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Free-free  Emission in  High-
redshift Star-forming Galaxies

The high-frequency radio sky has historically remained largely unexplored due
to the typical faintness of sources in this regime, and the modest survey speed
compared to observations at lower frequencies. However, high-frequency radio
surveys offer an invaluable tracer of high-redshift star-formation, as they directly
target the faint radio free-free emission. We present deep continuum observations
at 34 GHz in the COSMOS and GOODS-North fields from the Karl G. Jansky Very
Large Array (VLA), as part of the COLDz survey. The deep COSMOS mosaic spans
~ 10arcmin® down to o = 1.3 uJybeam ™', while the wider GOODS-N observa-
tions cover ~ 50 arcmin® to o = 5.3 uJybeam . We detect a total of 18 galaxies at
34 GHz, of which nine show radio emission consistent with being powered by star-
formation, although for two sources this is likely due to thermal emission from
dust. Utilizing deep ancillary radio data at 1.4, 3, 5 and 10 GHz, we decompose the
spectra of the remaining seven star-forming galaxies into their synchrotron and
thermal free-free components, and find typical thermal fractions and synchrotron
spectral indices comparable to those observed in local star-forming galaxies. We
further determine free-free star-formation rates (SFRs), and show that these are
in agreement with SFRs from SED-fitting and the far-infrared/radio correlation.
Our observations place strong constraints on the high-frequency radio emission in
typical galaxies at high-redshift, and provide some of the first insight in what is set
to become a key area of study with future radio facilities as the Square Kilometer
Array Phase 1 and next-generation VLA.

H. S. B. Algera, J. A. Hodge, D. A. Riechers et al.
The Astrophysical Journal 912, 73 (2021)
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41 Introduction

Deep radio observations offer an invaluable view on star-formation in the
high-redshift Universe. With current facilities, such as the upgraded NSF’s
Karl G. Jansky Very Large Array (VLA), both star-forming galaxies and
faint active galactic nuclei (AGN) can now be studied down to microjansky
flux densities at GHz frequencies. However, a regime that remains sub-
stantially understudied is the faint radio population at high frequencies
(v Z 10 GHz), which is for a large part the result of the comparative ineffi-
ciency at which high-frequency radio surveys can be executed. Firstly, for
a fixed telescope size, the field of view of a single pointing decreases steeply
with frequency as »—2. Secondly, radio sources are generally intrinsically
fainter at high radio frequencies, S, o< v*, where a ~ —0.7 (Condon 1992),
and thirdly, typically only a modest fraction of telescope observing time
is suitable for high-frequency observations due to more stringent require-
ments on the observing conditions. As a result, the survey speed at 34 GHz
is 2 5000 times smaller compared to observations at the more commonly
utilized frequency of 1.4 GHz.

Despite these observational difficulties, high-frequency radio observa-
tions provide complementary insight into both star-forming galaxies and
AGN. Historically, low-frequency radio observations have been used as a
tracer of star-formation activity through the far-infrared/radio correlation
(FIRRC; Van der Kruit 1971, 1973; De Jong et all 1985; Helou et al. 1985).
This correlation, which has been shown to hold over several orders of mag-
nitude in terms of luminosity (Yun et ali2001; Bell 2003), as well as to high
redshift (z ~ 5, Delhaize et al|2017; Calistro Rivera et al/2017; Algera et al.
20204; Delvecchio et al. 2021), relates the predominantly non-thermal syn-
chrotron emission of a star-forming galaxy to its far-infrared (FIR) lumi-
nosity. The latter has been well-calibrated as a tracer of star-formation, as
at FIR-wavelengths dust re-emits the light absorbed from young, massive
stars (e.g., Kennicutt 1998). The synchrotron emission, instead, emanates
from cosmic rays accelerated by supernova-induced shocks, and as such
constitutes a tracer of the end product of massive-star formation (Con-
don 1992; Bressan et al. 2002). However, a second process is expected to
dominate the radio spectral energy distribution (SED) at high frequencies
(v = 30 GHz): radio free-free emission (FFE). Unlike radio synchrotron ra-
diation, free-free emission is a much more direct star-formation rate tracer,
as it originates from the HII regions in which massive stars have recently
formed. In addition, unlike other commonly used probes of star-formation
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such as UV continuum emission or the hydrogen Balmer lines, free-free
emission constitutes a tracer of star-formation that is largely unbiased by
dust extinction. These characteristics establish free-free emission as one of
the most reliable tracers of star formation, both in the local and the high-
redshift Universe.

Locally, the radio spectra of both individual star-forming regions and
star-forming galaxies have been well-characterized, and have established
free-free emission as a means of calibrating other tracers of star-formation
(Murphy et al. 2011). In addition, in nearby galaxies free-free emission can
typically be separated spatially from non-thermal synchrotron emission, as
individual extragalactic star-forming regions can be resolved (Tabatabaei
et al, 2013; Querejeta et al| 2019; Linden et al. 2020). However, in the
high-redshift Universe, free-free emission has remained elusive, despite
the observational advantage that high-frequency continuum emission red-
shifts into radio bands that are more easily accessible from Earth, facilitat-
ing the sampling of the free-free-dominated regime of the radio spectrum.
The comparative faintness of high-redshift galaxies, however, complicates
the usage of free-free emission as a tracer of star formation at early cosmic
epochs. Indeed, current detections of high-frequency continuum emission
in distant galaxies remain limited to bright or gravitationally lensed star-
bursts (Thomson et al|2012; Aravena et al. 2013; Riechers et al!2013; Wagg
et al. 2014; Huynh et all 2017; Penney et al. 2020). In addition, most of
these studies lacked the ancillary low-frequency data required to robustly
disentangle free-free emission from the overall radio continuum, which re-
quires observations at a minimum of three frequencies (e.g., Tabatabaei
et al. 2017; Klein et al| 2018), or probed rest-frame frequencies dominated
by thermal emission from dust (v = 200 GHz; Condon 1992). Despite this
observational complexity, one of the key science goals for upcoming radio
facilities such as the next-generation VLA is to systematically use free-free
emission as a probe of star-formation in the high-redshift galaxy popula-
tion (Barger et al| 2018). As such, it is of considerable interest to already
explore this high-frequency parameter space with current radio facilities.

While radio continuum observations are invaluable in characterizing
high-redshift star-formation in a dust-unbiased manner, radio surveys are
additionally capable of detecting what fuels this process, namely molecu-
lar gas. For a clear census of the molecular gas reservoir of the Universe,
blind surveys are crucial, as they do not suffer from any biases arising from
follow-up radio observations of known high-redshift sources. The first such
blind surveys have recently been completed, such as ASPECS (Walter et al.
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2016; Decarli et al| 2016), and the CO Luminosity Density at High Red-
shift survey (COLDz; Pavesi et al/ 2018; Riechers et all 2019, 2020), which
targets low-J CO observations at 34 GHz using the VLA. Due to the large
bandwidth of its high-frequency receivers, deep VLA surveys of molecular
gas result in sensitive continuum images essentially ‘for free’. In this work,
we describe the deep continuum observations of the COLDz survey. Our
main goal is to constrain the radio spectra of typical sources in a frequency
range that has not been widely explored, and extend our analysis to a new
parameter space of faint AGN and star-forming galaxies, down to the puJy
level. The COLD:z survey covers a region of two well-studied extragalactic
fields, COSMOS (Scoville et al. 2007) and GOODS-North (Giavalisco et al.
2004), and hence allows for a multi-wavelength perspective on this faint
population.

The outline of this paper is as follows. In Section 4.9 we describe our
34 GHz VLA observations and the creation of deep continuum images, as
well as the existing ancillary multi-wavelength data. We outline the detec-
tion and source extraction of sources at 34 GHz in Section 4.3, and assign
the radio sample multi-wavelength counterparts and redshifts in Section
l4.4. We present our deep radio number counts at 34 GHz in Section j4.5,
and separate the sample into radio AGN and star-forming galaxies in Sec-
tion l4.6. In this Section, we additionally decompose the spectra of the star-
forming galaxies into radio synchrotron and free-free emission, and com-
pare the latter as a tracer of star-formation with more commonly adopted
tracers at high-redshift. Section [4.7 provides an outlook for the future,
and discusses how upcoming radio facilities will revolutionize high-redshift
studies of radio star-formation. Finally, we summarize our findings in Sec-
tion 4.8. Where necessary, we assume a standard A-Cold Dark Matter cos-
mology, with Hy, = 70kms™! Mpc !, Q,, = 0.30 and Q4 = 0.70. Mag-
nitudes are quoted in the AB-system and a Chabrier (2003) initial mass
function is assumed.

4.2 Observations & Data Reduction

421 COLDz

The COLDz survey (Pavesi et al| 2018; Riechers et al. 2019, 2020) was de-
signed to blindly probe the low—.J CO-lines in high-redshift galaxies, which
requires high-frequency observations spanning a large bandwidth. Both
are provided by the Ka-band of the upgraded VLA, which allows for a total
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of 8 GHz of contiguous frequency coverage, tuneable to be within the range
of 26.5 — 40.0 GHz. The COLD: observing strategy is presented in Pavesi
et al. (2018), to which we refer the reader for additional details.

For the optimal constraints on the CO luminosity function, COLDz com-
bines a deep yet small mosaic in the COSMOS field with wider but shallower
observations in the GOODS-N field. The COSMOS observations constitute
a 7-pointing mosaic, and account for a total on-source time of 93 hr. The
data were taken in the VLA D (82 hr) and DnC (11 hr) configurations, and
span a total frequency range of 30.969 — 39.033 GHz, using dual polariza-
tion. The observations of the GOODS-N field comprise a total of 122 hr of
on-source time, and make up a 57-pointing mosaic. The data were pre-
dominantly taken in the D-configuration (83.5 hr), with additional obser-
vations taking place in the D—DnC (4.4 hr), DnC (30.8 hr) and DnC—C
(3 hr) configurations. The observations cover a frequency range between
29.981 — 38.001 GHz, and in what follows we will refer to both the COSMOS
and GOODS-N observations by their typical central frequency of 34 GHz.

Calibration of the observations was done in CASA version 4.1.0, with
extensive use being made of a modified version of the VLA pipeline, the de-
tails of which can be found in Pavesi et al! (2018). As one of the main goals
of COLDz is to detect spectral lines, both Hanning smoothing and RFLAG,
used to remove radio frequency interference (RFI), were switched off. In-
stead, some persistent RFI at 31.5 GHz was flagged manually, and some
occasions of narrow noise spikes were flagged via the methods detailed in
Pavesi et al. (2018). The data were then concatenated, and, for the contin-
uum observations presented here, subsequently averaged in time (9 s) and
frequency (16 channels), in order to reduce the size of the dataset prior to
imaging. The imaging of the calibrated 34 GHz observations was carried
out in CASA version 4.3.1, using the ‘mosaic’ mode of CASA task clean. For
both the COSMOS and the GOODS-N mosaics, a multi-frequency synthesis
algorithm was employed to take into account the large bandwidth of the ob-
servations. A natural weighting was further adopted, in order to maximize
the sensitivity of the data. The data were imaged iteratively, by cleaning all
sources at > 60 down to the 20 level.

We present the 34 GHz continuum maps across the COSMOS and GOODS-
N fields, as well as the corresponding root mean square (RMS) noise maps,
in Figures[g.1andl4.d. The COSMOS mosaic covers a field-of-view of 9.6 arcmin®
out to 20% of the peak primary beam sensitivity. The central RMS-noise
in the image equals 1.3 uJybeam ™', with the typical RMS increasing to
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1.5 pJybeam ' and 1.9 uJy beam !, within 50 and 20 per cent of the peak
primary beam sensitivity, respectively. The synthesized beam of the COS-
MOS observations is well-described by an elliptical Gaussian of 2770 x 2”41
with a position angle of —0.7°.

The GOODS-N mosaic spans an area of 51 arcmin® out to 20% of the
peak primary beam sensitivity, covering roughly a third of the ‘traditional’
GOODS-N survey (Giavalisco et al/ 2004). The typical noise level varies
slightly across the mosaic, with a single, deep 34 GHz pointing in the field
reaching a central noise level of 3.2 uJybeam '. Across the entire GOODS-
N field, within 50 and 20 per cent of the peak primary beam sensitivity, re-
spectively, the typical RMS-noise equals 5.3 Jy beam ™' and 5.5 uJy beam ™.
The synthesized beam is well-described by an elliptical Gaussian of 2719 x
1”84, with a position angle of 75.3°, after smoothing the different point-
ings to a common beam. Pavesi et al) (2018) also provide a version of the
GOODS-N radio map where all pointings have been imaged at their na-
tive resolution. While the resulting mosaic cannot be described by a sin-
gle beam, it allows for the search for unresolved sources at slightly higher
signal-to-noise (S/N), as no smoothing or tapering was required. We use
this “unsmoothed” map for source detection in Section 4.9, in addition to
the regular mosaic with a homogenized beam.

