame 1.4 — 34 GHz. To this end, we create small cutouts of 51 x 51 pixels
(25”5 x 25”5 at 34 GHz) around galaxy positions identified in optical/near-
IR imaging within the various radio maps, and co-add them together to
gain a census of their average radio emission. As star-forming sources are
expected to be faint at high radio frequencies, a large number of sources are
required to be averaged together in order to obtain a clear detection even in
the stacks. This, in turn, requires co-adding sources across a relatively wide
range in redshift. In this work, we therefore stack in luminosity as opposed
to flux density, in order to fairly combine sources across different cosmic
epochs. For a source at redshift z, with a flux density S, at observed-frame
frequency v, we probe a luminosity of

_ 4AnDp(2)?
T 142
where v/ = v(1 + z). However, to ensure we probe the same rest-frame
frequency for all sources in a given redshift bin, we scale the flux density
to probe 7/ = v(1 + %), where Z is the median redshift in the bin, prior to
stacking. Since this rest-frame frequency is probed at an observed-frame
frequency of v(1 + z)/(1 + z) for a source at redshift z, and S, « v?, this
implies that

LV’ Su y (51)



5.3 Methods 213

Ly =

v

—\ 1+«
4Dy (z)? (1 + z) S, | (5.2)

142 142

As such, an assumption on the spectral index must be made a priori.
However, given that there are by definition an equal number of sources
in the redshift bin with z > 7z as there are with z < Zz, any uncertainty
induced as a result of this spectral scaling tends to be small. In addition,
with the typical « = —0.70 we assume (Condon 1992), the exponent 1+« in
Equation 5.2 constitutes only a relatively shallow power, further minimiz-
ing any uncertainty induced by the luminosity-stacking. We have verified
that adopting any reasonable value of o between —0.30 and —1.10 does not
change the corresponding stacked luminosity density within more than a
few per cent.

In this work we adopt both a median and a mean-stacking analysis, for
different purposes. We review the advantages and disadvantages of either
method in Appendix F.A|, and briefly summarize our choice here. In Sec-
tion k.4, we set out to determine the typical radio spectrum of individually
undetected star-forming galaxies. In this case, we adopt a median stacking
analysis, in order to obtain a radio spectrum that is representative of the
underlying galaxy population, and less susceptible to contamination from
AGN.

One caveat that applies when adopting the median, however, is that
its interpretation is complicated in the presence of noise. In particular, as
shown by White et al. (2007), the stacked median tends to be “boosted”
with respect to the true sample median when the noise in the radio maps
used for stacking is similar to, or exceeds, the typical flux density of the
underlying galaxy population (which a priori is unknown). We investigate
the effect of median boosting by testing our stacking routine on realistically
generated mock sources in Appendix 5.4, and calculate the deboosting fac-
tors required to accurately compare stacked flux densities. These correc-
tion factors are typically largest at low signal-to-noise (S/N), and may reach
up to fhoost = 2 for (simulated) low-mass galaxies at 34 GHz. Throughout
this work, all quoted stacked flux densities and spectral luminosities are
corrected for the effects of median boosting, unless explicitly stated other-
wise.

In Section f.5, we seek to place constraints on the cosmic star-formation
history through free-free emission. In this case, we adopt a mean stacking
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analysis, as we are not interested in the median star-formation rate of indi-
vidual galaxies, but instead in the total amount of star-formation occurring
in a given redshift slice. This total simply constitutes the product of the
number of sources being stacked and their mean-stacked star-formation
rate. A further advantage of the mean is that, compared to the median, it
is straightforward to interpret, and is robust in the presence of noise, i.e.,
it does not require any deboosting corrections. However, in contrast, AGN
contamination is more likely to affect the mean stacks. As such, we remove
sources identified as likely radio AGN from the stacks in Section f.4.

In our mean stacking approach, we need to ensure that the background
level in the stacks is not significantly affected by bright neighboring galax-
ies. As such, we treat individually detected radio sources separately from
the undetected population and stack in the residual radio images, from
which all bright radio sources have been removed (following, e.g., Mag-
nelli et al| 2015). These residual maps were created using PyBDSF (Mohan
& Rafferty 2015), usin§ the appropriate detection threshold to match that
of the parent catalogs.? The radio-detected sources are added in a posteri-
ori, via

Ng
Nundet X <L1/,undet> + Ei:it Lz/,det,i

(5-3)
N, undet T N, det

<L,,/> =
Here Nget (NVundet) is the number of detected (undetected) radio sources
used in the stacking, L, ypget the stacked luminosity of the undetected sources
at an average frequency v/, and L,/ g ; the luminosity of the M individually
detected galaxy, at the same frequency »’. We ensure the same rest-frame
frequency v/ is probed for the stack and the detections — namely the afore-
mentioned v/ = v(1 + Z), where z represents the median redshift across
the detected and undetected sources combined — by adopting o = —0.70
and scaling L, accordingly. The error on the combined luminosity (L,)
incorporates both the error on the stacked luminosity, and the uncertainty
on the individually detected sources.
We perform photometry on the stacks using PyBDSF, following Algera
et al. (2020a), which fits a 2D Gaussian to any significant emission in the
center of the stack. We pass an estimate of both the background mean and
RMS in the stacked cutout by simultaneously stacking random locations

%As an example, source detection in the 34 GHz radio maps was performed with a 3o
peak threshold (Algera et al) 2021), while the 3 and 10 GHz images in COSMOS used a 50
threshold (Algera et al! 2o20b).
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within the radio images, which are mostly devoid of sources. Unless stated
otherwise, we employ a 30 detection threshold for the stacks. If no de-
tection is found at this significance, a 30 upper limit is adopted instead.
When applying the median boosting corrections (Appendix f.A), we also
propagate the spread of the recovered mock source fluxes into the error
on the true deboosted flux densities. This effectively takes into account
variation among the input sample into the final uncertainty, with the key
benefit that we do not explicitly need to perform a bootstrap analysis on the
real stacks: as bootstrapping by construction involves duplicating sources
within the input distribution, the error in the bootstrapped stack increases
with respect to the original sample.E As our stacked luminosities typically
have modest significance (S/N ~ 3—5), bootstrapping results in both an in-
creased number of non-detections and a larger median boosting correction,
and as such constitutes a suboptimal approach in the low-S/N regime. We
emphasize that this procedure requires the distribution of mock sources to
match the true galaxy distribution with a high accuracy, which we ensure
to be the case in Appendix .4l

5.3.2 Radio Spectral Decomposition

The radio spectrum of star-forming galaxies is frequently modelled as the
sum of two power-law processes: synchrotron and free-free emission (e.g.,
Condon 1992). The former has a power-law slope with a typical value of
ant = —0.85 (Niklas et all 1997; Murphy et al. 2012), though observa-
tions of high-redshift sources indicate substantial scatter (o,,, = 0.3 —0.5,
Smolci¢ et al,| 2017b; Calistro Rivera et al. 2017). Free-free emission, on the
other hand, has a well-known and nearly flat spectral index of agg = —0.10
(Condon 1992; Murphy et al| 2011). The radio spectrum can therefore be
written as

v QNT v —0.1
SV = <1 - szE) SV() <VO> + flEgSVO <VO> ) (54)

where the thermal fraction flfg represents the relative contribution of free-
free emission to the total radio emission at observed-frame frequency v
(e.g., Tabatabaei et al) 2017). In turn, the radio spectrum can be fully char-
acterized by three parameters: fg)‘, ant and an overall normalization S,,.

3For a large number of sources N, the RMS noise in the bootstrapped stack is larger
than that in the original stack by a factor of /2.
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We adopt vy = 1.4/(1 + z) GHz in this work, in order to directly probe
rest-frame 1.4 GHz where the thermal fraction is typically defined (Con-
don 1992; Tabatabaei et al| 2017). We run a Monte Carlo Markov Chain
(MCMC) fitting routine to determine these parameters, as well as accu-
rate uncertainties. We adopt flat priors on fy, and S,,, and allow unphys-
ical negative values in order to assess whether a thermal component is
preferred by the fitting. We further adopt a Gaussian prior on aynt cen-
tered on a mean value of ;4 = —0.85, with a spread of & = 0.30. This
spread is smaller than the 0 = 0.50 adopted by Algera et all (2021), as
they model the radio spectra of individual sources, whereas in this work
we consider only stacked radio spectra. For a stacked sample of sources,
the average synchrotron slope is expected to regress towards the typical
value of ant &~ —0.85, justifying the assumption of a narrower prior. For
further details on the spectral fitting routine, we refer the reader to Algera
et al! (2021).

