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ABSTRACT16

The high-frequency radio sky has historically remained largely unexplored due to the typical faintness17

of sources in this regime, and the modest survey speed compared to observations at lower frequencies.18

However, high-frequency radio surveys offer an invaluable tracer of high-redshift star-formation, as they19

directly target the faint radio free-free emission. We present deep continuum observations at 34 GHz20

in the COSMOS and GOODS-North fields from the Karl G. Jansky Very Large Array (VLA), as part21

of the COLDz survey. The deep COSMOS mosaic spans ∼ 10 arcmin2 down to σ = 1.3µJy beam−1,22

while the wider GOODS-N observations cover ∼ 50 arcmin2 to σ = 5.3µJy beam−1. We detect a23

total of 18 galaxies at 34 GHz, of which nine show radio emission consistent with being powered by24

(Replaced: through replaced with: by) star-formation, although for two sources this is likely due to25

thermal emission from dust. Utilizing deep ancillary radio data at 1.4, 3, 5 and 10 GHz, we decompose26

the spectra of the remaining seven star-forming galaxies into their synchrotron and thermal free-free27

components, and find typical thermal fractions and synchrotron spectral indices comparable to those28

observed in local star-forming galaxies. We further determine free-free star-formation rates (SFRs), and29

show that these are in agreement with SFRs from SED-fitting and the far-infrared/radio correlation.30

Our observations place strong constraints on the high-frequency radio emission in typical galaxies at31

high-redshift, and provide some of the first insight in what is set to become a key area of study with32

future radio facilities as the Square Kilometer Array Phase 1 and next-generation VLA.33

Keywords: galaxies: evolution −− galaxies: formation −− galaxies: high-redshift −− galaxies: ISM34

−− galaxies: star formation35

1. INTRODUCTION36

Deep radio observations offer an invaluable view on37

star-formation in the high-redshift Universe. With cur-38

rent facilities, such as the upgraded NSF’s Karl G. Jan-39

sky Very Large Array (VLA), both star-forming galaxies40

and faint active galactic nuclei (AGN) can now be stud-41

ied down to microjansky (Replaced: microJansky42

replaced with: microjansky) flux densities at GHz fre-43

algera@strw.leidenuniv.nl

quencies. However, a regime that remains substantially44

understudied is the faint radio population at high fre-45

quencies (ν & 10 GHz), which is for a large part the46

result of the comparative inefficiency at which high-47

frequency radio surveys can be executed. Firstly, for48

a fixed telescope size, the field of view of a single point-49

ing decreases steeply with frequency as ν−2. Secondly,50

radio sources are generally intrinsically fainter at high51

radio frequencies, Sν ∝ να, where α ∼ −0.7 (Condon52

1992), and thirdly, typically only a modest fraction of53

telescope observing time is suitable for high-frequency54

observations due to more stringent requirements on the55
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observing conditions. As a result, the survey speed at56