4.2.2  Ancillary Radio Observations

The COLD: observations in the COSMOS field overlap in their entirety with
deep 3 and 10 GHz VLA pointings from the COSMOS-XS survey (van der
Vlugt et al. 2021; Algera et al| 2020b). These images have a resolution sim-
ilar to COLDz, with a synthesized beam of 2”14 x 1”81 and 2”33 x 2”01
at 3 and 10 GHz, respectively. At 3 GHz, the observations reach a central
RMS of 0.53 uJybeam ™!, with a typical primary beam sensitivity of 90%
of the maximum across the COLDz mosaic. The 10 GHz data reach a cen-
tral RMS-sensitivity of 0.41 yJybeam ™' (typical primary beam sensitivity
of 80%), and were centered on the COLDz observations by design. In total,
70 sources detected at 3 GHz at > 50 fall within the ~ 10 aremin? COLD2
field-of-view. A subset of 40 are additionally detected at 10 GHz. In ad-
dition, the central region of the COSMOS field, spanning ~ 1 deg?, is cov-
ered by VLA observations at 1.4 GHz (Schinnerer et al. 2007, 2010). These
observations reach a typical RMS sensitivity of 12 uJybeam ' across the
COLDz field-of-view, at a resolution of 1”5 x 1”74. In total, two sources
within the COLD2 field-of-view are detected at 1.4 GHz. Adopting a typical
spectral index of @« = —0.70, the COLDz and 1.4 GHz COSMOS observa-
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Figure 4.1: Left: The 7-pointing COSMOS 34 GHz continuum mosaic of ~ 10arcmin?.
The five robust detections (Section E) are highlighted via orange squares. Right: The
~ 50arcmin? GOODS-North 34 GHz mosaic (pointings 1 — 56), with the thirteen robust
detections highlighted. Both mosaics are uncorrected for primary beam attenuation, and the
colorscale runs from —30 to 30, where o represents the (uncorrected) RMS-noise in the
image. It is clear that many 34-GHz detections lie close to the 30 detection threshold, and
would not have been identified without deep, ancillary radio data across the fields.

tions are approximately of equal relative depth.ﬂ

The GOODS-N field is similarly well-covered by radio observations from
the VLA. At 1.4 GHz, the entire field has been imaged in a single point-
ing by (2018), down to a central RMS of 2.2 uJybeam ! with little
variation across the field-of-view of the COLDz mosaic. The resolution of
the radio data equals 176, and a total of 186 sources detected at 1.4 GHz
by (2018) fall within the 20 percent power point of the GOODS-N
COLDz image. The field has additionally been mapped at 5 GHz by
(2019). They detect 52 sources down to an RMS of 3.5 uJybeam ™
across two VLA pointings covering a total area of 109 arcmin?, which fully
overlaps with the COLD: footprint. Their angular resolution of 1747 x 1742
is similar to that of the deeper 1.4 GHz observations, and Gim et al, (2019)
find that all 5 GHz detections have a counterpart in this lower frequency
map. Finally, Murphy et al. (2017) present a single pointing at 10 GHz in
the GOODS-N field (primary beam FWHM of 4'25) at a native resolution of

'However, we note that we adopt a 30 detection threshold for the COLDz data in Sec-
tion 1.9, whereas a 50 threshold was adopted by Schinnerer et all (2007) for the 1.4 GHz
observations. As such, sources detected at 30 in the COLD~z survey require a spectral index
of a < —0.85 to additionally be detected at 1.4 GHz.
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Figure 4.2: Left: The COLDz COSMOS RMS-map, after correction for primary beam
attenuation. The uncorrected RMS-map is highly uniform, and any structure in the map is
solely the result of the beam correction. Right: The RMS-map of the 34-GHz observations
across the GOODS-N field. The map uncorrected for the beam is highly uniform in its noise
properties, and the structure in the map indicates the differences in observing time across
the mosaic, with a single deep pointing centered on R.A. =12:36:51.06, Dec. = +62:12:43.8,
designed to overlap with the PdBI observations from becarli et all (t2014|) highlighted as the
region with the lowest RMS. The black lines outlining the mosaics indicate the region where
the e primary beam reaches 50% of its maximum sensitivity, and the robust detections in
both fields are highlighted via the orange boxes as in Figure m

0722. At this high angular resolution, their observations reach a sensitiv-
ity of 0.57 ubeeam_1 in the center of the pointing. Murphy et all (2017)
further provide two tapered images with a resolution of 1” and 2", similar
to the ancillary radio data in the field. These images reach an RMS-noise
of 1.1 and 1.5 uJybeam ™, respectively. In total, Murphy et all (2017) re-
cover 38 sources across the combined high-resolution and tapered images.
Approximately 75% of the COLDz GOODS-N data overlap with the smaller
pointing at 10 GHz, when imaged out to 5% of the primary beam FWHM
(Murphy et all 2017).

We summarize the detection limits of the various radio observations
across both COSMOS and GOODS-N in Figure 4.9, and compare these with
the typical radio spectrum of a star-forming galaxy (SFR = 100 M yr—!
at z = 1). This assumes the Kennicutt (1998) conversion between SFR
and infrared luminosity, adapted for a Chabrier IMF, as well as a simple
optically thin dust spectral energy distribution with 8 = 1.8 and Ty, =
35 K. We further adopt the (1992) model for the radio spectrum of
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Figure 4.3: The detection limits of the various radio observations across COSMOS
and GOODS-N, superimposed on the radio spectrum of a star-forming galaxy (SFR =
100 Mo yr=! at z = 1; see text for details). The blue (green) lines indicate the detec-
tion limit of the COLDz 34 GHz continuum data, scaled with a typical « = —0.70. The
different constituents of the radio spectrum are shown, including free-free emission which is
expected to become dominant at rest-frame v 2 30 GHz. As such, the COLDz observations
directly target the strongly free-free-dominated regime.

star-forming galaxies, and assume the far-infrared/radio correlation from
Delhaize et al| (2017). Under these assumptions, a galaxy with SFR =
100 My yr~! can be directly detected at 34 GHz out to z = 2 (z = 1) in
the COSMOS (GOODS-N) field.

4.2.3 Ultra-violet to Submillimeter Observations

Both the COSMOS and GOODS-North fields have been targeted by a wealth
of multi-wavelength observations, spanning the full X-ray to radio regime.
For the COSMOS field, we adopt the multi-wavelength matching procedure
for the COSMOS-XS survey (Algera et al| 2020h), as all 34 GHz continuum
detections have radio counterparts in this survey (Section 4.9). This cross-
matching procedure invokes the recent “Super-deblended” catalog from
Jin et al. (2018), who adopt a novel deblending technique to address con-
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fused mid-infrared to submillimeter observations. The Super-deblended
catalog provides photometry from Spitzer/IRAC 3.6 yum to MAMBO 1.2 mm
(for a full list of references see Jin et al. 2018), as well as radio data at 1.4
and 3 GHz from Schinnerer et al. (2010) and Smol¢ié et al. (2017b), re-
spectively. However, we directly adopt the radio fluxes from the 1.4 GHz
catalog from Schinnerer et al. (2007, 2010), and use the deeper COSMOS-
XS 3 GHz data in favor of the observations from Smolci¢ et al. (2017b). In
addition, Algera et al. (2020b) cross-match with the ™Y J H K ;-selected
COSMOS2015 catalog from Laigle et al. (2016) containing far-ultraviolet to
near-infrared photometry, in order to complete the coverage of the spec-
tral energy distribution. Finally, we search for Atacama Large Millime-
ter/submillimeter Array (ALMA) counterparts as part of the AS2COSMOS
(Simpson et al|2020) and A3COSMOS surveys (Liu et al!2019), which con-
stitute a collection of individual pointings across the COSMOS field.

A wealth of multi-wavelength data similarly exist across the GOODS-N
field. In order to obtain optical/near-infrared photometry for the 34 GHz
continuum detections, we adopt the 3D-HST photometric catalog from Skel-
ton et al. (2014). Source detection was performed in a deep combined
F125W+F140W+F160W image, and further photometry is carried out in
the wavelength range of 0.3 — 8 um, including Spitzer/IRAC observations
from Dickinson et all (2003) and Ashby et all (2013). For further details,
we refer the reader to Skelton et all (2014). We obtain additional mid-
and far-infrared photometry from the Super-deblended catalog across the
GOODS-N field by Liu et al. (2018). They adopt combined priors from
Spitzer/IRAC, Spitzer/MIPS 24 ym and VLA 1.4 GHz observations, and uti-
lize these to deblend the photometry at more strongly confused wavelengths.
The Super-deblended catalog provides additional photometry from Spitzer/
IRS, Herschel/PACS (Magnelli et al. 2013) and Herschel /SPIRE (Elbaz et al.
2011), as well as data from JCMT/SCUBA-2 850 um (Geach et al. 2017) and
AZTEC+MAMBO 1.2 mm (Penner et al. 2011).

4.2.4 X-ray Observations

While a radio-based selection renders one sensitive to AGN activity at ra-
dio wavelengths, ~ 20 — 25% of the faint radio population (S; 4 < 1 mdy;
equivalent to S34 < 100 pJy given o = —0.70) is thought to consist of radio-
quiet AGN (Bonzini et al| 2013; Smolci¢ et al. 2017a). These sources show
no substantial AGN-related emission at radio wavelengths, but are instead
classified as AGN based on signatures at other wavelengths. Strong X-ray

emission, in particular, forms an unmistakable manifestation of AGN ac-
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tivity. As such, we make use of the deep X-ray coverage over both the COS-
MOS and GOODS-N fields to characterize the nature of the 34 GHz contin-
uum detections.

The COSMOS field is covered in its entirety by the 4.6 Ms Chandra
COSMOS Legacy survey (Civano et al. 2016), with the individual Chandra
pointings accounting for a typical ~ 160 ks of exposure time. The area cov-
ered by the COLD~z survey contains 3 X-ray detections, at a typical detection
limit of the survey of ~ 2 x 1071° erg cm~2s~! in the full range of 2— 10 keV.
The catalog provided by Marchesi et al. (20164) further includes X-ray lu-
minosities for X-ray detections with robust optical and infrared counter-
parts.

The GOODS-North field is similarly covered by deep 2 MS Chandra
observations as part of the Chandra Deep Field North Survey (Xue et al.
2016). Across the COLD: field-of-view, the survey identifies 189 X-ray
sources, and attains a flux limit of ~ 3.5 x 107" ergem~2s~! in the 0.5 —
7keV energy range — nearly a factor of 50 deeper than the COSMOS data,
when converted to the same energy range adopting I' = 1.8. The catalog
provided by Xue et al| (2016) further includes X-ray luminosities for the
entries with reliable redshift information.

4.3 Continuum Sources

We run source detection on our 34 GHz radio maps using PyBDSF (Mohan
& Rafferty 2017), prior to correcting the images for the primary beam. This
has the benefit that the noise properties are uniform across the mosaics,
which facilitates source detection, and additionally ensures that fewer spu-
rious sources arise around the noisy edges of the maps.E In our source
detection procedure we can afford to set a liberal detection threshold, as
both the COSMOS and GOODS-N fields contain additional low-frequency
radio data of greater depth relative to the COLDz observations, and as such
we expect any 34 GHz detections to have radio counterparts. In this work,
we therefore adopt a 30 peak detection threshold for both images.