Throughout this work, we compare our results with a simple but widely
used model for the radio spectrum, namely that of prototypical starburst
galaxy M82. MS82 has a star-formation rate of SFR ~ 10 — 20 My yr—*
(Forster Schreiber et al. 2003), which is similar to the typical SFRs of the
galaxy population analyzed in this work (Section k.5.1). The radio spec-
trum of M82 can be well described by a combination of free-free and syn-
chrotron emission (Condon 1992), and as such forms the natural compar-
ison to our high-redshift galaxy sample. We will in the following refer to
an “M82-like” model for the radio spectrum as having a thermal fraction
of fu(1.4GHz) = 0.1 (Condon 1992), and a synchrotron spectral index of
ant = —0.85 (Niklas et all 1997; Murphy et al! 2012). While more com-
plex forms of the radio spectrum — in particular in very luminous starburst
galaxies — have been observed (e.g., Galvin et al.2018), the M82-like model
remains the most commonly assumed shape of the radio spectrum in the
absence of wide multi-frequency radio coverage (e.g., Delhaize et al| 2017;
Murphy et all 2017; Tabatabaei et al. 2017; Klein et al. 2018; Penney et al.
2020; Algera et al. 2021).

5.4 Results

5.41 The Typical Radio Spectrum of Radio-selected Galaxies

Historically, radio surveys have predominantly been undertaken at low fre-
quencies, where sources tend to be brighter and the field of view is large.
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Figure 5.1: Left: The stacked radio spectrum for 53 (29) galaxies selected at 3 GHz (10 GHz)
in COSMOS, spanning observed-frame 1.4 — 34 GHz (rest-frame 2.7 — 75 GHz). Compared
to the M82 model for the radio spectrum normalized at 3 GHz (black line; the grey lines
represent synchrotron and free-free emission), the luminosity densities steepen by a factor of
~ 1.5 —2x at v ~ 70 GHz. At this frequency, the radio luminosity density is consistent with
being solely due to free-free emission. Right: The same radio spectrum as in the left panel,
now with the M82-like free-free component subtracted. The upper limits at observed-frame
34 GHz are 20, and arise because the radio luminosity remaining after subtraction of the free-
free spectrum is consistent with zero within 1o. The solid black line represents a steepened
synchrotron spectrum, with a putative spectral break placed at rest-frame v, = 15 GHz.

As aresult, the nature of the high-frequency radio spectrum of distant star-
forming galaxies remains poorly constrained. In order to assess the typ-
ical shape of the high-frequency radio spectrum of radio-selected galax-
ies, we employ a median stacking analysis on the 3- and 10 GHz positions
of faint star-forming galaxies detected in the COSMOS-XS survey. The
3 GHz selected sample, which is based on slightly deeper data, comprises
53 sources, while the 10 GHz selected stack includes 29 galaxies (which are
all individually detected at 3 GHz). The galaxies span a redshift range of
0.3 < z < 3.6, although the 3 GHz selected sample lies at a slightly higher
redshift of Z &~ 1.2 compared to the median redshift of Z ~ 1.0 for the
10 GHz selected sample.? the median stellar mass of both samples equals
M, = 10'°5 M. Prior to stacking, radio AGN were explicitly removed
from both samples. These AGN were identified by Algera et al| (2020b)
as sources that are offset by more than 2.50 from the high-redshift far-
infrared/radio correlation from Delhaize et al. (2017). While radio-quiet
AGN are as such not explicitly removed from this sample, these tend to
show radio emission similar to the star-forming population (Delvecchio

*A single galaxy at » = 5.3 was excluded, as due its high-redshift nature the 34 GHz
observations are likely probing dust emission; see Algera et al. (2021).
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et al. 2017; Algera et al) 2020a,b). Additionally, the fraction of radio-quiet
AGN decreases strongly towards faint radio flux densities (Smoléi¢ et al.
2017a; Algera et al. 2020b), thereby making it unlikely that such AGN sig-
nificantly bias our analysis.

The median stacked radio spectra are shown in the left panel of Fig-
ure f.1. We further compare these spectra to an M82-like radio spectrum,
which we normalize to our highest S/N measurement at 3 GHz. This there-
fore allows for a direct comparison of the observed high-frequency radio
emission with the typically assumed shape for the radio SED.

The 10 GHz and 3 GHz selected samples show little variation in their
average stacked spectra: in both cases the 3 — 10 GHz spectral index is
in agreement with the value expected from the M82-like SED. At higher-
frequencies, however, the stacked 10 — 34 GHz spectral index appears to
steepen in comparison to this model radio spectrum. At the rest-frame
frequencies probed by the 34 GHz observations, the model radio spectrum
overpredicts the stacked luminosity density by a factor of 1.97 2 and 1.3705
for the 3 GHz and 10 GHz selected samples, respectively. As a result, a sim-
ple extrapolation of an M82-like SED may not be valid for radio-detected
high-redshift star-forming galaxies beyond +/ =~ 20 GHz, and the typical
radio spectrum may instead steepen by a typical factor of ~ 1.7705 out to
V' = 70 GHz. At this frequency, the remaining radio luminosity is consis-
tent with being solely due to radio free-free emission, indicative of a deficit
in high-frequency synchrotron emission. This, in turn, may be due to spec-
tral steepening of the synchrotron spectrum.

If we suppose that the free-free component is well described by the M82
model normalized at 3 GHz, we may subtract it from the measured radio
luminosities in order to highlight the remaining synchrotron contribution.
Assuming that the synchrotron emission steepens by Aa = —0.5 beyond
a break frequency 14, as in the standard synchrotron ageing model (Kar-
dashev 1962), we require that v, < 20 GHz in order to match the observed
radio luminosities at observed-frame 34 GHz. While we cannot currently
fit the radio spectrum with a break due to insufficient sampling of the radio
SED, a putative spectral break at 15 GHz constitutes a natural explanation
for the high-frequency flux deficit (Figure F.1; right panel). We discuss this
possibility further in Section f.5.2.

5.4.2 Free-free Emission in Optically-selected Galaxies

We next set out to constrain the average radio spectrum of representative
star-forming galaxies, which are typically not individually detected even
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Figure 5.2: Median-stacked radio spectra (left) and stacked cutouts (51 x 51 pixels; right
in the COSMOS field, for the three different mass-complete bins highlighted in Tableh).
The blue and red shaded regions in the radio spectra show the 1o confidence intervals on
the fitted free-free and synchrotron emission, respectively. The black line and grey shading
comprises the total fitted emission, and the hatched blue region represents the predicted free-
free luminosity given the typical SFR derived from the optical/infrared data for the galaxies.
The purple hatched region represents the best fit to the stacked radio spectrum in GOODS-
N (Figure p.3), and is shown to allow direct visual comparison of the fields. In the stacks,
contours are shown at the £2, £3 and £50 levels, where o is the RMS in the stack. Negative
contours are indicated via dashed lines, and the color scale runs from —3c to +30. High-
frequency radio emission at 34 GHz is detected in two out of three bins, at a significance of
3.50 and 3.90.

in deep radio observations. In COSMOS, we adopt prior galaxy positions
from the COSMOS2015 catalog and remove all galaxies within 0”9 that are
identified as radio AGN in the COSMOS-XS survey (Algera et al| 2020b).
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Table 5.1: Mass-complete bins constructed from the COSM0S2015 and 3D-HST catalogs.

Bin 21 29 z > log M, <]0g M*> Ncos Ngn

M-low 0.5 1.3 0.92 9.0 9.5 122 440 (638)
M-med 0.7 2.3 136 9.5 9.9 113 360 (546)
M-high 0.7 2.5 1.38 10.0 10.3 57 157 (245)

Note. — (1) Bin identifier; (2), (3), (4) Lower, upper and median redshift
of the bin, combining both fields; (5), (6) Minimum and median stellar
mass; (7), (8) Number of sources in the bin in COSMOS and GOODS-N
(combining the 10 & 34 GHz areas; Ngy within the full COLD?~ field of view
is included in parentheses).

We additionally ensure the remaining galaxies are star-forming based on
their position in the NUV — r, » — J color-color diagram, following [lbert
et al. (2013).

In the GOODS-N field, we adopt prior positions from the 3D-HST cat-
alog. We limit ourselves to the area where the 10 GHz observations from
Murphy et al. (2017) and the COLDz 34 GHz continuum data overlap, and
perform the stacking analysis at four frequencies (1.4, 5, 10 and 34 GHz).
For the majority of the radio-detected population in GOODS-N, however,
there is no available information on whether the radio emission is likely
originating from star-formation or from an AGN. In order to still exclude
radio AGN, we adopt the results from the COSMOS-XS survey (Algera et al.
2020b). They find that, at S3 ~ 30 udJy, the radio population consists
of > 90% star-forming galaxies, which corresponds to a flux density at
1.4 GHz of S; 4 =~ 50 uJy given « = —0.70. In order to minimize any bias
arising from AGN contamination, we therefore exclude all 3D-HST detec-
tions with a radio counterpart from Owenl (2018) in excess of S; 4 = 50 uJy
from our stacking analysis. Given that we are employing a median stack-
ing analysis, any residual contamination from AGN is unlikely to signif-
icantly affect our results. We additionally ensure the remaining galaxies
are star-forming based on their position in the UVJ-diagram (e.g., Williams
et al/|2009), adopting the rest-frame magnitudes provided by Skelton et al.
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Figure 5.3: Similar to Figure E now showing the median-stacked radio spectra (left) and
stacked cutouts (right) in mass-complete bins across the GOODS-N field. We detect stacked
34 GHz continuum emission in two out of three bins, at a significance of 3.00 and 3.80.

(2014).

We subsequently divide the galaxies into three wide, mass-complete
redshift bins, removing all sources for which the cutout does not fully lie
within the COLDz footprint. The low (> 10° M), medium (> 10°° M)
and high-mass (> 10'° M) bins (henceforth referred to as M —low, M-
med and M -high, respectively) extend to the maximum redshift where both
the COSMOS2015 and 3D-HST catalogs are complete. This, in turn, allows
for a direct comparison of the results across both fields in Section k.5. The
precise binning we adopt and the number of sources per bin are given in
Tablek.1. We note that the bins partially overlap in redshift, and are there-
fore not fully independent of one another. However, in order to obtain a
stacked high-frequency detection at sufficient S/N, adopting wide bins is
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essential.

We show the median stacked cutouts and the corresponding multi-fre-
quency radio spectra for the COSMOS and GOODS-N fields in Figures f.3
and f.3, respectively. In COSMOS, we detect the stacked 34 GHz contin-
uum emission at 3.90 and 3.50 significance in bins /M -med and M-high,
respectively, while for bin M -low we can only place a 30 upper limit. In the
GOODS-N field, we detect stacked 34 GHz emission at 3.0c and 3.8¢ signif-
icance in bins M-med and M -high, respectively, while similarly no signifi-
cant emission is detected in M-low. The stacked luminosities in COSMOS
and GOODS-N, as well as the adopted deboosting factors, are presented
in Table 5.3 in the Appendix. The values for both fields are in good agree-
ment, verifying that similar galaxy populations are probed in COSMOS and
GOODS-N.

We additionally show the free-free luminosity expected from star for-
mation in Figures .9 and 5.3, and compare this to the stacked luminosity
density at 34 GHz. We adopt the star-formation rates derived from spec-
tral energy distribution fitting of optical/infrared (OIR) data from the COS-
MOS2015 and 3D-HST catalogs by Laigle et al| (2016) and Momcheva et al.
(2016), respectively, which account for a potential contribution from dust-
obscured star formation via deep Spitzer/MIPS 24 mum observations. We
subsequently convert the OIR SFRs to an expected free-free luminosity via
the conversion from Murphy et al. (2012), adapted for a Chabrier (2003)

IMF. We then calculate the OIR-predicted thermal fraction as ftﬁ’fed (34 GHz)
= (LSFR) /L35, that is, as the ratio of the expected free-free luminosity and
the observed 34 GHz luminosity. Following this procedure, we predict OIR

thermal fractions of fglred ~ 1.275% for the two COSMOS bins in which we

detect 34-GHz emission, and can further place a lower limit of ft%red >0.7
for the lower-mass bin.5

In the GOODS-N field, we predict thermal fractions of f2"*¢ = 1.0+34
and ft%red = 0.8793 for bins M-med and M-high, respectively. As such,
based on a comparison with the optical-infrared star formation rates, we
expect the observed luminosity at 34 GHz to be dominated by free-free
emission. We discuss this further in Section .5.1, where we analyze the
two fields jointly.

5While in practice the thermal fraction evidently cannot exceed unity, we here quote the
formal errors on the OIR predicted value which combines the uncertainty on (L34) and the
spread on the OIR SFRs.
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Figure 5.4: Synchrotron spectral index versus thermal fraction at observed-frame 34 GHz for
the COSMOS (circles) and GOODS-N (squares) median stacks. Points are colored by their
median stellar mass, and the 34 GHz thermal fraction and synchrotron slope for an M82-like
radio spectrum at z = 1 is indicated via the yellow star. The shaded contours represent the
1o (dark) and 20 (light) confidence intervals on the spectral parameters, which are somewhat
degenerate at this low S/N. In case of a non-detection at 34 GHz, we place an upper limit
on the thermal fraction at the median ant comprising 84% of the sampled values for fi,
(equivalent to a 1o upper limit). The recovered thermal fractions are a factor of ~ 1.5 — 2
lower than predicted from an M82-like radio spectrum.

5.5 Discussion

5.51 Radio Star-formation Rates

In the previous Sections, we sampled the radio spectrum of star-forming
galaxies in COSMOS and GOODS-N through a multi-frequency stacking
technique. We now jointly analyze the results across these fields, and in-
vestigate the nature of synchrotron and free-free emission in faint star-
forming galaxies.

At rest-frame frequencies v > 30 GHz, radio free-free emission is ex-
pected to dominate the radio spectrum (e.g., Condon 1992; Klein et al.
2018). To test this, we decompose the stacked multi-frequency radio spec-
tra in COSMOS and GOODS-N into their synchrotron and free-free com-
ponents, using the fitting routine outlined in Section §.3. The decomposed
radio spectra are shown in Figures [.2 and f.3, and the resulting fitted
synchrotron spectral indices ant and thermal fractions fy, are shown in
Figure f.4 and additionally tabulated in Table f.3. At typical rest-frame
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frequencies of v/ =~ 60 — 80 GHz, we recover relatively low thermal frac-
tions of fy, ~ 0.2 — 0.5. For comparison, a simple extrapolation of the
M82 radio SED predicts a thermal fraction of f;, ~ 0.7 in this frequency
regime, while the OIR predicted thermal fractions imply even larger values
of fi, = 0.8—1. Accordingly, the fitted thermal fractions appear to be a fac-
tor of ~ 1.5 — 2 lower than expected. In addition, in four out of the six bins,
the thermal fraction at 34 GHz is consistent with zero within 1o. In these
bins, the combined fit to the radio spectrum is in turn primarily composed
of the power-law synchrotron component.

We proceed by determining synchrotron and free-free star-formation
rates from the stacked radio luminosities. In each of the mass-complete
bins, we have a clear stacked detection at 1.4 and 3 or 5 GHz. We adopt the
corresponding spectral index ail,)'/45 in order to calculate the K-corrected lu-
minosity density at rest-frame 1.4 GHz, which is the conventional normal-
ization frequency of the far-infrared/radio correlation. We then adopt the
recent mass-dependent parameterization of the far-infrared/radio corre-
lation from Delvecchio et al. (2021) to calculate radio star formation rates,
which we compare with the OIR SFRs in the left panel of Figure f.5. The
COSMOS and GOODS-N galaxy samples span a similar range of star for-
mation rates, ranging from SFR ~ 3 — 30 M, yr—! in the low and high mass
bins, respectively. The synchrotron SFRs correlate well with the optical-
IR SFRs, supporting the robustness of our stacking analysis. However, we
find the synchrotron SFRs to be slightly lower than the optical SFRs by
an average of —0.13 dex (scatter of 0.08 dex). This may be related to the
uncertain nature of far-infrared/radio correlation in low-mass galaxies at
high redshift, as these are typically not individually detected even in deep
radio imaging. Nevertheless, the offset in SFRs falls within the typical scat-
ter of the local far-infrared/radio correlation of 0.17 — 0.26 dex (Bell 2003;
Molnér et al. 2021), and as such, we conclude that the radio and optical-IR
SFRs are in reasonable agreement.

We additionally present the free-free star-formation rates, adopting the
fitted thermal fractions (Figure k.5; left panel). As expected from the low
thermal fractions, the free-free SFRs tend to be significantly lower than the
optical-infrared SFRs, although the individual uncertainties on the former
are large. We discuss this apparent deficit of high-frequency radio emis-
sion in Section f.5.2. However, it is interesting to additionally consider the
free-free star formation rates we would infer when assuming a simple de-
fault value for the thermal fraction, as one may do when no multi-frequency
radio data are available for a spectral decomposition. Upon adopting an
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M82-like starburst model (f;;, ~ 0.7) we find good agreement between the
synchrotron and free-free star-formation rates (Figure f.5; right panel).
This, in turn, indicates that the true thermal fraction exceeds the values
derived from the spectral decomposition.