In the COSMOS field, we compare to the deep S- and X-band obser-
vations from van der Vlugt et al. (2021). For a source to be undetected in
this 10 GHz map, yet detected at 34 GHz, requires a highly inverted spec-
tral index of o4 > 0.55. In the GOODS-N field, we compare with the

~

*We have verified that, after applying the primary beam correction, the flux densities
are consistent with those obtained from running source detection on the primary-beam-
corrected map, with a typical ratio of Suncorr/Scorr = 1.05 £ 0.07.
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Figure 4.4: Left: distribution of S/N ratios for all the peaks identified in the COSMOS
34 GHz image. Sources with lower-frequency radio counterparts within 0”7 are highlighted in
red. The most significant detection at a 34 GHz S/N = 17 is not shown for clarity. Middle:
same as the left panel, now showing “sources” detected in the inverted image. No matches
within 0”7 are found with lower-frequency radio counterparts, and no spurious detection above
S/N = 3.7 exists. Right: number of cross-matches between the 34 GHz continuum detections
and the detections in the deeper 3 GHz COSMOS-XS map, as a function of matching radius.
The radius adopted in this work is indicated via the black vertical line. No spurious matches
are found in the inverted map out to ~ 2", indicating the sources recovered in the 34 GHz
map are likely to be real.
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Figure 4.5: Same as Figure Q now showing peaks identified in the GOODS-N radio map.
Four high-S/N detections in the real map are not shown for clarity, and the two red, vertical
dashes indicate the two additional sources we recover when performing source detection in
the unsmoothed radio map (see text for details). In total, 13 sources are robustly detected
at 34 GHz in GOODS-N.
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Figure 4.6: Postage stamps (16" x 16”) of the 18 robust COLDz detections, overlaid on
HST F814W (COSMOS) or F160W (GOODS-N) images. For faint sources (S/N < 10 at
34 GHz), 34 GHz contours are shown in red, and represent +2.5¢, followed by +3c0,+40 ...
in steps of 1o, where o represents the local RMS in the radio map. Bright sources — typically
radio AGN, as will be quantified in Section — are shown via orange contours, in steps of
4275, where N = 1,2, .... Negative contours are shown via dashed lines, and the beam size
is indicated in the lower left corner via the cyan ellipse. While half of the sample is detected
at relatively low S/N (3 — 50), most of these are star-forming galaxies, likely dominated at
these frequencies by radio free-free emission (Section ) and form the focus of this work.
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1.4 GHz observations from Owen (2018), and find that 34 GHz sources re-
quire an inverted spectral index of o} > 0.15 to remain undetected in
the lower-frequency map. We note that, as we perform source detection
at low S/N, the source sizes calculated via PyBDSF may be affected by the
local noise properties within the images. In particular, sources with fitted
radio sizes smaller than the synthesized beam will have an integrated flux
density smaller than the peak value, and will have an uncertainty on the
latter that is smaller than the local RMS-noise in the map (Condon 1997).
We show in Appendix that all but one source are likely to be unre-
solved at ~ 2”5 resolution. For all unresolved sources, we adopt the peak
brightness, while the integrated flux density is used otherwise. Following
the discussion above, we redefine the uncertainty on the peak brightness
and conservatively adopt the maximum of the calculated uncertainty from
PyBDSF and the local RMS at the source position.

In the COSMOS map we detect 57 peaks at > 30 within 20% of the peak
primary beam sensitivity (Figure [4.4). We can match six to COSMOS-XS
counterparts within 0’7, where we expect to have Ng, . = 0.2 false matches
based on randomly shifting the coordinates of all > 3¢ peaks in the mosaic,
and repeating the matching a large number of times. This radius was cho-
sen to include all close associations to COSMOS-XS sources, while min-
imizing the number of expected false matches (NVge < 1). To further
verify the robustness of the six close counterparts, we run our source de-
tection procedure on the inverted radio map (i.e., multiplied by x — 1), and
find a total of 60 negative “sources”, all of which are by definition spuri-
ous. None of these can be matched to COSMOS-XS counterparts within
0”7, indicating the real matches are likely to be robust. However, out of
the six associations to COSMOS-XS galaxies within 0”7, we find that one
candidate source (S/N = 3.3 at 34 GHz) is detected solely at 3 GHz while a
10 GHz counterpart is also expected, implying it is likely to be spurious. As
such, we discard it from our sample and retain 5 sources which form the
robust COSMOS continuum sample. Three of these have a signal-to-noise
ratio larger than the highest peak-S/N in the inverted radio map of 3.70.
The remaining two have a relatively low S/N of ~ 3.5, but are deemed ro-
bust due to their multi-wavelength associations.

We adopt an identical source detection procedure for the GOODS-N
34 GHz map. In total, PyBDSF identifies 236 peaks above 30 in the map,
of which we match 12 with low-frequency radio counterparts in the catalog
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from Owen (2018) at 0”7, where we expect Nge = 0.3 incorrect identi-
fications. We find 263 sources in the inverted radio map, none of which
are matched to lower-frequency radio counterparts within (/7. However,
upon cross-matching our 12 robust sources with the 5 GHz catalog from
Gim et al. (2019), we find only 11 matches within (/7. The single unmatched
source (S/N = 3.3 at 34 GHz) also falls within field-of-view of the single
deep X-band pointing from Murphy et al/ (2017), but is additionally un-
detected at 10 GHz. As such, this source is likely to be spurious, and we
discard it from further analysis. The signal-to-noise distributions of all
peaks identified by PyBDSF in the GOODS-N image and its inverted coun-
terpart are shown in Figure 4.5. The maximum S/N in the inverted map
is S/N ~ 5.0, which implies that 5/11 robust 34 GHz detections lie below
the most significant spurious source. This emphasizes the added value of
the deep, low-frequency data, which allow us to identify faint sources that
would not have been recovered in a blind source detection procedure. We
further perform source detection via PyBDSF on the unsmoothed mosaic
(Section [4.9), using the same detection threshold as adopted for the regular
GOODS-N mosaic, in order to maximize the number of recovered sources.
We find two additional matches with low-frequency counterparts at both
1.4 and 5 GHz, resulting in a total of 13 sources identified in GOODS-N. We
adopt the peak brightness for these two sources, given the lack of a com-
mon beam in the unsmoothed mosaic, and use the local RMS in the map
as the appropriate uncertainty.

Given that we require any identifications at 34 GHz to have robust low-
frequency radio counterparts, we may be missing any sources with highly
unusual inverted spectra. To investigate this possibility, we median-stack
in the low-frequency radio maps on the positions of the highest signal-to-
noise peaks at 34 GHz for which no radio counterpart was found (3 and
10 GHz in COSMOS, 1.4 GHz in GOODS-N, using the publicly available
radio map from Morrison et al. 2010). In neither the COSMOS nor the
GOODS-N fields do we see any evidence for positive signal in the stacks,
indicating that most — and likely all — of these S/N ~ 3 — 5 peaks at 34 GHz
are spurious. In addition, we cross-match the peaks in the 34 GHz map that
do not have radio counterparts with optical/NIR-selected sources from the
COSMOS2015 and 3D-HST catalogs in COSMOS and GOODS-N, respec-
tively, within (/7. We find two matches with the COSMOS2015 catalog, at
~ (/4. However, based on a visual inspection, there is no hint of emission
at either 3 or 10 GHz for these sources, indicating they are likely to be spu-
rious. We find 37 matches within 0”7 between > 30 peaks in the 34 GHz
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GOODS-N radio map without radio counterparts and the 3D-HST catalog.
In addition to a visual inspection, we stack these sources at 1.4 GHz, but
find no detection in the stack, and place a 30 upper limit on the average
1.4 GHz emission of S7 4 < 2.7 ubeeam_l, which corresponds to a highly
inverted ai;* > 0.6. This further substantiates that the majority of the low-
S/N peaks identified at 34 GHz are likely to be spurious.

We summarize the radio properties of the eighteen sources detected
at 34 GHz in Table j4.1, and show postage stamps on top of Hubble Space
Telescope images in Figure l4.6. The tabulated flux densities are further
corrected for flux boosting, as outlined in Appendix j4.A.4d. For a source
detected at 30 (40), the typical correction factor is 20% (10%), whereas at
S/N = 5, the effects of flux boosting are found to be negligible.

4.4 Multi-Wavelength Properties

4.41  Multi-wavelength Counterparts and Redshifts

Across the combined COSMOS and GOODS-N 34 GHz mosaics, we identify
a total of 18 robust high-frequency continuum detections. In this section,
we detail the association of multi-wavelength counterparts to this radio-
selected sample. For the five COSMOS sources, we follow the cross-matching
procedure from Algera et al. (2020b). We first match the 34 GHz con-
tinuum detections to the Super-deblended catalog containing far-infrared
photometry, exploring matching radii up to (/9. However, we find all five
sources can be matched to Super-deblended counterparts within 0”3, where
we expect a negligible number of false associations. We further find that
the five sources can be additionally cross-matched to galaxies in the COS-
MOS2015 catalog, similarly within 0”3. We subsequently cross-match with
the AS2COSMOS and A3COSMOS ALMA catalogs, finding a single match
at 0”1 that appears in both catalogs, and adopt the photometry from the for-
mer. We additionally match with the robust and tentative catalog of COLDz
CO-emitters from Pavesi et al| (2018) and recover two matches within 0”3
within the robust set of blind CO-detections.B

We then extract the optimal photometric or spectroscopic redshift from
these catalogs. We prioritize redshifts in the following order: 1) a spectro-
scopic value based on a COLDz CO-line, 2) a spectroscopic redshift within

3As such, the observed 34 GHz continuum emission may be in part due to these bright
CO-lines. We investigate this in Section .6.3.
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the Super-deblended catalog and 3) a photometric redshift within the COS-
MOS2015 catalog. In total, we find that 4 out of 5 COLDz COSMOS de-
tections have a spectroscopically confirmed redshift, while the remaining
source has a well-constrained photometric redshift measurement (COLDz-
cont-COS-3 at z = 0.98 & 0.01). We note that one of our 34 GHz con-
tinuum detections (COLDz-cont-COS-2) is the well-studied submillimeter
galaxy AzTEC.3 at z = 5.3, which is additionally detected in CO-emission
in the COLDz survey. For AZTEC.3, we further compile additional avail-
able ALMA continuum photometry at 230 and 300 GHz from Pavesi et al.
(2016).

For the GOODS-N field, we follow a similar procedure. We first cross-
match the COLDz continuum detections with the 3D-HST survey (Bram-
mer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016), adopting the
radio positions at 1.4 GHz from Owen (2018), as these are of higher signal-
to-noise than the 34 GHz data, and as such are less susceptible to the local
noise properties. We find that all 13 radio sources have counterparts in
the 3D-HST survey within (0’3, where no spurious matches are expected.
We subsequently cross-match with the Super-deblended catalog, and find
that all but one of the 34 GHz continuum sources have a counterpart at far-
infrared wavelengths. All 12 cross-matches have a Super-deblended coun-
terpart within 0”3, while there are no further matches within 3”0 of the sin-
gle unmatched entry. We further find 3 cross-matches within 0”1 with the
catalog of submillimeter-selected galaxies from Pope et al. (2005), which
we identify with GN12, GN16 and GN26, the latter of which has a spec-
troscopically measured redshift of z = 1.22 based on a CO(2-1) detection
from Frayer et al. (2008). Additional matching with the COLD~z catalog of
line emitters in the GOODS-N field does not result in further matches. As
such, the z = 5.3 submillimeter galaxy GN10 (Daddi et al. 2009; Riech-
ers et all 2020), detected in COLDz as the brightest CO-emitter (Pavesi
et al. 2018), remains undetected in deep 34 GHz imaging. Upon perform-
ing photometry at the known position of GN10, we determine a peak bright-
ness of S34 = 11.0+5.6 uJy beam ! (=~ 20), placing it well below our survey
detection limit.

We compile the optimal redshifts for the 13 GOODS-N 34 GHz contin-
uum sources in a similar manner as for the COSMOS field. In order of
priority, we adopt a spectroscopic redshift from the Super-deblended cat-
alog, or the best redshift from 3D-HST (Momcheva et all 2016), the latter
being either a spectroscopic redshift from HST/GRISM, or a photometric
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redshift from Skelton et al! (2014). We further overwrite a single spectro-
scopic value for COLDz-cont-GN-10 at z = 4.424 with the updated value of
z = 2.018, based on the discussion in Murphy et al/ (2017). Overall, 10/13
sources have a spectroscopically confirmed redshift, while the remaining 3
sources have a well-constrained photometric redshift.