While free-free and synchrotron emission trace star formation on dif-
ferent timescales, our stacking analysis ensures we average across the star-
formation histories of our galaxy sample. In turn, we can assume the free-
free and synchrotron star-formation rates equal one another, and use this
to determine the thermal fraction via SFRgrpg (fih, = 1) = fin X< SFRy46Hz-
A linear fit through the SFRs in Figure f.5 (right panel) results in a ther-
mal fraction of fy, = 0.84753% at observed-frame 34 GHz. This is consis-
tent with the expected thermal fraction from an M82-like radio spectrum
at z = 1, which predicts fy, ~ 0.70 at observed-frame 34 GHz. While we
probe slightly different rest-frame frequencies across the bins (Table k.1),
the variation in the thermal fraction of an M82-like SED between z = 0.9
and z = 1.4 — the typical redshift of bins M-low and M-high — is only
A fi =~ 0.04, well within the errors of our fitted thermal fraction.

While our fitting routine prefers relatively low thermal fractions at 34 GHz,
resulting in low free-free SFRs, the above analysis indicates that a typical
thermal fraction of f3, = 0.7 — 1.0 produces SFRs that are in better agree-
ment with SFRs derived from synchrotron emission and optical-infrared
SED-fitting. We discuss this finding in detail in the following Section.

5.5.2 A Lack of High-frequency Emission

In Section F.4.1 we identify a deficit of high-frequency radio emission in
the typical spectrum of radio-selected galaxies with respect to M82, and in
Section f.5.] we similarly find that the typical thermal fractions of mostly
radio-undetected star-forming galaxies range between fy;, ~ 0.2 — 0.5 at
34 GHz. At this frequency, we probe a typical rest-frame frequency of v/ ~
60 — 80 GHz, where a simple extrapolation of the M82 radio SED predicts
typical thermal fractions of f, ~ 0.7. Upon adopting the fitted thermal
fractions, we determine free-free star-formation rates that are systemati-
cally lower than estimated from more established tracers, and also lower
than the predicted thermal fractions based on optical-infrared SFRs (Sec-
tion F.4.9). However, instead adopting a canonical M82-like value for the
thermal fraction ensures the various SFRs are in agreement. This apparent
lack of high-frequency radio emission can arise in two possible ways. It is
possible that the faint, star-forming population may be deficient in high-
frequency free-free emission. Alternatively, this population may lack high-
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Figure 5.5: Left: Comparison of the radio-based star-formation rates and those from SED-
fitting in the COSMOS (circles) and GOODS-N (squares) fields. The grey shading indicates
the scatter about the local far-infrared/radio correlation from Bell (2003). While the syn-
chrotron star-formation rates are in reasonable agreement with the optical-IR SFRs, the
free-free SFRs are significantly lower when the fitted thermal fractions are adopted. Right:
Comparison of the radio and free-free star-formation rates when an M82-like SED (thermal
fraction of fin(34 GHz) = 0.7) is assumed. Given this thermal fraction, the radio-based SFRs
are in excellent agreement.

frequency synchrotron emission, which is indicative of a more complex ra-
dio spectrum than the canonical M82 starburst model. In what follows, we
discuss both of these possibilities.

A Lack of Free-Free Emission

First, we discuss our findings in light of a deficit of high-frequency free-
free emission. The simplest explanation of such a deficit requires a non-

negligible optical depth of free-free emission, 7', at the frequencies probed.

» 'y

However, given the strong frequency dependence of 7FF o« v =21, free-free
emission is certainly optically thin at observed-frame 34 GHz. Alterna-
tively, the low radio frequencies could be affected by free-free absorption.
In this regime, the radio spectrum is dominated by synchrotron emission,
and hence any significant free-free absorption should give rise to shallower
synchrotron spectra. This, in turn, may cause the high-frequency radio
spectrum, where free-free absorption does not play a role, to be steeper
relative to the low frequencies where the optical depth is not negligible,
throwing off the spectral fitting.

This interpretation, however, appears unlikely as we find typical syn-
chrotron slopes (ant ~ —0.85) for our stacks, while any free-free absorp-
tion should flatten this value. In addition, optical depth effects are gen-
erally limited to » <« 1 GHz for modestly star-forming galaxies (Condon
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1992), as probed in this work. Even for brighter star-forming galaxies, such
as the local (U)LIRGs studied by Murphy (2013), the typical frequency at
which the spectrum turns over is v ~ 1GHz. In addition, bright z ~ 2
submillimeter-detected starbursts show typical radio spectra of o ~ —0.80
between observed-frame frequencies of 610 MHz — 1.4 GHz (roughly prob-
ing rest-frame 2 — 5 GHz; [bar et al. 2010; Thomson et al. 2014); Algera
et al. 20204), and hence do not show any evidence for spectral flattening
due to free-free absorption. Using sensitive 150 MHz observations of high-
redshift starbursts, Ramasawmy et al. (2021) further find that free-free ab-
sorption is typically limited to rest-frame frequencies v < 1 GHz. Given
that we probe more modestly star-forming galaxies in this work (SFR, , g1, ~
3 — 30 My yr— ') at rest-frame frequencies v > 2GHz, we conclude that
free-free absorption is unlikely to significantly affect the frequencies sam-
pled in this work, and as such the low-frequency radio spectra should be
well-described by a combination of power-law free-free and synchrotron
emission.

The low fitted thermal fractions could alternatively point towards a syn-
chrotron excess in galaxies. For example, Murphy (2013) determine a typ-
ical thermal fraction of fi,(1.4 GHz) ~ 0.05 for a sample of 311local ULIRGs,
which is lower than the canonical M82-like value. They interpret this through
dynamical effects, whereby merging systems form synchrotron bridges be-
tween the individual galaxies (see also Condon et al. 1993). While not re-
ducing a galaxy’s free-free luminosity, such a synchrotron excess naturally
results in lower thermal fractions. However, while the local ULIRG popu-
lation tends to be dominated by merging systems (e.g., Armus et al| 1987),
less than 10% of galaxies on the > < 2 star-formation main-sequence (Brinch-
mann et al. 2004; Noeske et al. 2007) appear to be major mergers (e.g.,
Lopez-Sanjuan et all 2009; Ventou et all 2017; Cibinel et al/ 2019). In ad-
dition, a comparison of synchrotron star-formation rates with those from
SED-fitting (Section f.5.1) does not show any evidence for a synchrotron
excess. As such, we disfavor the scenario whereby the low thermal frac-
tions are the result of an excess in synchrotron emission.

Alternatively, a deficit of free-free emission may arise when Lyman con-
tinuum photons are absorbed by dust still within the star-forming regions
(Inoue et al| 2001; Dopita et al] 2003), or instead when a significant frac-
tion of ionizing photons leaks out of the regions (see also Querejeta et al.
2019). However, in local modestly star-forming galaxies, free-free emis-
sion is observed to correlate well with dust-corrected SFRs from Ha and
24 ym emission (Tabatabaei et al. 2017). At high redshift, Murphy et al.
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(2017) determine typical thermal fractions based on 1.4 — 10 GHz spec-
tral indices that are consistent with the expected level of free-free emission
from an M82-like radio spectrum. Similarly, Algera et al, (2021) determine
free-free star-formation rates for a 34 GHz selected sample that are in good
agreement with those from synchrotron emission and SED-fitting. More-
over, while free-free emission is only affected by dust attenuation within
HII-regions, SFR tracers using ionized gas at shorter wavelengths, such as
the Balmer lines, should be affected by dust attenuation throughout the en-
tire galaxy. However, with the possible exception of highly dust-obscured
starbursts (Chen et al 2020), the Balmer lines have been shown to agree
both with panchromatic SFRs derived via SED-fitting (Shivaei et al! 2016)
and SFRs from radio synchrotron emission (Duncan et al. 2020) at z ~ 2.
Given that free-free emission is less affected by dust than Ha, it seems un-
likely that high-redshift galaxies with modest star-formation rates exhibit
a systematic deficit of free-free emission.