4.4.2 Spectral Energy Distributions

We use spectral energy distribution fitting code magphys (da Cunha et al.
2008, 2015) to determine the physical properties of the 34 GHz continuum
detections. magphys adopts an energy balance technique to couple the stel-
lar emission at ultra-violet to near-infrared wavelengths to thermal dust
emission at longer wavelengths, and as such models the ultra-violet to far-
infrared SED in a self-consistent way. This is additionally useful for sources
lacking far-infrared photometry, as in this case shorter wavelengths will
still provide constraints on the total dust emission. While magphys is also
capable of modelling the radio spectrum of star-forming galaxies, we do not
utilize any observations at wavelengths beyond 1.3 mm in our SED-fitting
procedure, as any emission from an active galactic nucleus at radio wave-
lengths is not incorporated in the fitting. We additionally add a 10% uncer-
tainty in quadrature to the catalogued flux density uncertainties bluewards
of Spitzer/MIPS 24.m, following e.g., Battisti et al. (2019). This accounts
for uncertainties in the photometric zeropoints, and further serves to guide
the fitting into better constraining the far-infrared part of the spectral en-
ergy distribution. Via magphys, we obtain several physical properties for
our galaxies, including far-infrared luminosities, star-formation rates and
stellar masses. We show the fitted spectral energy distributions for all eigh-
teen COLDz continuum detections in Figure in Appendix [4.B, and tab-
ulate their physical parameters in Table [4.4.

4.4.3 X-ray and Mid-infrared AGN Signatures

Given that the COLDz continuum detections in the COSMOS field are all
identified in the COSMOS-XS survey, we adopt the results from Algera et al.
(2020b), who match the COSMOS-XS 3 GHz continuum sources with the
X-ray catalog from Marchesi et al| (2016a). None of the five COLDz COS-
MOS continuum sources, however, have counterparts in X-ray emission
within a separation of 1”4, and as such we calculate upper limits on their
X-ray luminosity adopting I' = 1.8. However, as the resulting limits are
of modest depth, we cannot state definitively whether the COLDz COS-
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MOS sources are X-ray AGN. We note, however, that all of them fall be-
low the typical X-ray emission seen in submillimeter galaxies (Alexander
et al/ 2005), which in turn are thought to predominantly be star-formation
dominated. We additionally adopt the criteria from Donley et al. (2012) in
order to identify AGN at z < 2.7 through the mid-infrared signature as-
cribed to a dusty torus surrounding the accreting black hole, and similarly
find no signature of AGN-related emission at mid-infrared wavelengths.
We limit ourselves to this redshift range, as at higher redshifts the Donley
et al. (2012) criteria are susceptible to false positives in the form of dusty
star-forming galaxies (e.g., Stach et al. 2019).

For the GOODS-N field, we find 11/13 matches with the X-ray cata-
log from Xue et al. (2016), within a separation of 170. At this matching
radius, no false identifications are expected. We compare the X-ray lu-
minosities with the emission expected from star-formation, adopting the
relations from Symeonidis et al. (2014). This comparison classifies nine
sources as AGN based on their X-ray emission, despite two of these sources
having [0.5-8] keV X-ray luminosities below the typical threshold for AGN
of Ly = 10*2ergs—!. We additionally find that only a single X-ray de-
tected source exhibits mid-infrared colors that place it within the Donley
et al/ (2012) wedge. Overall, we conclude that the majority of 34 GHz con-
tinuum detections in the GOODS-N field are X-ray AGN. Due to the COS-
MOS X-ray data being comparatively shallower, we cannot assess definitely
whether the five 34 GHz continuum sources in the COSMOS field are sim-
ilarly AGN based on their X-ray emission. However, a lower AGN fraction
in COSMOS is expected, as its radio observations are significantly deeper
than in GOODS-N, and the incidence rate of AGN is a strong function of
radio flux density (Smolci¢ et al. 2017a; Algera et al; 2020b). Regardless,
if X-ray AGN are present in the COLDz/COSMOS detections, they are un-
likely to be dominating the spectral energy distribution.

4.5 34 GHz Source Counts

Radio number counts, while historically used as a probe for the cosmology
of the Universe, remain a useful tool for comparing surveys, in addition
to visualizing the onset of different radio populations. At the bright end
(S1.4 > 1mdy), the Euclidean number counts decline smoothly towards
lower flux densities, and are dominated by luminous radio AGN (e.g., Con-
don & Mitchell 1984). At 1.4 GHz, the number counts show a flattening at
S1.4 ~ 1 mdy, believed to be the advent of star-forming galaxies and radio-



4.5 34 GHz Source Counts 173

Lo— 17
E
=00
E >+ COLDz (uncorrected)
= @ COLDz (corrected)
0.014 € Van der Vlugt et al. (2020)
© Murphy et al. (2018)
60 L I H —
=
= 40] ---- GOODS-N -~
— —— COSMOS
WA 201 Total
2 e -
G ) ——— oo :
3 10 30 100 300

Figure 4.7: Upper: Completeness-corrected Euclidean-normalized radio source counts at
34 GHz across the combined COSMQOS and GOODS-N mosaics. The purple diamonds show
the 10 GHz counts from yan der Vlugt et all (2021), and the cyan hexagons represent the
28.5 GHz counts from Murphy & Chary (2018), both rescaled to 34 GHz assuming o = —0.70.
The blue and red lines indicate the scaled source counts for star-forming galaxies and AGN
from the Bonaldi et al] (2019) simulations at 20 GHz, respectively. The dark (light) grey
regions indicate the expected 1o (20) level of cosmic variance, which drops to zero at low
flux densities when our effective area is zero. Lower: The effective area of the COLDz
observations as a function of flux density. For S34 < 20 puJy, we are restricted to the relatively
small field-of-view of the COLDz COSMOS observations. The blue (red) vertical bars indicate
the (deboosted) 34 GHz flux density at which a star-forming galaxy (radio AGN) is detected
(Section @) Despite the relatively large uncertainties, our 34 GHz number counts are in
good agreement with (rescaled) measurements and predictions in the literature.

quiet AGN as the dominant radio populations (e.g., Rowan-Robinson et al.
1993; Seymour et al. 2004; Padovani et al| 2009; Smolc¢i¢ et al. 2017a). For
a typical spectral index of a = —0.70, this flattening should arise around
S34 ~ 100 pJy, and hence is covered in the range of flux densities probed
in this work. We note that these flux densities may be “contaminated” by
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Table 4.2: Euclidean Number Counts at 34 GHz

Scentre Slow Shigh Tuncorr ( S ) ncorr(s )
[yl [yl [pdyl [y*2sr'] [Jy*/%sr1]
57 32 101 01087008 (.25470212
179 101 318  0.514707%  0.763103%7
56.6 318 100.6 0.209701%  0.209701%

178.8 100.6 317.8 0.765759%9  0.76575 959

Note. — (1) Central flux density of the bin, (2), (3)
Lower and upper flux density of the bin, (4) Num-
ber counts uncorrected for incompleteness, (5) Number
counts corrected for incompleteness.

thermal emission from dust, or in the case of two COSMOS sources, by
bright CO-emission, which are typically not an issue in low-frequency ra-
dio source counts. However, while we correct for this when examining the
radio spectra of the star-forming COLDz continuum detections in detail
(Section l4.6.9), here we compute the number counts based on the raw ob-
served flux densities.

As we adopt deep radio observations as prior positions for possible 34-
GHz continuum sources, we expect our sample to be fully reliable, i.e., not
to contain any spurious detections. However, our sample may still be in-
complete, in particular as a result of the RMS of our radio maps increasing
rapidly towards the image edges due to the enhanced primary beam atten-
uation (c.f., Figure 4.d). In turn, in these regions we may miss faint 34 GHz
continuum sources that would have been observed had the RMS been con-
stant across our field-of-view. As such, we adopt the fractional incomplete-
ness as a function of radio flux density as determined from inserting mock
sources into our radio maps (Appendix j.A.1). Denoting the completeness
at flux density S, for field i as f;(S,), the correction factor per field is sim-
ply C; = f;1(S,). For multiple fields, we then adopt the full completeness
to be
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where Q;(S, ) denotes the area in arcmin? across which a source of flux den-
sity S, can be detected in field i at > 3o significance. As such, the overall
completeness is the area-weighted average of the completeness in the COS-
MOS and GOODS-N fields.

We present the completeness-corrected Euclidean-normalized number
counts at 34 GHz in Figure 4.7, and tabulate the results in Table 4.4. The
number counts combine the continuum detections across both the COS-
MOS and GOODS-N fields, using the same area-weighting that is adopted
for the completeness calculation (Equation 4.1). The uncertainties on the
individual points constitute the combination of the error on the counting
statistics from Gehrels (1986) — which are more appropriate than simple
Poissonian errors for bins with few sources — and the error on the complete-
ness. Cosmic variance is not included in the uncertainties, but its magni-
tude is discussed below.

While the high-frequency (v > 30 GHz) radio sky has been explored at
the millijansky level (e.g., Mason et al 2009), the COLDz survey provides
the first constraints on the 34 GHz number counts in the regime where
star-forming galaxies are expected to emerge as the dominant population,
complicating any direct comparisons to the literature. At the bright end of
our 34 GHz observations, we compare with Murphy & Chary (2018), who
perform a stacking analysis in Planck observations at 28.5 GHz, based on
priors at 1.4 GHz from NVSS (Condon et al. 1998). We rescale the number
counts from 28.5 GHz to 34 GHz adopting @ = —0.70, and find them to be
in agreement with the COLDz observations at S34 = 200 uJy.

As no 34 GHz observations with a similar sensitivity to COLDz exist in
the literature, the next best solution is to compare to the highest-frequency
number counts available, and scale the counts to 34 GHz. For this, we
adopt the recent 10 GHz number counts from yvan der Vlugt et al. (2021), as
part of the COSMOS-XS survey, which we scale to 34 GHz via o« = —0.70.
As the parent survey constitutes a very deep single pointing (~ 0.40 uJy
across ~ 30 arcmin?), these data probe down to slightly fainter flux densi-
ties than those probed in this work. However, within the flux density range
in common, we find that the number counts are in good agreement, despite
the inherent uncertainties associated with the required frequency scaling.

While observationally little is known about the faint high-frequency ra-
dio sky, this is no less true for simulations. Modelling of the radio sky

C(Sy) (4.1)
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has predominantly been performed at low frequencies, with simulations
by Wilman et al| (2008) and more recently by Bonaldi et al. (2019) only
extending to 18 and 20 GHz, respectively. As such, we again invoke a fre-
quency scaling to 34 GHz, adopting as before a spectral index of & = —0.70.
We focus on the recent 20 GHz simulations by Bonaldi et al/ (2019), who
model the radio population for two distinct classes of sources: star-forming
galaxies that follow the far-infrared/radio correlation, and radio AGN that
show a strong excess in radio power compared to this correlation. We show
both the individual and combined contributions of the two populations in
Figure [4.7, and find that the simulations predict that below Ss; < 100 uJy
star-forming galaxies should make up the bulk of the radio population. Our
measurements are in good agreement with the simulated number counts,
indicating that a scaling from 20 to 34 GHz with a fixed spectral index is
likely to be appropriate. We caution, however, that the uncertainties on
our number counts are large as a result of the small number of sources de-
tected in the 34 GHz continuum maps.

Furthermore, cosmic variance constitutes an additional uncertainty on
our number counts, as our radio observations probe a relatively small field-
of-view. We show the area probed as a function of flux density in the bottom
panel of Figure l4.7. Out to S34 < 15 uJy, the total area is dominated by the
deeper COSMOS mosaic, and accounts for approximately 10 arcmin®. At
flux densities above S34 > 30 uJy, our field-of-view increases to approxi-
mately 60 arcmin?, as now sources can be detected across the full GOODS-
N mosaic as well. We quantify the magnitude of cosmic variance via the
Bonaldi et al. (2019) simulations, following Algera et al. (2020b). Briefly,
for each of the flux density bins adopted in our computation of the 34 GHz
number counts, we determine the effective area of the COLDz survey in
which sources in the given bin can be detected. We then sample 200 inde-
pendent circular regions of equivalent area from the 20 GHz Bonaldi et al.
(2019) simulations, accounting for the flux density scaling with o = —0.70.
We determine the number counts for all independent areas, and compute
the 16-84™ and 5-95™ percentiles, which we adopt to be the 1 and 20 un-
certainties due to cosmic variance, shown as the dark and light grey re-
gions in Figure [4.7, respectively. We note that such a calculation of the
cosmic variance encapsulates two effects: at low flux densities we have a
relatively small field-of-view, which naturally increases the magnitude of
cosmic variance. At large flux densities, our field of view constitutes the
full ~ 60 arcmin?, but due to the relative paucity of bright radio sources,
cosmic variance similarly constitutes an appreciable uncertainty. The typ-
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Figure 4.8: The far-infrared/radio correlation for the COLDz 34 GHz continuum detections.
Three literature results for the correlation are shown: the local value from Bell (2003), the
correlation for 3 GHz-selected galaxies from Delhaize et al! (2017) and the correlation for
submillimeter galaxies from Algera et al| (2020a). The threshold for identifying radio-excess
AGN is shown via the dashed curve, which is the FIRRC from Delhaize et al| (2017) minus
2.5% the intrinsic scatter. We identify half of the 34 GHz continuum sample (9/18 sources)
as radio AGN.

ical magnitude of cosmic variance between 5 < S34 < 60 uJy induces an
additional uncertainty on the number counts of ~ 0.1 — 0.2 dex — compara-
ble to the Poissonian uncertainties — although this value rapidly increases
for higher flux densities. Overall, we therefore conclude that our number
counts are in good agreement with both observed and simulated counts

from the literature at lower-frequencies.

4.6 34 GHz Continuum Source Properties

4.61 Radio AGN

In the local Universe, the existence of a linear correlation between the to-
tal far-infrared and radio emission of star-forming galaxies has been well-
established (Yun et al. 2001; Bell 2003). This far-infrared/radio correla-
tion has been shown to hold over a wide range of luminosities, from dwarf
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galaxies to dust-obscured starbursts (Bell 2003). The correlation is com-
monly expressed via parameter g, first introduced by Helou et al. (1985),
and defined as

Lir Ly,
o =108 575 oy ) 10w () - @9

Here Lig represents the 8 — 1000 ym luminosity, and L, 4 is the K -corrected
radio-luminosity at rest-frame 1.4 GHz, computed via the closest observed-
frame flux density and the measured radio spectral index. A number of re-
cent, radio-selected studies of the far-infrared/radio correlation have found
it to evolve with cosmic time (e.g., Delhaize et al. 2017; Calistro Rivera et al.
2017; Read et al. 2018; Ocran et al/|2020). While the origin of this evolution
is debated, and may be the result of residual AGN contamination (Molnar
et al. 2018), or due to the different physical conditions in massive star-
forming galaxies at high-redshift compared to local sources (Algera et al.
2020a; Delvecchio et al] 2021), we adopt an evolving far-infrared/radio
correlation to identify radio-AGN among the eighteen 34 GHz detections.
In particular, we adopt the correlation determined for a 3 GHz selected
sample by Delhaize et all (2017), and follow Algera et all (2020b) by iden-
tifying galaxies as radio AGN if they fall below the correlation at the 2.50
level.

We show the far-infrared/radio correlation for the eighteen 34 GHz con-
tinuum detections as a function of redshift in Figure [4.8. In total, half of
the COLDz sample are identified as radio AGN, comprising eight AGN in
GOODS-N, and one in COSMOS (Table [4.4)). The fact that radio AGN make
up a large fraction of the bright radio population is evidenced by the rela-
tively large contribution of AGN in the wider but shallower GOODS-N ob-
servations. Among the galaxies classified as star-forming, Figure 4.6 sug-
gests the existence of an extended tail at 34 GHz in COS-2, at face value
indicative of an AGN jet. However, such extended features are absent in
the deeper 3 and 10 GHz observations of this source, and at these frequen-
cies the galaxy is consistent with being a point source at 2” resolution. As
the spectrum of jetted AGN tends to steepen towards higher frequencies
(e.g., Mahatma et al. 2018), and should therefore be detectable in the lower
frequency ancillary radio data, we interpret the extended tail at 34 GHz as
simply being due to noise. As we adopt the peak brightness for COS-2, its
flux density measurement is unlikely to be substantially affected by this
noisy region in the radio map.
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In total, 6/8 radio-AGN in the GOODS-N field are additionally classi-
fied as AGN through their strong X-ray emission. While constituting only
a small number of sources, this is a relatively large fraction, as the overlap
between radio AGN selected at lower frequencies and X-ray AGN is typi-
cally found to be small (< 30%, e.g., Smolcic et al. 2017a; Delvecchio et al.
2017; Algera et al. 2020b). This difference, however, may in part be due to
the deeper X-ray data available in GOODS-N, compared to the COSMOS
field where these studies were undertaken.

We further show the long-wavelength spectra of the nine radio AGN in
Figure 4.d. The median 1.4 — 34 GHz spectral index of the sample equals
a = —0.77 £+ 0.13, which is consistent with the commonly assumed syn-
chrotron slope of « = —0.70. However, the modest sample still spans a
wide range of spectral slopes between 1.4 and 34 GHz, ranging from nearly
flat (« = —0.04 + 0.02) to steep (o« = —1.47 + 0.06). In addition, the AGN
exhibit relatively smooth spectra, with the median spectral index between
1.4 — 3 (or 5) GHz of azl,)fg = —0.70 £ 0.12 being consistent with the typical
high-frequency slope of agf = —0.79 £ 0.15. Only two AGN exhibit strong
evidence for steepening of their radio spectra towards higher frequencies,
although sources with strongly steepening spectra are more likely to be
missed in a selection at high radio frequencies. Such spectral steepening
is expected to occur due to synchrotron ageing losses increasing towards
higher frequencies, and in turn relates to the age of the AGN (e.g., Carilli
et al. 1901)).

4.6.2 Radio Spectral Decomposition for Star-forming Galaxies

Detecting radio free-free emission in high-redshift star-forming galaxies is
challenging due to its expected faintness, and the presence of a radio AGN
only further hinders the detection of this already elusive component in the
radio spectrum. As such, we now turn our attention to the star-formation-
powered sources detected in the COLDz survey. The radio spectrum of
star-forming galaxies is frequently assumed to be the superposition of two
power laws arising from non-thermal synchrotron and thermal free-free
emission (Condon 1992; Murphy et al. 2017; Tabatabaei et al| 2017). De-
noting their spectral indices as axt and agg, respectively, the radio flux
density at a given frequency v may be written as

v QNT v QFF
S, = SNT () + SEF (> : (4-3)

W W
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Figure 4.9: The radio spectra of the nine radio AGN identified in COSMOS (1) and GOODS-
North (8). The sources have been arbitrarily normalized, and are arranged from the flattest
to steepest 1.4 — 34 GHz spectral index. Note that the errorbars are typically smaller than
the chosen plotting symbols. The grey bands indicate slopes of a = 0.0,—0.70, —1.40
(from top to bottom), comparable to the flattest, median and steepest 1.4 — 34 GHz spectral
slopes we observe for the COLDz AGN, and are shown for reference. The inset shows the
5 — 34 GHz spectral index versus the 1.4 — 5 GHz slope (3 — 34 GHz and 1.4 — 3 GHz for
COSMOS). The radio AGN show a variety of spectral slopes, with a median spectral index of
aizlt = —0.77 + 0.13. However, the AGN exhibit relatively smooth radio spectra, with only
two sources showing strong evidence for spectral curvature.

given a reference frequency v, as well as the thermal and non-thermal
flux densities SEF and SNT, respectively, evaluated at this frequency. We
rewrite this equation by introducing the thermal fraction, defined through
fi = SEF/(SFF 4 SNT) as is common in the literature (e.g., Condon 1992;
[Tabatabaei et al 2017). As such, we rewrite the radio spectrum as

QNT —0.1
Sy = (1= 182) Sy (VVO) + f16 Su (:D) : (4.4)

This further assumes the spectral index for thermal free-free emission is
fixed at apr = —0.10 (Condon 1992; Murphy et al! 2o11). We then deter-
mine the remaining free parameters, f},ﬁ‘, axt and S,,, using a Monte Carlo
Markov Chain (MCMC) based fitting routine. In addition, we adopt an
observer-frame frequency of 1.4 GHz as the reference frequency vy, which
defines the frequency where the thermal fraction is normalized. Where
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necessary, we convert the thermal fraction from observed-frame frequency
v to a rest-frame frequency v/ via

ff(‘prz) (,,(1”7;2)) —0.10

- - (4.5)
s (stim) 0= 1) (i)™

th
fz// -

We adopt flat priors in our fitting routine for the normalization S,, and
thermal fraction fy,, while we adopt Gaussian priors for the non-thermal
spectral index (following, e.g., Linden et al. 2020). For the former two pa-
rameters, we require that —1Jy < S,, < 1Jyand —0.5 < fy < 1.5, that
is, we allow both the normalization and the thermal fraction to take on un-
physical, negative values, as artificially bounding both to be greater than
zero will not fully capture the uncertainties in the MCMC-sampling. In ad-
dition, allowing negative values in the thermal fraction will demonstrate
the necessity for the thermal component, as well as limitations inherent
to the simple model we adopt for the radio spectrum (see also Tabatabaei
et al. 2017).

The Gaussian priors adopted on the non-thermal spectral index are mo-
tivated by a degeneracy that manifests between the synchrotron slope and
thermal fraction at low signal-to-noise. This degeneracy occurs because
it is impossible to accurately distinguish between an overall flat spectrum
as being due to dominant free-free emission, or an intrinsically shallow
synchrotron slope. To partially alleviate this degeneracy, we adopt prior
knowledge from the local Universe that the synchrotron spectral indices are
typically distributed around ant ~ —0.85 (Niklas et al|1997; Murphy et al.
2011). In large radio-selected samples, the scatter around the typical low-
frequency spectral index equals 0.3 — 0.5 dex (Smol¢ic et al. 2017b; Calistro
Rivera et al. 2017; Gim et al. 2019), and is approximately Gaussian. While
these spectral index measurements include both the synchrotron and free-
free components, the low-frequency nature of these data ensure the radio
fluxes are likely dominated by non-thermal emission, and as such, the over-
all variation in the spectral index constitutes a proxy for the scatter in the
typical synchrotron spectral index. To encompass the full observed scat-
ter in the synchrotron slopes, we therefore adopt a Gaussian prior on ant
centered on a mean value of —0.85, with a scatter of 0.50.
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4.6.3 Line and Dust Continuum Subtraction

Prior to fitting the radio spectra of the star-forming COLDz continuum de-
tections, we need to ensure the 34 GHz flux density is not contaminated
by thermal emission from dust, or by strong line emission. In particular,
the 34 GHz flux density of the two COLDz COSMOS sources detected in
CO-emission (COS-2, a.k.a. AZTEC.3, and COS-4), may be boosted by their
respective CO-lines. We re-extract the peak brightness of these two sources
after removing the channels contaminated by the CO-emission, and, as a
sanity check, repeat this for the three COSMOS sources that do not show
any evidence for strong line emission. While for the latter the flux densities
are unaffected by this procedure, we find line-uncontaminated flux densi-
ties for COS-2 and COS-4 of S34 = 5.2 + 1.3 uJy and S35 = 3.0 £+ 1.4 udy,
respectively, which are lower than the original catalogued flux densities by
~ 25% and ~ 40% (Table [g.1). In turn, this correction brings the 34 GHz
flux density from COS-4 below the formal detection limit (S/N = 2).

The 34 GHz continuum flux densities may further contain a contribu-
tion from thermal emission by dust, which, at least for local normal star-
forming galaxies, is thought to dominate the radio spectrum beyond rest-
frame v > 100 — 200 GHz (Condon 1992). To determine the extent of this
contribution, we fit — where available — the far-infrared observations of our
galaxy sample with both optically thin and thick modified blackbody spec-
tra, and extrapolate the resulting dust SED to observed-frame 34 GHz. We
note that this methodology is rather sensitive to how well the global dust
properties (e.g., temperature and emissivity) can be constrained, and as
a result the predicted flux densities are quite uncertain. Nevertheless, we
find that the 34 GHz emission of COS-2 and COS-4 is likely to be dominated
by emission from dust, with predicted dust contributions of 495 Jy and
3.317-2 uJy, respectively. As a result, the full 34 GHz flux densities of these
two sources are consistent with being powered by the combination of CO-
emission and dust. As we probe rest-frame frequencies of v/ ~ 210 GHz
and v/ ~ 120 GHz for COS-2 and COS-4, respectively, this finding is con-
sistent with the typical model for the long-wavelength SED of star-forming
galaxies (Condon 1992).

In what follows, we will discard COS-2 and COS-4 from our sample, as
any remaining contribution from free-free or synchrotron emission to the
measured 34 GHz flux density is not statistically significant, such that no
robust spectral decomposition for these two sources can be performed. One
source in GOODS-N, GN-7 at z = 2.95 (/ =~ 130 GHz), may have ~ 25%
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of its continuum flux density contaminated by dust emission. However,
due to the aforementioned uncertainties in the fitting of the dust SED, we
do not correct for this potential contribution. This analysis indicates that,
even at low flux densities (S34 < 25 uJy), a 34-GHz-selected sample does

~

not automatically yield a free-free-dominated population.