A Lack of Synchrotron Emission

The observed lack of high-frequency emission may instead be due to a deficit
of synchrotron emission at 34 GHz. This is supported by the fact that in all
stacks the observed-frame 34 GHz luminosities are in good agreement with
the free-free luminosities predicted based on optical-infrared star forma-
tion rates. This, therefore, is indicative of a large thermal contribution,
and hence a lack of synchrotron emission. A high-frequency deficit of syn-
chrotron emission is most readily interpreted as synchrotron ageing: high-
energy cosmic rays, which emit predominantly at high frequencies, are the
first to radiate their energy via synchrotron emission. Such synchrotron
cooling has been invoked to explain steep synchrotron spectra in local spi-
ral galaxies (Tabatabaei et al|2017), as well as spectral steepening in bright
starbursts, both locally (e.g., Colbert et al 1994); Clemens et al| 2008) and
at high redshift (Thomson et al. 2019).

As this work investigates the radio spectra of faint star-forming galax-
ies, we are limited by both the signal-to-noise ratio at high-frequencies, and
by the sampling of the radio SED at four distinct frequencies across both
the COSMOS and GOODS-N fields. This, in turn, makes it difficult to fit a
more complex prescription of the radio spectrum to the available photom-
etry. However, we may improve the sampling of our spectra by combin-
ing the available radio data across COSMOS and GOODS-N. Given that we
adopt identical mass-complete bins in both fields, we expect to trace the
same underlying galaxy population. This is additionally supported by the
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Figure 5.6: Stacked radio spectra, combining the photometry across the COSMOS and
GOODS-N fields (Figures E and E) to sample the radio spectrum at five distinct frequen-
cies. This additional constraint enables fitting the combined spectrum (grey) with a model of
free-free emission (blue) and synchrotron emission including a break (red). In contrast to the
fits that do not incorporate a break, we now find that the observed-frame 34 GHz luminosity

is likely dominated by free-free emission.
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Figure 5.7: A quantitative test of synchrotron ageing in the radio spectra of typical high-redshift
star-forming galaxies. a) Posterior distributions of the break frequency v} in bins M-med and M-
high, obtained after explicitly including a spectral break in the fitting. The combined posterior is
shown through the solid black line, while the prior is shown through the grey rectangle. The solid
and dashed vertical lines indicate the median and 16 — 84t™" percentiles from the combined posterior,
respectively. High break frequencies 14, 2 15 GHz are favored by the fitting routine. b) The 34 GHz
thermal fraction as a function of v, for an M82-like spectrum at z = 1, given a 1.4 GHz thermal
fraction of 10% (as in M82; red line) and 5% (as in m ; blue line). The shaded blue region
shows the expected thermal fraction based on the stacked synchrotron SFRs. A 5% thermal fraction at
1.4 GHz requires the existence of a low-frequency break (v, < 20 GHz) in order to match the measured
ftn(34 GHz). This, however, is disfavored by the posterior in panel a). c) & d) lllustration of the
biases induced when fitting complex spectra with a simple model. The recovered thermal fractions
(c) and synchrotron spectral indices (d), obtained from fitting simulated radio spectra, are shown as
a function of break frequency. The colored points indicate the median recovered value among the
simulations, given an input thermal fraction at rest-frame 1.4 GHz, and the 16-84 percentile spread.
The grey bands indicate the observed range of 34 GHz thermal fractions and synchrotron slopes when
fitting the combined COSMOS and GOODS-N stacks with our model in Equation E A break in
the radio spectrum is plausible when the observed and simulated spread among both fi, and ayT are
similar, though the latter parameter does not provide meaningful constraints. A combination of either
fn(1.4GHz) = 0.05 and v, 2 30 GHz or fi,(1.4 GHz) = 0.10 and 15 GHz < v, < 25 GHz provides a
reasonable match between simulations and observations. Upon combining the constraints across the
four panels, we qualitatively infer that the radio spectrum of star-forming galaxies can be characterized
by a typical thermal fraction (fiy(1.4 GHz) ~ 0.10) and a spectral break at v, ~ 15 — 25 GHz.
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measured radio luminosities across both fields, which are in good agree-
ment. In what follows, we combine the spectra shown in Figures 5.2 and
by averaging the radio luminosities at 1.4 and 34 GHz across both fields.
We additionally adopt the available 3 and 10 GHz radio luminosities from
the COSMOS field, and the stacked 5 GHz luminosity in GOODS-N.B As
such, combining the two fields amalgamates radio continuum data across
five frequencies within 1.4 - 34 GHz.

We first re-fit the combined radio spectra with our simple model of
free-free and synchrotron emission (Equation 5.4). In the two bins with
a stacked detection at 34 GHz, M-med and M-high, we determine ther-
mal fractions of fy,(34 GHz) = 0.26 7022 and 0.44 7022, respectively. These
values are consistent with the thermal fractions determined for the COS-
MOS and GOODS-N fields individually, and are hence lower than expected
from an M82-like spectrum. However, as the combined spectra span five
frequencies, we can attempt to fit a more complex model to the available
photometry, incorporating spectral ageing. We adopt the standard syn-
chrotron ageing model whereby the non-thermal spectral index steepens
to ant — 0.5 beyond a break frequency v, (Kardashev 1962). We note that
this model is a simplification, and assumes the galaxy star-formation his-
tories may be characterized by a single burst of star formation. However,
more complicated continuous star-formation histories induce similar spec-
tral behavior (Thomson et al. 2019; Algera et al| 2020a). The resulting
functional form of the radio spectrum may be written as

Sa -1 (5)™ w2 (2) "] v
Sy = ant—0.5 “0.1 (5.5)
Sy | (1= ) (£)™°7 4 i (2) } v

where the various parameters have the same meaning as in Equation k.4,
and v, > 1 is assumed. The modest S/N of our high-frequency data does
not allow us to freely vary all parameters in the fitting. In what follows,
we therefore adopt a fixed axt = —0.85. As before, we assume a flat prior
on the thermal fraction and overall normalization, and in addition we now
adopt a flat prior on the break frequency of v, € [3,60] GHz. This range
was adopted to constrain the break frequency within the typical range of
rest-frame frequencies sampled by our stacks at z ~ 0.8 — 1.5. We show

5By not including the 10 GHz data in GOODS-N, we are able to stack in the full 34 GHz
footprint, thereby improving our high-frequency S/N.
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the radio stacks combining the COSMOS and GOODS-N fields and their de-
composition into free-free and (steepened) synchrotron emission in Figure
5.6,

In the bins with a stacked 34 GHz detection, M-med and M-high, we
find typical break frequencies of, respectively, v, = 3571 GHz and v}, =
35717 GHz. In addition, we recover thermal fractions of fy,(1.4GHz) =
0.09+0.03 and fy,(1.4 GHz) = 0.0710 53 for the two bins, in agreement with
the canonically assumed thermal fraction of M82. However, given that we
place a flat prior on the break frequency, we would expect that when the
break does not significantly affect the fitting, we recover our prior distri-
bution, and hence a fitted spectral break around the average frequency of
vy ~ 30 GHz. To investigate whether this is indeed the case, we show the
individual and combined posterior distributions on the break frequency in
bins M-med and M-high in the upper panel of Figure f.7. A break at low
frequencies (v, < 15GHz) is disfavored, while at higher frequencies the
posterior distribution is flat, indicating a wide range of plausible break fre-
quencies. As such, while we cannot precisely determine the location of a
spectral break, we may conclude that if a break exists, it is likely to arise at
a frequency v, = 15 GHz.

Next, we turn to our constraints on the 34 GHz thermal fraction based
on a comparison of synchrotron and free-free star-formation rates. Under
the assumption that the free-free and synchrotron SFRs are identical, we
determined a thermal fraction of fy,(34 GHz) = 0.8410-3 (Section .5.1).
We compare this value with the expected high-frequency thermal fraction
as a function of break frequency in panel b) of Figure f.7. For an M82-like
radio spectrum at z = 1 with f, = 0.10 at 1.4 GHz, we expect a 34 GHz ther-
mal fraction consistent with the predicted value for any given frequency of a
spectral break. However, for a low thermal fraction of fy,(1.4 GHz) = 0.05,
a break frequency at v, < 20 GHz is required to match the predicted high-
frequency thermal fraction. This constraint is therefore rather orthogonal
to the constraints on v, from the posterior distributions in Figure 5.7a.