4.6.4 The Radio Spectra of High-redshift Star-forming Galaxies

We show the radio spectra of the seven remaining star-forming sources
across the COSMOS and GOODS-N fields in Figure [4.1d. All sources can
be well-described by the combination of a synchrotron and free-free com-
ponent, although for three sources (COS-3, GN-7, GN-11) — while some
contribution from free-free emission is preferred — the fitted thermal frac-
tions are consistent with zero within 1¢. In turn, for these sources a sin-
gle power-law representing synchrotron emission is sufficient to match the
observed flux densities. We additionally emphasize that there is consider-
able covariance between the thermal fraction and synchrotron slope, and as
such any quoted one-dimensional uncertainties are not fully representative
of the multi-dimensional posterior distribution (Figure l4.11). We therefore
utilize these full posterior distributions in order to propagate the uncertain-
ties into physical quantities such as free-free star-formation rates (Section
4.6.5).

The fitted spectral parameters are presented in Figure and Table
l4.3. Our bootstrapped median thermal fraction, scaled to 1.4 GHz rest-
frame as is common in the literature, equals fi;, = 0.06 & 0.03, with a stan-
dard deviation of o = 0.05. None of the seven star-forming galaxies exhibit
thermal fractions of f, = 0.20, indicating a fairly narrow distribution of
fm at rest-frame 1.4 GHz, even among a sample showing substantial varia-
tion in star-formation rates. Our average thermal fraction is slightly lower
than the average value observed by Tabatabaei et al. (2017) of fy, = 0.10
for star-forming galaxies in the local Universe, though they report a large
scatter of o = 0.09. Additionally, the typical thermal fraction is similar to
what was observed by Niklas et al} (1997), who determined f;;, = 0.084+0.01
at 1 GHz, with a scatter of o = 0.04 across 74 local galaxies.

We further determine an average thermal fraction at observed-frame
34 GHz (i.e., probing 34 x (1 + z) GHz rest-frame) of f, = 0.78 £0.07, with
arange of fy, = 0.45—0.95, and a scatter of ¢ = 0.20 (Figure l4.19). As such,
we find that, even at rest-frame frequencies v > 60 GHz, the radio spectrum
is not fully dominated by thermal free-free emission, though we caution the
uncertainties on the individual thermal fractions are large. We first com-
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Figure 4.10: The radio spectra of the seven star-forming galaxies in the COSMOS (first
2 panels) and GOODS-North (last 5) fields. We show the decomposition of the spectra
into their synchrotron and free-free components, with the shaded regions indicating the 1o
confidence region on the fits. We find the radio emission for four out of seven galaxies (COS-
1, GN-4, GN-9 and GN-12) to be dominated by free-free emission at observed-frame 34 GHz,
whereas for the remainder only a relatively minor thermal contribution is preferred.



185

4.6 34 GHz Continuum Source Properties

E

aan3iy ut syl Joddn se pano[d a1e o1 UIYHM 0J9Z YHM JUIISISUOD dIB SYS 9S9Y] 2I9UM S90IN0S dY ], "A}sou
-TWIN] OTpe.I pUe UOT}ORIJ [BULISY} 91} UO 3S01[} wioJ) pajededod axe sy,IS 991J-991] 91} UO SOIJUTRLIIOUN oYL,

* /1 £ouanDba1y SUIRIJ-1S91 1€ UOTIIRI [RULISY) YL,
"ZHD b1 9WRy-1$01 Je UONDRIY [BWLIDY} YL,

‘suoneAIdsqo zHO Y€ 2@10)D a3 Aq paqoad Lousnbauy swey-1sa1 9y,

1994029 nare 0o = 51018L°0 8007200 g0T  TI-ND-1U0d-ZqQ' 10D
ST ATl Gro166°0—  fe0iCr0  E0.05200 QL TT-ND-1U00-Zq'T0D
LI et el (4 fe0T9e T E0TT6°0 8097800 €9 6-ND-1U00-ZqTOD
A Xl dEE oL reorIL0—  %li0g0 003900 vel L-NH-1102-ZqTOD
orere b 68C SEOOF T T557Tg60 &0.0180°0 L2 P-ND-1U02-Z2q' 10D
<169 bar€s OV 0— 1207090 20048070 89 €-S0D-1u02-ZqT0D
A £78e Se0rI80—  1107e80 104810 79 1-S0D-H02-ZA'T0D
[, So] [, 14y Sof] [zHD]
VTYAS pIIAS LN LB (zHD Y)Y ar

s|dwes z@7QD Suiw.oj-Jels sy Jo sislsweded |esyoadg ¢y a|qe



186 Free-free Emission in High-redshift Star-forming Galaxies

@ COSMOS
@ GOODS-N

—2.01 =

—0.10 —0.05 0.00 005 010 0.15 020 025 0.30
fth (14 GHZ)

Figure 4.11: The fitted synchrotron spectral index versus the rest-frame 1.4 GHz thermal
fraction for the seven star-forming COLDz continuum detections. The blue and green shaded
regions indicate the covariance between the parameters, with the darker (lighter) shading
indicating the 1o (20) confidence regions. The datapoints show the corresponding one-
dimensional uncertainties, and the typical local values are indicated through the dashed lines.
The COLDz galaxies are predominantly located in the lower left quadrant, indicating slightly
steeper synchrotron spectral indices, and lower thermal fractions than what is typically ob-
served locally.

pare these results with two local studies, both of which map free-free emis-
sion on sub-kpc scales. At a typical resolution of ~ 0.9 kpc, Murphy et al.
(2012) find an average thermal fraction across 103 star-forming regions of
fin = 0.76 at rest-frame 33 GHz, with a scatter of o = 0.24. Extrapolating
this value via the simple model from Condon (1992), the typical thermal
fraction at ~ 60 GHz is expected to be ~ 0.85—0.90, which is slightly higher
than the thermal fraction we find for high-redshift star-forming galaxies.
In addition, Linden et all (2020) recently measured a typical thermal frac-
tion at 33 GHz of fi;, = 93 + 0.8% across 118 star-forming complexes in
local galaxies, at a resolution of ~ 0.2 kpc. Their typical thermal fraction is
both higher than was determined by Murphy et al. (2012), and the values
measured in this work. This, however, is not surprising, given that the ther-
mal fractions presented in this work are integrated over the entire galaxy.
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Figure 4.12: Violin diagrams of the thermal fraction at 34 GHz (observed-frame, hence
probing rest-frame 34 X (1 + z) GHz) as a function of redshift. The width of the shaded
regions represents the probability distribution of the thermal fraction, while the datapoints
indicate the median and 16-84'" percentiles. The probability distributions of the thermal
fractions are characterized by a typically high probability of having a large thermal fraction
fin 2 0.7 — 0.8, with a long tail extending towards lower values. The model from Condon

A~

(1992), adopting ant = —0.85 and fin = 0.10 at 1.4 GHz, is shown as the solid black line, and
predicts similar high-frequency thermal fractions as observed across the star-forming galaxies.

As free-free emission is predominantly produced in star-forming regions,
spatial variations in the thermal fraction across a galaxy are naturally ex-
pected, with the thermal fraction peaking in star-forming complexes.

At high-redshift, no previous studies have directly targeted the free-
free-dominated regime (v = 30 GHz) in blindly selected galaxy samples,
at a depth where star-forming galaxies are expected to dominate the ra-
dio population. However, particularly in bright dusty star-forming galax-
ies, some works have serendipitously detected high-frequency radio con-
tinuum emission, typically as a byproduct when targeting the CO(1-0) line.
Thomson et al. (2012) detect free-free emission in two z ~ 2.9 lensed sub-
millimeter galaxies, and determine thermal fractions of f;, ~ 0.3 — 0.4 at
34 GHz. Other studies of highly star-forming galaxies (Aravena et al. 2013;
Huynh et al| 2017) have additionally detected radio continuum emission
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at observed-frame ~ 30 — 35 GHz, but had to assume fixed synchrotron
spectral indices due to a lack of ancillary data. Nevertheless, they estimate
thermal fractions between fy;, ~ 40 — 70%. Overall, these studies find ther-
mal fractions that are broadly consistent with, albeit typically slightly lower
than, what we determine for the star-forming sample detected in our non-
targeted 34 GHz observations.

Finally, we compare our results with the 10 GHz pointing from Murphy
et al/ (2017) in GOODS-N. They determine thermal fractions from 1.4 —
10 GHz spectral indices for ~ 25 galaxies, under the assumption of a fixed
synchrotron slope of axy = —0.85. At a typical rest-frame frequency of
v ~ 20 GHz, they find a median thermal fraction of f;, ~ 50%. Extrapo-
lating this value to rest-frame 60 GHz, this would imply a thermal fraction
of fin ~ 0.7, similar to what we observe among the COLDz star-forming
sample.

We further determine a median non-thermal spectral index for the star-
forming COLDz sample of any = —0.9970 32, with a standard deviation
of 0 = 0.25. This typical value is consistent with the value observed by
[Tabatabaei et al. (2017) for local star-forming galaxies of axt = —0.97 +
0.16, but is slightly steeper than that of individual star-forming regions
in NGC 6946, where Murphy et al. (2011) find a typical value of axt =
—0.81 4+ 0.02. This is not surprising, as these observations directly target
the acceleration sites of cosmic rays, where the spectrum should be flat-
ter. However, our median synchrotron slope is additionally slightly steeper
than the value obtained by Niklas et al/ (1997), who determine an average
ant = —0.834+0.02 (0 = 0.13) across 74 local galaxies. The slightly steeper
non-thermal spectral index we find for the COLDz sample may be the re-
sult of the higher rest-frame frequencies probed in this work, compared
to the aforementioned local studies. Synchrotron cooling losses increase
towards high rest-frame frequencies, and result in the steepening of the
non-thermal spectral index (e.g., Thomson et al. 2019). While our data do
not have the constraining power to determine whether such spectral age-
ing occurs, as this requires additional sampling of the radio spectrum, such
increased high-frequency losses would be fitted by a relatively steep syn-
chrotron slope in our two-component model, and may plausibly contribute
to our moderately lower value for ant compared to local studies.

Based on the spectral parameters we determine for the COLDz sam-
ple, we calculate the rest-frame frequency v;, where the thermal fraction
reaches 50% via
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While the uncertainties on this value are substantial for the individual star-
forming galaxies due to its dependence on both the thermal fraction and
synchrotron slope, we determine a median value of v, = 11.572%° GHz,
with a standard deviation of o = 5.9 GHz. This is slightly lower than, albeit
still consistent with, the canonically assumed value of v/, ~ 25 — 30 GHz
(e.g., Condon 1992), which is likely due to the relatively steep synchrotron
slopes we are finding for the COLD: star-forming galaxies.

While the differences between the spectral parameters determined for
COLDz and those observed in local star-forming galaxies are of minor sta-
tistical significance, a high-frequency selection of star-forming galaxies is
likely to bias the sample towards having overall shallow radio spectra. Com-
bining the 10 — 34 GHz spectral indices for the star-forming galaxies across
COSMOS and GOODS-N, we find an average slope of a3 = —0.47 £ 0.10
(o = 0.28), which is substantially shallower than the canonical « = —0.70
assumed at lower frequencies. Shallow spectra are naturally expected in
the free-free dominated regime, in particular for young starburst galax-
ies. Such sources should exhibit large thermal fractions, as synchrotron
emission lags the onset of a starburst by > 30Myr (e.g., Bressan et al.
2002), and the galaxies should hence be dominated by free-free emission
across the entire radio spectrum. However, our sample is fully comprised
of sources with typical or low thermal fractions (fy, < 0.20 at 1.4 GHz), and
rather steep synchrotron spectra (axt < —0.85). This, in turn, indicates we
are likely detecting relatively mature starbursts, as opposed to young star-
forming galaxies. In particular, galaxies with a declining star-formation
history are expected to exhibit only modest levels of free-free emission at
low radio frequencies, and may show steepening of their synchrotron spec-
tra towards higher frequencies. This scenario is qualitatively consistent
with the spectral parameters we are finding for the COLDz star-forming
galaxies, and may therefore be typical for a high-frequency-selected sam-
ple.