Finally, we investigate whether the existence of a spectral break can in-
deed result in low thermal fractions when unaccounted for in the fitting. To
this end, we simulate the radio spectra of faint star-forming sources with
a spectral break at frequency v,. We then fit the resulting simulated radio
spectrum with a simple combination of free-free and synchrotron emission,
as in Equation .4 This model by construction cannot capture any spectral
ageing, and as such simulates how any complexities in the radio spectra of
star-forming galaxies might leave their imprint when modelled by our sim-
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ple fitting routine. For the radio spectra we adopt an M82-like model, but
with a synchrotron component that steepens beyond 14, and fix the S/N
at 34 GHz to be similar to what is observed in our stacks (S/N ~ 3 — 5).
Using this model for the radio spectrum, we further sample the fluxes of
the simulated spectra at 1.4, 3, 5 and 10 GHz, and vary all fluxes within
their corresponding uncertainties. We subsequently fit the simulated ra-
dio fluxes with our simple model a total of 400 times each for a range of
assumed break frequencies spanning v, = 5 — 45 GHz.

We show the recovered thermal fractions and synchrotron spectral in-
dices as a function of break frequency for the simulated sources in panels
¢) and d) of Figure §.74. We can naturally reproduce our low recovered ther-
mal fractions by using an M82-like radio SED without any spectral break,
provided that the input thermal fraction is low (fy, ~ 0.05 at 1.4 GHz). In
this case, a thermal fraction of fy, ~ 0.50 at 34 GHz is expected. How-
ever, as is evident from panel b), this underestimates the predicted thermal
fractions based on a comparison of the stacked free-free and synchrotron
SFRs. Instead, a larger thermal fraction at rest-frame 1.4 GHz, in combi-
nation with a spectral break, can similarly give rise to modest fitted ther-
mal fractions, while the true thermal fraction is significantly higher. In-
deed, these simulations indicate that a likely value for the thermal frac-
tion is fiy (1.4 GHz) > 0.05, with a combination of fy,(1.4 GHz) = 0.10 and
vy = 15 — 25 GHz being able to explain the observed spectral parameters.

Summarizing, we have tested whether the presence of a break in the
synchrotron spectrum can plausibly explain the low fitted thermal frac-
tions. Directly constraining the location of the spectral break via fitting
a more complex radio spectrum to the available photometry indicates v, 2
15GHz. A comparison of the synchrotron and free-free SFRs points to-
wards either a low thermal fraction and a low-frequency spectral break,
or an overall high thermal fraction. Simulations that involve fitting radio
spectra with a break using a model that does not account for spectral ageing
indicates a high thermal fraction and a break at v, ~ 15 — 25 GHz. Upon
combining these constraints, we qualitatively conclude that the radio spec-
trum of typical star-forming galaxies may be described with a typical low-
frequency thermal fraction (fy, = 0.10), and a spectral break at moderately
high-frequencies (1, ~ 15— 25 GHz). If indeed the result of spectral ageing,
such a break reflects a population of older, cooled cosmic ray electrons and
hence provides a rough proxy of a galaxy’s recent star formation history
(e.g., Thomson et al. 2019).
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However, we caution that while this interpretation qualitatively explains
the observed deficit of high-frequency radio emission, at present we can-
not test it in detail. Instead, testing this hypothesis will require an in-
creased sampling of the radio SED at high frequencies, in particular around
observed-frame 20 GHz, allowing for more complex models for the radio
spectrum to be fit to the data. At present, such analyses have remained lim-
ited to relatively nearby starburst galaxies (e.g., Galvin et al. 2018). How-
ever, extending such studies to higher redshifts will be crucial in order to
establish free-free emission as an SFR indicator in the early Universe.

5.5.3 The Cosmic Star-formation History

In Section f.4.9, we detect multi-frequency radio continuum emission in
star-forming galaxies in COSMOS and GOODS-N, based on a median stack-
ing analysis. We now perform a mean stacking analysis in order to mea-
sure the average radio luminosity of star-forming galaxies at 34 GHz, and in
turn compute their corresponding average star-formation rate. Given that
we are stacking on mass-complete galaxy samples within a known cosmic
volume, we can directly constrain the cosmic star-formation rate density
with free-free emission.

However, as we discussed in Section f.5.2, the fitted thermal fractions
may be underestimated if synchrotron ageing affects the radio spectrum,
which in turn results in underestimated cosmic star-formation rates. As
such, in what follows, we calculate star-formation rates in three different
ways, assuming either 1) the fitted thermal fractions combining the COS-
MOS and GOODS-N fields from Section f.5.2; 2) a fixed thermal fraction
of unity or; 3) the thermal fraction obtained from comparing the free-free
and synchrotron SFRs in Section f.5.1. In the first case, we are likely un-
derestimating the true cosmic SFRD, while the measurements from case
three are not fully independent of the synchrotron-derived cosmic SFRD.
In turn, the most direct and unbiased constraints on the SFRD from ra-
dio free-free emission are provided by case two, which constitute an upper
limit on the total rate of cosmic star formation.

We first perform a mean stacking analysis to obtain the average radio
luminosity at 34 GHz, using the same mass-complete bins as originally de-
fined in Table .1. Note that we adopt the full COLDz footprint in GOODS-
N, as in Section f.5.2. We combine the cutouts around sources in both
COSMOS and GOODS-N into a single cube of Ncos + Ngn sources, and
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Figure 5.8: Mean stacks at 34 GHz for the mass-complete bins combining the COSMOS and
GOODS-N fields. Only the central 21 x 21 pixels are shown for clarity, and the contours
represent 20 to 4o in steps of 0.50. Continuum emission in the stacks is detected at 2.9

and 4.20 in the medium and high-mass bins, while no significant in M-low is observed at the
2.50 level.
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Figure 5.9: Constraints on the cosmic star-formation history from free-free emission. A ther-
mal fraction of fun(34 GHz) = 0.84102% is adopted, as determined through a comparison of
synchrotron and free-free SFRs (Section ) Upper limits assuming a thermal fraction of
unity are additionally shown via grey arrows. The horizontal errorbars show the interquartile
ranges for the corresponding redshift bins. The canonical Madau & Dickinson (2014) cosmic
SFRD is shown through the grey curve, and various radio-based studies, using non-thermal
synchrotron emission as a star-formation tracer, are additionally overplotted. Similar to this
work, Karim et al} (R011) and Leslie et al) (2020) utilize a radio stacking analysis at low fre-
quencies (1.4 and 3 GHz, respectively), while Novak et al] (2017) use radio-detected sources.
Our constraints are in good agreement with those from commonly adopted star-formation

tracers at high redshift, and show that radio free-free emission can be used to constrain
cosmic star-formation.
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take a simple unweighted mean across the entire sample.? The resulting
stacks are shown in Figure f.8. As the two fields have a slightly differ-
ent beam, we do not fit the stacked emission with a 2D Gaussian as we
did when median stacking, but simply extract the peak luminosity den-
sity within a radius of one pixel (0”5) from the center of the stack. In the
medium and high-mass bins, we detect mean-stacked 34 GHz emission at a
significance of 2.90 and 4.20, respectively, while in the low-mass bin we do
not detect significant continuum emission and instead adopt a 2.5¢ upper
limit. We subsequently add in the galaxies individually detected at 34 GHz
via Equation f.4. Out of the seven star-forming galaxies detected in the
COLD: observations by Algera et al| (2021), only the two COSMOS sources
need to be added in a posteriori, as the five galaxies in GOODS-N were
conservatively excluded based on their 1.4 GHz luminosities in excess of
S1.4 2 50 udy, where AGN contamination may become important (Section
.4.9). We then determine an upper limit on the mean 34 GHz luminosity
of L3y < 1.2 x 102! WHz ! in M-low, and measure stacked luminosities of
L3y = (444 1.5) x 102 WHz ' and L3y = (10.7 £2.5) x 102) WHz " in
bins M-med and M-high, respectively.

Given the fitted or fixed thermal fractions, we subsequently calculate
free-free star-formation rates. The cosmic star-formation rate density SFRD
is then determined via

SFRD(Z) = C(M,) x (SFR) x Nk X V(2)71, (5.6)

where (SFR) is the average free-free star-formation rate, N, is the num-
ber of sources used for stacking, combining detections and non-detections,
V (z) is the total cosmic volume probed by the 34 GHz mosaic spanning the
full redshift range of the bin, and C'(}/,) is a numerical factor that corrects
for the fact that some star-formation occurs below the stellar masses where
we assume to be complete. In order to determine this correction, we adopt
the stellar mass functions for active galaxies from Davidzon et al. (2017),
and assume a linear relation between stellar mass and star-formation rate,
as is appropriate for low-mass (M < 10'%° M) galaxies on the star for-
mation main-sequence (Speagle et al 2014; Schreiber et al. 2015; Leslie
et al. 2020). The correction factor equals C' ~ 1.05 and C' ~ 1.37 for mass
completeness limits of 10° M, and 10'° M, respectively, when integrat-
ing the stellar mass function down to 10° M, (following Karim et al. 2011).

7We note that the COSMOS and GOODS-N radio maps have the same pixel scale of 0”'5,
such that the stacks may easily be co-added.
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We note that, while the stellar mass function does evolve with redshift, the
characteristic mass and low-mass slope for star-forming galaxies do not
vary significantly within the redshift range probed in this work (Davidzon
et al. 2017). As a result, the correction factor C'(M,) is mostly independent
of redshift.

We plot our free-free constraints on the cosmic star-formation history
in Figure.d. For each bin, we show both the SFRD given a thermal fraction
of fun(34 GHz) = 0.847)%3 (case 3) and an upper limit when a value of unity
is assumed (case 2). We additionally provide the numerical values for the
SFRD when assuming the fitted thermal fractions in Table f.d.

When adopting the fixed case 3) thermal fraction, our cosmic star for-
mation rates obtained via free-free emission are in good agreement with
the canonical SFRD from Madau & Dickinson (2014). This is consistent
with the fact that the SFRD derived from low-frequency radio observations
similarly agrees with the Madau & Dickinson (2014) relation (Novak et al.
2017; Leslie et al) 2020; see also below). In addition, adopting a thermal
fraction of unity places robust upper limits on the SFRD which are fully
consistent with the Madau & Dickinson (2014)) constraints. As expected,
adopting the fitted thermal fractions (case 1) provides cosmic SFRs that
are consistently biased low compared to the canonical SFRD, further high-
lighting that a thermal fraction of fi;,(34 GHz) ~ 0.8 is a good assumption
for star-forming galaxies at z ~ 1.

We caution that the normalization of the star formation main-sequence
increases with redshift (e.g., Speagle et al. 2014)), and in turn varies across
our relatively wide redshift bins. Since we adopt a luminosity stacking tech-
nique, the stacks are therefore weighted towards the on average more lumi-
nous high-redshift population within each bin. As a result, the luminosity-
weighted mean redshift within the bins exceeds the median redshift of the
sample shown in Figure .g. Qualitatively, if the luminosity-weighted red-
shift is adopted instead, the agreement between the SFRD from free-free
emission and the Madau & Dickinson (2014) relation improves further, as
the typical redshift probed now more closely approaches the peak of cosmic
star-formation at z ~ 2.

We finally compare our constraints with radio-based studies of cos-
mic star-formation, which use low-frequency radio synchrotron emission.
Both Karim et al. (2011) and Leslie et al| (2020) utilize stacking analyses in
the COSMOS field, at 1.4 GHz and 3 GHz, respectively, while Novak et al.
(2017) consider individually detected radio sources. These radio-based
studies may hint towards a slight excess in the SFRD compared to Madau
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Table 5.2: Constraints on the cosmic star-formation rate density from free-free emission

Bin log [SFRD(funobs)]  10g[SFRD(fi, = 1)]  log [SFRD( fy, = 0.8410:33)]

[Moyr—'Mpe™®]  [Moyr ' Mpe?] [Mg yr~' Mpe ]
M-low — < -1.11 < —1.20
M-med < —1.26 ~1.027%11 ~1.10%013
M-high ~1.341021 —0.9679:99 ~1.041018

Note. — (1) Bin matches that in Table 5.1; (2) cosmic star-formation rate density
when the fitted thermal fraction is used. When the thermal fraction is consistent with
zero a 1o upper limit on fy, is used; (3) cosmic SFRD when a thermal fraction of unity
is assumed; (4) cosmic SFRD when the thermal fraction predicted from synchrotron
SFRs is used (Section F.5.1).

& Dickinson (2014) at z > 2.5, although the uncertain conversion from
radio synchrotron emission into star-formation rates at high redshift com-
plicates such interpretations. While free-free emission does not require
adopting such a conversion, at present it remains difficult to probe beyond
the peak of cosmic star-formation even via stacking analyses. In the future,
radio observations at lower frequencies (for example at 10 GHz, probing
v 2 30GHz at z = 2) may provide better constraints in this high redshift
regime, owing to the increased source brightness and larger field of view.
Such observations may subsequently be used to distinguish between a cos-
mic star-formation rate that follows the high-redshift decline of the Madau
& Dickinson (2014)) relation, or remains relatively flat, as might be expected
if the current high-redshift UV- and optical-based constraints underesti-
mate dust corrections (e.g., Casey et al. 2018, but see also the constraints
on the SFRD from Bouwens et al. 2020 and Zavala et al) 2021).

5.6 Conclusions

We have performed a multi-frequency radio stacking analysis using deep
VLA observations across the well-studied COSMOS and GOODS-N fields in
order to investigate the shape of the radio spectrum of faint star-forming
galaxies. The deep 34 GHz observations from the COLDz survey form the
foundation of this work, and are augmented by deep archival data at 1.4, 3,
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5, and 10 GHz. We construct three mass-complete bins from near-infrared
selected galaxy catalogs across COSMOS and GOODS-N, and remove sources
that are unlikely to be star-forming based on their optical/near-IR colors
and radio emission. We stack at the known positions of the star-forming
galaxies at all available frequencies, and decompose the resulting radio
spectra into free-free and synchrotron components.

We detect stacked 34 GHz emission in the medium (> 10°° M) and
high-mass (> 10'° M) bins, and place upper limits on the radio luminosity
in the low-mass bin (> 10° M,; Figures f.d and f.9). Surprisingly, the fit-
ted fractional contribution of free-free emission to the total radio emission
at 34 GHz — the thermal fraction — is a factor of ~ 1.5—2 lower compared to
the canonically assumed model for the radio SED (M82-like; Figure F.4).
However, in all cases the stacked 34 GHz luminosities are consistent with
the predicted radio luminosity from free-free emission, when assuming the
the star formation rates derived from optical-infrared data for the galaxies
in the parent catalogs. This points towards a deficit in synchrotron emis-
sion at high frequencies (rest-frame 60 — 80 GHz), while the contribution
from free-free emission is as expected. Accordingly, this implies a high
thermal fraction of f;, ~ 0.8 in this frequency range.

Such a synchrotron deficit can plausibly be the result of synchrotron
ageing of high-energy cosmic rays. Upon combining the radio continuum
data across COSMOS and GOODS-N, we fit a more complex model to the
radio spectrum including a spectral break. While a precise break frequency
can not be robustly ascertained, a break at rest-frame » > 15GHz is fa-
vored. We supplement this analysis with realistic simulations of mock ra-
dio spectra, and verify that a spectral break at a rest-frame frequency of
vp ~ 15—25 GHz, in combination with a typical thermal fraction of fy, (1.4 GHz)
= 0.10, can explain the observed high-frequency deficit (Figure .7).

Finally, we perform a mean stacking analysis at 34 GHz, which allows
us to constrain the cosmic star-formation rate density with free-free emis-
sionat 0.5 < z < 2.5 We find good agreement between the constraints from
high-frequency radio emission with canonical star-formation rate tracers,
including radio synchrotron emission (Figure .g). This, in turn, demon-
strates that free-free emission can reliably be used as a tracer of star for-
mation in the early Universe.

Our current analysis remains limited by the 34 GHz observations, which
cover a relatively small area on the sky. In addition, the individual stacks
are of modest signal-to-noise, which complicates the spectral decompo-
sition, and hence the determination of thermal fractions and subsequent
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free-free star-formation rates. Finally, the radio spectra of normal star-
forming galaxies may be more complicated than is typically assumed, such
that an improved sampling of the radio SED through matched depth multi-
frequency observations is required to make further progress. Future radio
telescopes, such as the Square Kilometre Array Phase-1 (SKA-1), and in
particular the next-generation VLA (ngVLA), will allow for more robust
measurements of high-frequency radio emission in distant star-forming
galaxies, and will provide more stringent constraints on cosmic star for-
mation through free-free emission (e.g., Murphy et al. 2015; Barger et al.
2018).
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Appendix

5.A Stacking

Stacking is the art of co-adding small cutouts around a priori known galaxy
positions in order to obtain a census of their typical emission at a differ-
ent wavelength. Median stacking is often favored over mean stacking in
the literature, as it reduces any biases from outliers, and is more repre-
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sentative of the (radio-)undetected population (e.g., Condon et al. 2013
show the mean tends to be skewed towards sources close to the detection
threshold). As a result, the median stacked spectrum is not dominated by a
few bright, strongly star-forming galaxies, which may show relatively com-
plex radio spectra (Tisani¢ et al. 2019; Thomson et al. 2019). In addition,
a median stacking analysis renders one less susceptible to contamination
from radio AGN , which constitute a minority of the population at faint
radio fluxes (Smolci¢ et al. 2017a; Algera et al. 2020b). A further advan-
tage is that, when adopting the median and stacking in luminosity as op-
posed to flux density, the resulting stacks typically have higher signal-to-
noise ratios compared to when the mean is adopted. This is due to the
luminosity distance, by which the stacks are multiplied (Equation f.2), be-
ing a strongly increasing function of redshift. In turn, the RMS noise of
stacks in units of luminosity density at high redshift is larger than that of
the low-redshift population. A simple mean stacking analysis up-weights
these noisy stacks, while a noise-weighted mean approach instead down-
weights the high-redshift population. Finally, a median stacking analysis
allows one to treat individually detected sources and non-detections homo-
geneously by stacking them together, whereas a mean stacking technique
requires additional care to be taken when dealing with bright outliers or
neighboring galaxies.