Alternatively, the relatively low thermal fractions observed for our star-
forming sample at low frequencies may be the result of residual AGN con-
tamination. An AGN will contribute additional synchrotron emission in ex-
cess of that arising from star-formation, while the overall contribution from
free-free emission is mostly unaffected. In this case, one may expect typi-
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Figure 4.13: Left: A comparison of the star-formation rates obtained from free-free emission,
versus those from magphys. The one-to-one relation is shown through the solid black line,
and the vertical errorbars represent the propagated uncertainties on the radio luminosity and
thermal fraction. For three sources, we can only place upper limits on their free-free SFRs.
The diamonds show the SFRs that we infer from SED-fitting when we instead convert the
far-infrared luminosity into a star-formation rate, for the two sources where these values are
discrepant (see text for details). Right: Free-free star-formation rates versus those obtained
from radio synchrotron emission, adopting the FIRRC from Delhaize et al] (2017). Despite
the uncertainties on SFRgr being large as a result of the low signal-to-noise at 34 GHz, and the
limited available sample size, we find that the free-free star-formation rates are in reasonable
agreement with the values derived from SED-fitting and low-frequency radio emission.

cal synchrotron spectra, in combination with low thermal fractions. How-
ever, we find no strong evidence for systematic residual radio AGN activity
based on the values of ¢ir of our star-forming galaxies, as we find that half
of our sample falls onto or above the far-infrared/radio correlation for star-
forming galaxies (Delhaize et al. 2017; Algera et al| 2020a).

4.6.5 Free-Free Star-Formation Rates

Free-free emission is one of the most robust tracers of star-formation, as
it constitutes a direct probe of the ionizing photons emitted by recently
formed (< 10 Myr) massive stars. As such, it does not rely on reprocessed
starlight, or emission produced by stellar remnants, such as, respectively,
far-infrared and radio synchrotron emission. However, some caveats still
apply, as carefully summarized in Querejeta et al. (2019). In particular, any
ionizing photons absorbed by dust within the HII-region will not contribute
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to the ionization of hydrogen atoms, and as such will reduce the free-free
luminosity at a fixed star-formation rate (e.g., Inoue et al. 2001; Dopita
et al. 2003). Alternatively, if there is substantial leakage of ionizing pho-
tons, free-free emission will similarly be suppressed. Finally, since free-
free emission is only sensitive to the massive end of the initial mass func-
tion, any variations in the IMF may substantially affect the calculated star-
formation rates. We note that these caveats also apply to star-formation
rates estimated using the Balmer lines (e.g., Ha, H3), with the clear ad-
vantage of free-free emission being that it is fully dust-insensitive on scales
beyond the HII-region wherein the star-formation occurs.

With these caveats in mind, we now set out to calculate free-free star-
formation rates for the seven star-forming galaxies detected at 34 GHz. The
calibration from Murphy et al. (2012), adapted to a Chabrier IMF, is given
by

SFRpr \ s T \ P v o010
(M@ yrl) = 4310 <104 K> (@)
x < f th(y )LI/ )
ergs—1Hz !/’

Here T, is the electron temperature, which we assume to equal 7, = 10* K.
However, we note that our results are somewhat insensitive to the precise
value adopted, given the modest exponent of 7. %4°, The star-formation
rate is further directly proportional to the product of the thermal fraction
and the radio luminosity, which we evaluate at a rest-frame frequency of
v = 1.4GHz.

We derive typical free-free star-formation rates between SFR ~ 30 —
350 M yr—! for the 4/7 sources for which we have robustly constrained
thermal fractions. The remaining sources instead have a thermal fraction
that is consistent with zero within 1o, such that we can only provide up-
per limits on their free-free star-formation rates. We compare the free-
free star-formation rates with those derived from magphys, as well as from
low-frequency radio synchrotron emission in Figure 4.14. For the latter, we
adopt the far-infrared/radio correlation from Delhaize et all (2017), which
is suitable for the radio-detected star-forming population. While we have
derived individual gjg-values for the star-forming COLDz sample in Sec-
tion l4.4, we adopt a fixed far-infrared/radio correlation from the literature

to ensure the synchrotron-derived star-formation rates are independent of
those from far-infrared emission.

4.7)
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Overall, we observe a reasonable agreement between the star-formation
rates from free-free emission, and those from the more commonly adopted
tracers we use for comparison. This likely implies that the various afore-
mentioned caveats do not greatly affect our calculated SFRs. However, the
correlation between the two radio-based tracers appears tighter than the
one between the SFRs from free-free emission and SED-fitting, which is
surprising as the timescale for far-infrared emission should more closely
resemble that of FFE than synchrotron emission. Two sources in particu-
lar, GN-4 (z = 1.27) and GN-9 (z = 0.87) appear to have well-constrained
free-free SFRs which exceed the ones from SED-fitting by a factor of 5.6 +
0.1 and 7.0 + 0.3, respectively. If dust extinction within the HII-region,
or leakage of ionizing photons were a concern, the free-free SFRs should
be suppressed, in contrast to what we observe for these two sources. In-
stead, for GN-4 this offset is likely related to the SFR determined from
SED-fitting. While the infrared SED of this galaxy is well-constrained (Fig-
ure [4.17), magphys predicts that a substantial fraction of the infrared emis-
sion from GN-4 originates from an older stellar population, with the ratio
between its infrared-based star-formation rate — assuming the conversion
from Kennicutt (1998) adjusted for a Chabrier IMF — and the fitted SFR
equaling 3.2 + 0.1. Given that the SFRs from free-free emission and the
1.4 GHz luminosity are in good agreement for GN-4, it is likely that the
contribution from old stars to the FIR-luminosity is overestimated in the
SED-fitting.

A similar discrepancy can be seen between the free-free and infrared
star-formation rates derived for GN-9. While this source too has a modest
contribution to its dust luminosity from older stars, upon accounting for
this, its ratio between the free-free and SED-fitted star-formation rates re-
mains a factor of 3.870-1. Instead, the radio flux densities of this source are
likely to be boosted by the emission from an AGN. We find a far-infrared/radio
correlation parameter of ;g = 1.99 + 0.04 for GN-9 (Section 4.6.1), which
implies it lies ~ 0.5dex below the median value for radio-selected star-
forming galaxies at its redshift of = = 0.87 (Delhaize et al| 2017), though
still above the threshold we adopt for identifying radio AGN. Nevertheless,
GN-9 is ~ 3.5x radio-bright with respect to the median far-infrared/radio
correlation, which fully accounts for the difference between its radio and
SED-fitted star-formation rates.

Interestingly, we can only place upper limits on the free-free star for-
mation rates for two of the brightest star-forming galaxies in GOODS-N
(SFRggp ~ 400 M, yr—!), GN-7 and GN-11. While naively these galax-
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ies might be expected to exhibit strong free-free emission, recent studies
of starburst galaxies have found that their radio spectra might steepen to-
wards higher frequencies (Tisanic et al| 2019; Thomson et al 2019). This
may be related either to a deficit in free-free emission, or to the steepening
of their synchrotron spectra. However, these studies were limited to rest-
frame frequencies v < 20 GHz, and hence did not probe the regime where
free-free emission is expected to dominate. While our study does directly
target this high-frequency regime, with the current sampling of the radio
spectrum we are unable to distinguish between a deficit in free-free emis-
sion, or more complex behavior in the synchrotron emission. Nevertheless,
our lack of a robust detection of free-free emission in these strongly star-
forming sources provides support for the existence of more complex radio
spectra, which may be constrained by probing their radio emission at in-
termediate frequencies, using, for example, the VLA K-band (22 GHz).

Taking the aforementioned caveats into account, our derived free-free
star-formation rates are in good agreement with those from SED-fitting
and the low-frequency far-infrared/radio correlation. While the uncertain-
ties on the free-free SFRs remain large as a result of the typical faintness
of star-forming galaxies at high rest-frame frequencies, our analysis indi-
cates that a deep, 34-GHz selected sample, supplemented by deep ancillary
radio observations, can be used to accurately constrain star-formation at
high-redshift. This, in turn, will be possible for significantly larger galaxy
samples in the future, with the increased sensitivity of next-generation ra-
dio facilities.

4.7 Free-free Emission with the SKA and ngVLA

The next large radio telescope to come online is the Square-Kilometer Ar-
ray Phase 1 (SKA1), with SKA1-Mid set to cover a frequency range of 0.35 —
15 GHz. As such, observations with the highest-frequency band of the SKA1-
Mid (at a central frequency of v. = 12.5 GHz) will start probing the regime
where free-free emission dominates in star-forming galaxies at z 2> 1. A
galaxy with SFR = 10 M yr—! at z = 1 will have a flux density of ap-
proximately S125 ~ 1.5 uJy in this band, assuming the FIRRC from Del-
haize et al| (2017), and the calibration between star-formation and free-free
emission from Murphy et al. (2012). This, in turn, requires ~ 15 — 20 hr of
telescope time for a 50 detection, based on the SKA1 sensitivity estimates
from Braun et al.| (2019). In order to robustly probe the free-free emis-
sion in such a modestly star-forming galaxy, additional sampling of its low-
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frequency radio spectrum is crucial. In particular, for a similar 50 detection
at 1.4 and 6.7 GHz, a further ~ 10 — 15 hr of total telescope time is required.
Given the ~ 4x larger field-of-view at 6.7 GHz compared to at 12.5 GHz, a
possible observing strategy for the detection of free-free emission in faint
star-forming galaxies is to combine two single SKA1-Mid pointings at 1.4
and 6.7 GHz with a five pointing mosaic at 12.5 GHz, covering the entire
6.7 GHz field-of-view. With a total telescope time of ~ 100 hr, this allows
for the mapping of free-free emission in all z > 1 star-forming galaxies at
S12.5 2 1.5 puJy across an area of ~ 120 arcmin?. Adopting the Bonaldi et al.
(2019) simulations of the radio sky, developed specifically for the SKA1,
a typical ~ 1100 — 1200 galaxies are expected at S35 = 1.5uJy within
this field-of-view. In particular, approximately ~ 68 + 2% (~ 12 + 1%) of
this sample is expected to lie at a redshift = > 1 (z > 3), allowing for the
robust sampling of the free-free dominated regime. For comparison, the
200 hr VLA COSMOS-XS survey (van der Vlugt et al. 2021), reaches a sim-
ilar depth to these template SKA1-Mid observations at 3 and 10 GHz, but
covers a smaller area of ~ 30 arcmin®. The increased survey speed of SKA1-
Mid, therefore, allows for a > 8 x quicker mapping of free-free emission up
to ~ 15GHz, compared to the VLA. However, as the frequency coverage
of SKA1-Mid is not fully optimized to directly probe the high-frequency ra-
dio emission in star-forming galaxies, significant synergy with the VLA re-
mains, as it allows for the extension of the spectral coverage from the SKA1
to higher frequencies.

The ngVLA (Murphy et al. 2018; McKinnon et al. 2019), however, is set
to truly transform our understanding of the high-frequency radio spectrum
in distant galaxies, and will allow for the usage of free-free emission as a
high-redshift SFR-tracer on an unprecedented scale. The current sensitiv-
ity estimates (Butler et al. 2019) indicate that the ngVLA will attain a typical
RMSofo ~ 0.3 ubeeam_1 in one hour of Band four (v = 20.5 — 34.0 GHz)
observations. This, in turn, translates to a 50 detection of a galaxy form-
ing stars at 100 M yr~! at z = 2.5, probing rest-frame 80 GHz, similar to
the frequency range probed in this work for z ~ 2 star-forming galaxies.
However, with the expected improvement in sensitivity the ngVLA pro-
vides over the current VLA, high-redshift sources may more easily be tar-
geted at relatively low observing frequencies, enabling wider surveys while
still allowing for the free-free dominated regime to be probed. For exam-
ple, Barger et al. (2018) propose a survey at 8 GHz (ngVLA Band two) to
0.2 uJybeam ' across a large area of 1deg?, which requires just an hour
per pointing. By adopting a typical wedding cake strategy, deeper observa-



4.8 Conclusions 195

tions across a smaller area can further be used to target fainter star-forming
galaxies. As an example, a star-forming galaxy of SFR = 25 M yr—! at
2z = 3(z = 5) can in principle be detected at 8 GHz in only ~ 3 hr (~ 15 hr),
modulo, of course, the large uncertainties on the typical thermal fraction
in faint, star-forming sources, and the nature of the far-infrared/radio cor-
relation in this population.