However, one caveat that applies when using the median is typically not
addressed: White et al. (2007) show that, given a set of point-source flux
densities S; in an image with local RMS-noise o;, the stacked median S,k
does not necessarily represent the true sample median Siyue. In particular,
when S; < oy, the stacked median tends towards the true sample mean,
i.e., Sstack — Strue- In the opposite scenario, where S; > ¢;, the stacked
median tends towards the true sample median S, — Sirue. In practice,
the typical flux density of the sources is likely to be similar to the RMS,
i.e., S; ~ oy: if the sources are much brighter, stacking is likely unneces-
sary, while if the sources are substantially fainter, a significant number of
galaxies is required to get a stacked detection.B This, in turn, implies that
the stacked median will probe a value somewhere between the true median
and true mean, complicating its interpretation. For a typical distribution
of flux densities the mean will exceed the median. As a result, when per-
forming a stacking analysis, the median is “boosted” compared to the true

8For example, if the median flux density is just 0.10;, this requires ~ 10% sources to be
stacked for a detection at S/N ~ 3, assuming that the noise decreases as 1/v/N. In the
stacking analysis in this work, a sample of a ~ 60 — 600 galaxies is typical (Table F.1).
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sample median. The mean does not suffer from this difficulty, and needs
not be deboosted, but is instead subject to the previously mentioned draw-
backs.

What truly complicates this picture, however, is that the extent to which
the median is boosted depends on the typical ratio S;/o;. While the (lo-
cal) noise properties of the image, o;, are known, the typical flux densi-
ties .S; of course are not — otherwise, one would not be stacking! Nev-
ertheless, correcting for median boosting is particularly important in the
multi-frequency stacking analysis we perform in this work: radio sources
typically are fainter at higher rest-frame frequencies, and the radio maps
used for stacking are of varying depths. As a result, the level of boosting
is dependent on the properties of the individual radio images, and hence
stacked flux densities cannot directly be compared, as they do not trace
the quantity we would like to compare, Sirue. What is needed, then, is an
estimate of the boosting factor fioest = Sstack/Strues Which can be used to
correct stacked flux densities back to the true sample median.

In order to estimate the boosting factor, we perform a stacking analy-
sis on simulated sources, for which the true sample median and mean are
known a priori. Since the level of median boosting depends on the quan-
tity S; /oy, it is crucial that the distribution of flux densities .S; be realistic.
For that reason, we generate mock sources by assigning radio flux densi-
ties to galaxies in the COSMOS2015 or 3D-HST catalogs. For each set of
mass-complete bins in the COSMOS and the GOODS-N field, we randomly
draw the redshift z and stellar mass M, for a large number of galaxies
within the corresponding catalogs. We then adopt the main-sequence from
Schreiber et al. (2015) to assign these mock galaxies a star-formation rate,
and include a realistic scatter of 0.25 dex. We subsequently convert these
star-formation rates to radio luminosities L 4 at rest-frame 1.4 GHz via the
far-infrared/radio correlation from Bell (2003), including their measured
scatter of 0.26 dex about the correlation. We then randomly draw radio
spectral indices from a normal distribution with a mean of —0.70 and a
scatter of 0.30, and use these to calculate the flux densities of each of the
mock sources. We assign these to unresolved mock sources which are sub-
sequently inserted into the residual radio maps at randomly selected posi-
tions, using a Gaussian beam matching the resolution and position angle of
the restoring clean beam. We opt for inserting mock sources into the resid-
ual images as to ensure we are not artificially approaching the confusion
limit, but are still including realistic noise properties in our analysis. We
further include small offsets in RA and Dec, normally distributed around
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Figure 5.10: Median boosting as a function of S/N for stacks of simulated sources drawn from
the bins defined in Table b.1. Points are colored by their stellar mass — at fixed redshift, lower
mass galaxies are typically fainter, and hence will show a greater level of median boosting.
The correction factor is around unity at 1.4, 3 and 10 GHz, but reaches fpoost = 1.9 (0 = 0.5)
for the low-mass bin at 34 GHz. All median-stacked flux densities presented in this work are
corrected for boosting.

zero, with a scatter of (30, between the true and catalogued mock sources
positions, in order to capture realistic spatial offsets between sources. Fi-
nally, we stack the mock sources, and compare their input and output me-
dian luminosity densities. The ratio of these two quantities then defines
the boosting factor, which is used to correct the luminosities probed in the
real stacks.

As an example, we show the level of boosting for the COSMOS2015 cat-
alog (Section f.4.9) in Figure 5.1d. The correction factor is typically around
unity at high-S/N, and may in fact be slightly lower than one when the
peak flux underestimates the true flux density of the stacked mock sources.
However, for low-mass galaxies at 34 GHz, which on average have lower
star-formation than their high-mass counterparts and hence a lower typi-
cal S;/o;, the boosting correction may reach up to fiost = 2. All median-
stacked flux densities and spectral luminosities presented in this work are
corrected for boosting, based on realistic simulations such as the COSMOS
one presented here. The boosting factors for the stacks in Figures f.9 and
k.4 are additionally reported in Table f.3. The uncertainty on the stacked
luminosities further includes the spread across the recovered boosting cor-
rections.
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5.8 The COSMOS z = 5.3 Protocluster

The COLDz COSMOS observations were designed to overlap with a promi-
nent z = 5.3 protocluster, of which AZTEC.3 is the brightest member (Ca-
pak et al| 2011; Riechers et al| 2014). While this source is individually
detected in the COLD:z observations, an additional 17 protocluster mem-
bers remain undetected at 34 GHz yet are observed in Lyman-« emission in
VLT/MUSE spectroscopy (Guaita et al., in preparation). We median stack
on all members at 1.4, 3, 10 and 34 GHz — in flux density as opposed to
luminosity, as all sources lie at the same approximate redshift. However,
we find no detection in the stacks at any frequency, and can therefore only
place upper limits on the typical high-frequency continuum emission from
the protocluster galaxies. At 10 and 34 GHz, respectively, we place 30 up-
per limits of S1o < 0.46 pJybeam ™' and S34 < 1.7 uJybeam ™.

The 10 GHz stack probes a rest-frame frequency of v/ ~ 63GHz at z =
5.3. As such, it directly places constraints on the typical level of free-free
emission in the protocluster members. The upper limit for the flux den-
sity at 10 GHz translates into a limit on the luminosity density of L, <
2.2 x 1022 W Hz L. Given a thermal fraction of f, (/) = 0.70, as is expected
at this rest-frame frequency for an M82-like SED (Condon 1992), we deter-
mine an upper limit of SFR < 100 M, yr~! for the protocluster members.
This is consistent with the findings from Capak et al. (2015), who determine
typical star-formation rates of ~ 40 M, yr~! for a subset of the protocluster
members used for stacking in this work, based on their combined UV and
far-infrared emission. While the 34 GHz data are a factor of ~ 3 — 4x less
sensitive than the 10 GHz stack, we may expect thermal emission from dust
to become important at these frequencies (v ~ 210 GHz). Indeed, Algera
et al| (2021) find that the 34 GHz continuum emission observed for AzZTEC-
3 is likely dominated by a combination of dust emission and the CO(2-1)
emission line. To estimate the expected contribution from dust emission
at 34 GHz for the protocluster members, we assume a star-formation rate
of SFR = 100 M, yr—! and a grey body with 3 = 1.8 and T},; = 35 K for the
dust SED (e.g., Casey et al. 2014). Given that the assumed star-formation
rate is an upper limit, this translates into an upper limit on the 34 GHz flux
density due to dust of SEt < 1.0 pJybeam !, which is consistent with our
stacked upper limit of S5, = 1.7 uJybeam ™!, under the assumption that
dust contributes > 50% of the emission at rest-frame v/ > 200 GHz.
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