4.8 Conclusions

We have presented a deep continuum survey of the high-frequency radio
sky with the Very Large Array, which probes the microjansky galaxy popu-
lation at 34 GHz. This regime has historically remained largely unexplored
due to the relatively low survey speed of radio telescopes at these frequen-
cies, as well as the expected faintness of sources. However, the high radio
frequencies hold one of the most reliable tracers of star-formation, radio
free-free emission, and as such are set to become a key area of study with
next-generation radio facilities.

We employ deep observations at 34 GHz from the COLD: project (Pavesi
et al. 2018; Riechers et al. 2019, 2020) which cover the well-studied COS-
MOS (10 arcmin?) and GOODS-North (50 arcmin?) fields to a typical depth
of ~ 1.5 uJybeam ' and ~ 5.3 uJybeam ™', respectively. We perform source
detection on the images down to a liberal 30 detection threshold, aided by
deep ancillary radio data across both fields, resulting in the detection of
high-frequency continuum emission in eighteen galaxies. We cross-match
these detections with additional deep radio observations at 1.4, 3 and 10 GHz
in the COSMOS field, as well as data at 1.4, 5 and 10 GHz in GOODS-N.
In addition, we leverage the wealth of multi-wavelength data across both
fields to fully sample the SEDs of the galaxies from the X-ray to radio regime.
The COLDz continuum sample spans a redshift range of = = 0.50 — 5.30,
and lies at a median (mean) redshift of z = 1.12703% (» = 1.5575:31). The
sample contains six sources at z > 2, and includes the well-studied submil-
limeter galaxy AzTEC.3 at z = 5.3. Our main findings are the following:

« We present the first constraints on the radio number counts at 34 GHz
in the regime where star-forming galaxies dominate the radio popu-
lation (Figure 4.7), and find that these are in good agreement with
lower-frequency number counts in the literature, both from observa-
tions (van der Vlugt et al. 2021) and simulations (Bonaldi et al/2019).
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« We use the far-infrared/radio correlation to divide the 34 GHz con-
tinuum sample into star-forming galaxies and active galactic nuclei
(Figure l4.8). In total, half of the sample (9 sources) shows AGN activ-
ity at radio wavelengths (Figure l4.d), while the radio emission of the
remainder is consistent with being powered predominantly through
star-formation. All but one of the faintest galaxies in our sample
(S34 < 20 pdy) show radio emission of a star-forming origin, which
is qualitatively consistent with the small fraction of radio AGN found
in deep observations at lower frequencies (e.g., Algera et al. 2020h).
Two sources, including AzTEC.3 at z = 5.3, likely have their contin-
uum emission at 34 GHz dominated by thermal emission from dust,
leaving 7/18 sources (~ 40%) of the sample with high-frequency radio
continuum emission dominated by the combination of synchrotron
and free-free emission.

« We use the wealth of ancillary radio data across the COSMOS and
GOODS-N fields to construct radio spectra of the star-forming galax-
ies, covering four frequencies in the range 1.4 — 34 GHz (Figure 4.10).
We fit the radio spectra with a combination of free-free and synchrotron
emission, and determine thermal fractions and non-thermal spectral
indices for our sample (Figures and l4.1d), which are consistent
with the values observed in local galaxies. We further determine free-
free star-formation rates for seven star-forming galaxies, and find
good agreement with those obtained from SED-fitting and the far-
infrared/radio correlation (Figure l4.13).

With the 34 GHz continuum data from the COLDz survey, we have di-
rectly targeted free-free emission in faint star-forming sources at high red-
shift. While currently limited to a modest sample, next-generation radio
facilities are set to significantly increase the number of galaxies for which
the full radio spectrum is constrained, and will transform our understand-
ing of high-frequency radio continuum emission in star-forming galaxies.
However, combined with the wealth of ancillary data in the COSMOS and
GOODS-N fields, the COLDz observations already allow for a census of
free-free emission in the typical star-forming population via a multi-frequency
radio stacking analysis, which will be presented in a forthcoming publica-
tion (Algera et al. 2021, in preparation).



4.A Image Properties 197

Acknowledgements

The authors would like to thank the anonymous referee for their comments
on the manuscript. H.S.B. Algera would like to thank A. de Graaff and D.
Blanco for useful and constructive discussions. The authors thank Chris
Carilli and Ian Smail for providing comments on the manuscript, and Fabian
Walter for his help in the early stages of this project. The National Ra-
dio Astronomy Observatory is a facility of the National Science Founda-
tion operated under cooperative agreement by Associated Universities, Inc.
H.S.B.A. and J.A.H. acknowledge support of the VIDI research programme
with project number 639.042.611, which is (partly) financed by the Nether-
lands Organization for Scientific Research (NWO). D.R. acknowledges sup-
port from the National Science Foundation under grant numbers AST-1614213
and AST-1910107. D.R. also acknowledges support from the Alexander von
Humboldt Foundation through a Humboldt Research Fellowship for Ex-
perienced Researchers. M.A. and this work have been supported by grants
“CONICYT+PCI+REDES 19019” and “CONICYT + PCI + INSTITUTO MAX
PLANCK DE ASTRONOMIA MPG190030”.

Appendix

4.A Image Properties

We discuss some of the properties of the COSMOS and GOODS-N 34 GHz
images below, including the completeness, and the level of flux boosting. In
addition, we detail how we assign flux densities to the 34 GHz continuum
detections.

4.An  Completeness

We determine the completeness of the COSMOS and GOODS-N mosaics by
inserting mock sources into the image, and extracting them via our regular
source detection procedure (Section [4.3). The fraction of resolved sources
at a resolution of ~ 2" at 10 GHz — similar to the resolution of our 34 GHz
observations — is just ~ 10% (van der Vlugt et all 2021), and is expected
to be smaller at even higher frequencies, where sources are more compact
(Murphy et al, 2017; Thomson et al. 2019). As such, we only include un-
resolved mock sources in our completeness analysis. Sources are inserted
in the maps uncorrected for the primary beam (PB), as in this case it is
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straightforward to incorporate the incompleteness due to the decreased
PB-sensitivity by inserting sources with a true flux density S, as A(r) x S,,
where A(r) represents the primary beam sensitivity at position r within the
mosaic.

We randomize source positions within both mosaics, above A(r) > 0.20,
and draw flux densities from a powerlaw distribution to ensure low flux
densities — where incompleteness will be the largest — are amply sampled.
For COSMOS, we insert 50 mock sources each run, for a total of 200 runs.
As the GOODS-N mosaic is substantially larger, we instead insert 100 mock
sources per run, for 100 runs total. In both cases, mock sources are re-
quired to be 2.5 beam sizes away from both real sources and other mock
sources. We then repeat the source detection procedure described in Sec-
tion 4.9, and cross-match the recovered sources to the inserted ones, using
a matching radius of (/7. We record their inserted flux density, as well as
their recovered peak and integrated flux densities. We define the complete-
ness in a given flux density bin i as C; = Niec,i/Nins i, that is, as the ratio
of the number of inserted and recovered mock sources with a flux density
that falls within the i-th bin. We determine the corresponding uncertainty
via a bootstrap analysis, whereby we resample from the inserted flux densi-
ties, with replacement, and determine for each flux density bin the fraction
of this sample that was recovered in our source detection procedure. The
uncertainty then represents the 16% — 84 percentile of the bootstrapped
completeness analyses. We show the completeness in both the COSMOS
and GOODS-N mosaics in Figure j4.14|.

In the COSMOS field, we reach 50 and 80 per cent completeness at flux
densities of S3; = 7.3 uJybeam ™' (~ 60, where o represents the typical
RMS in the map) and S3; = 13.3 uJybeam ™' (= 100), respectively. In
GOODS-North, we reach completeness fractions of 50 and 80 per cent at
S34 = 19.6 pLbeeam*1 (=~ 40) and S34 = 29.3 Mbeeam*1 (~ 60), respec-
tively. These differences may be explained by the non-uniform exposure
map of the GOODS-N mosaic, allowing for faint sources to still be detected
in a small portion of the mosaic.

4.A.2 Peak versus Integrated Fluxes

In order to assign a flux density to the detected radio sources, we need to
establish if they are resolved. Our observations have a typical beam-size
of ~ 2”5, and as such, we expect most sources to be unresolved, based
on the typical (sub-)arcsecond radio sizes of star-forming galaxies at low-
frequencies (Cotton et al. 2018; Jiménez-Andrade et al. 2019), and the find-
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ing that these sources are more compact at higher frequencies (Murphy
et al. 2017; Thomson et al|2019). To verify this, we use our runs of inserted
mock sources, which by construction are unresolved, and compare their
peak and integrated flux densities as a function of signal-to-noise. We show
the results in Figure |4.14, for both the COSMOS and GOODS-N fields. We
divide the results into logarithmically spaced bins in S/N, and determine
the integrated/peak ratio encompassing 95 percent of sources per bin (fol-
lowing, e.g., Bondi et al. 2008; van der Vlugt et al. 2021). These percentiles
are fitted with a power-law, with the region below the best fit defining the
limiting integrated/peak flux density where sources are taken to be unre-
solved. It is clear that at modest signal-to-noise, S/N < 5, sources can
have Sint/Speak 2 2, despite being unresolved. This is a result of nearby
noise peaks elongating the source, or throwing off the fitting, which mostly
affects the integrated flux density. We find that all sources, with the ex-
ception of one bright (S/N ~ 25) detection in GOODS-N, show an inte-
grated/peak ratio which is consistent with the source being unresolved. As
such, we adopt the integrated flux density for this single source, and the
peak brightness for the rest.

4.A3 Flux Boosting

At low signal-to-noise, the peak brightness may be ‘boosted’ as a result of
noise properties in the image. To establish whether this is affecting the flux
densities of our 34 GHz detections, we compare the recovered and inserted
flux densities of our mock source analysis. The results are shown in Figure
l4.16, for both COSMOS and GOODS-N. At S/N > 5, the median ratio of
recovered to inserted flux density is consistent with unity, with a spread of
less than < 20%. At S/N < 5, which is the typical signal-to-noise at which
the faintest 34 GHz sources are detected, the level of flux boosting steadily
increases, with a typical correction of ~ 20% at S/N =~ 3 in either field.
In this low-S/N regime, the typical spread on the ratio of recovered and
inserted flux densities similarly increases strongly. Following, e.g., Stach
et al. (2019), we correct the flux densities of the sources detected at 34 GHz
by the median level of flux boosting at their observed S/N. The uncertainty
on the corrected flux density includes the propagated bootstrapped error
on the median.
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Figure 4.14: Left: Completeness analysis for the COSMOS field, showing the fraction of
inserted mock sources we recover as a function of their flux density. The red datapoints and
shaded region indicate the measured completeness and confidence region, respectively. Right:
Completeness analysis for GOODS-North. Both panels take into account the variation in the
primary beam sensitivity across the mosaic, and as such the total completeness correction
constitutes the combination of missing sources due to a decreased primary beam sensitivity,
and local noise properties within the mosaics.
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Figure 4.15: The ratio of integrated to peak flux density as a function of the peak S/N for
unresolved mock sources inserted into the COSMOS and GOODS-N fields. Both panels show
a power-law fit to the upper 95th percentile of each bin in S/N (red points) via the red, dashed
line. Sources below this line are taken to be unresolved, and for these the peak brightness
is adopted. The robust sources detected in both fields are shown in blue. A single source in
GOODS-N is consistent with being resolved, whereas the remaining continuum detections are
unresolved. Since the mock sources are inserted into the mosaic uncorrected for the primary
beam, the RMS is highly uniform, and hence the S/N can be mapped into a peak brightness
(upper horizontal axis).
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Figure 4.16: The ratio of recovered and inserted peak flux density as a function of recovered
flux density, for unresolved mock sources inserted into the COSMOS and GOODS-N 34 GHz
maps. A running median and the corresponding 16 — 84" percentile spread are indicated
through the red line and shaded area. While for both fields the median level of flux boosting
is negligible at S/N 2 5, the correction reaches ~ 20% at S/N = 3.

4.B  Spectral Energy Distributions
We show the full spectral energy distributions for the eighteen COLD2 con-

tinuum detections, fitted with magphys, in Figure .17, and present their
physical parameters in Table j4.4|.
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Figure 4.17: The spectral energy distributions of the 18 COLDz continuum detections. All
datapoints are shown in red, with triangles indicating upper limits and open symbols indicating
the radio observations, which are not fitted. In half of the sources, the measured radio flux
densities lie well above the extrapolated value from magphys, indicative of additional emission

from a radio AGN.
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