34 GHz is & 5000 times (Replaced: × replaced with:57

times) smaller compared to observations at the more58

commonly utilized frequency of 1.4 GHz.59

Despite these observational difficulties, high-frequency60

radio observations provide complementary insight into61

both star-forming galaxies and AGN. Historically, low-62

frequency radio observations have been used as a tracer63

of star-formation activity through the far-infrared/radio64

correlation (FIRRC; van der Kruit 1971, 1973; de Jong65

et al. 1985; Helou et al. 1985). This correlation, which66

has been shown to hold over several orders of magni-67

tude in terms of luminosity (Yun et al. 2001; Bell 2003),68

as well as to high redshift (Replaced: high-redshift69

replaced with: high redshift) (z ∼ 5, Delhaize et al.70

2017; Calistro Rivera et al. 2017; Algera et al. 2020a;71

Delvecchio et al. 2020), relates the predominantly non-72

thermal synchrotron emission of a star-forming galaxy73

to its far-infrared (FIR) luminosity. The latter has74

been well-calibrated as a tracer of star-formation, as at75

FIR-wavelengths dust re-emits the light absorbed from76

young, massive stars (e.g., Kennicutt 1998). The syn-77

chrotron emission, instead, emanates from cosmic rays78

accelerated by supernova-induced shocks, and as such79

constitutes a tracer of the end product of massive-star80

formation (Condon 1992; Bressan et al. 2002). How-81

ever, a second process is expected to dominate the ra-82

dio spectral energy distribution (SED) at high frequen-83

cies (ν & 30 GHz): radio free-free emission (FFE). Un-84

like radio synchrotron radiation, free-free emission is a85

much more direct star-formation rate tracer, as it orig-86

inates from the HII regions (Replaced: HII-regions87

replaced with: HII regions) in which massive stars88

have recently formed. In addition, unlike other com-89

monly used probes of star-formation such as UV con-90

tinuum emission or the hydrogen Balmer lines, free-free91

emission constitutes a tracer of star-formation that is92

largely unbiased by dust extinction. These characteris-93

tics establish free-free emission as one of the most reli-94

able tracers of star formation, both in the local and the95

(Added: the) high-redshift Universe.96

Locally, the radio spectra of both individual star-97

forming regions and star-forming galaxies have been98

well-characterized, and have established free-free emis-99

sion as a means of calibrating other tracers of star-100

formation (Murphy et al. 2011). In addition, in nearby101

galaxies free-free emission can typically be separated102

spatially from non-thermal synchrotron emission, as in-103

dividual extragalactic star-forming regions can be re-104

solved (Tabatabaei et al. 2013; Querejeta et al. 2019;105

Linden et al. 2020). However, in the high-redshift Uni-106

verse, free-free emission has remained elusive, despite107

the observational advantage that high-frequency contin-108

uum emission redshifts into radio bands that are more109

easily accessible from Earth, facilitating the sampling110

of the free-free-dominated regime of the radio spec-111

trum. The comparative faintness of high-redshift galax-112

ies, however, complicates the usage of free-free emis-113

sion as a tracer of star formation (Replaced: star-114

formation replaced with: star formation) at early115

cosmic epochs. Indeed, current detections of high-116

frequency continuum emission in distant galaxies re-117

main limited to bright or gravitationally lensed star-118

bursts (Thomson et al. 2012; Aravena et al. 2013; Riech-119

ers et al. 2013; Wagg et al. 2014; Huynh et al. 2017;120

Penney et al. 2020). In addition, most of these stud-121

ies lacked the ancillary low-frequency data required to122

robustly disentangle free-free emission from the overall123

radio continuum, which requires observations at a min-124

imum of (Replaced: at at least replaced with: at a125

minimum of) three frequencies (e.g., Tabatabaei et al.126

2017; Klein et al. 2018), or probed rest-frame frequencies127

dominated by thermal emission from dust (ν & 200 GHz;128

Condon 1992). Despite this observational complexity,129

one of the key science goals for upcoming radio facilities130

such as the next-generation VLA is to systematically131

use free-free emission as a probe of star-formation in132

the high-redshift galaxy population (Barger et al. 2018).133

As such, it is of considerable interest to already explore134

this high-frequency parameter space with current radio135

facilities.136

While radio continuum observations are invaluable in137

characterizing high-redshift star-formation in a dust-138

unbiased manner, radio surveys are additionally capable139

of detecting what fuels this process, namely molecular140

gas. For a clear census of the molecular gas reservoir141

of the Universe, blind surveys are crucial, as they do142

not suffer from any biases arising from follow-up radio143

observations of known high-redshift sources. The first144

such blind surveys have recently been completed, such145

as ASPECS (Walter et al. 2016; Decarli et al. 2016),146

and the CO Luminosity Density at High Redshift sur-147

vey (COLDz; Pavesi et al. 2018; Riechers et al. 2019,148

2020), which targets low-J CO observations at 34 GHz149

using the VLA. Due to the large bandwidth of its high-150

frequency receivers, deep VLA surveys of molecular gas151

result in sensitive continuum images essentially ‘for free’.152

In this work, we describe the deep continuum observa-153

tions of the COLDz survey. Our main goal is to con-154

strain the radio spectra of typical sources in a frequency155

range that has not been widely explored, and extend our156

analysis (Replaced: this replaced with: our analy-157

sis) to a new parameter space of faint AGN and star-158

forming galaxies, down to the µJy level. The COLDz159

survey covers a region of two well-studied extragalac-160

tic fields, COSMOS (Scoville et al. 2007) and GOODS-161

North (Giavalisco et al. 2004), and hence allows for a162

multi-wavelength perspective on this faint population.163

The outline of this paper is as follows. In Section164

2 we describe our 34 GHz VLA observations and the165

creation of deep continuum images, as well as the ex-166

isting ancillary multi-wavelength data. We outline the167

detection and source extraction of sources at 34 GHz in168

Section 3, and assign the radio sample multi-wavelength169
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counterparts and redshifts in Section 4. We present our170

deep radio number counts at 34 GHz in Section 5, and171

separate the sample into radio AGN and star-forming172

galaxies in Section 6. In this Section, we additionally173

decompose the spectra of the star-forming galaxies into174

radio synchrotron and free-free emission, and compare175

the latter as a tracer of star-formation with more com-176

monly adopted tracers at high-redshift. Section 7 pro-177

vides an outlook for the future, and discusses how up-178

coming radio facilities will revolutionize high-redshift179

studies of radio star-formation. Finally, we summa-180

rize our findings in Section 8. Where necessary, we as-181

sume a standard Λ-Cold Dark Matter cosmology, with182

H0 = 70 km s−1 Mpc−1, Ωm = 0.30 and ΩΛ = 0.70.183

Magnitudes are quoted in the AB-system and a Chabrier184

(2003) initial mass function is assumed.185

2. OBSERVATIONS & DATA REDUCTION186

2.1. COLDz187

The COLDz survey (Pavesi et al. 2018; Riechers et al.188

2019, 2020) was designed to blindly probe the low−J189

CO-lines in high-redshift galaxies, which requires high-190

frequency observations spanning a large bandwidth.191

Both are provided by the Ka-band of the upgraded192

VLA, which allows for a total of 8 GHz of contiguous193

frequency coverage, tuneable to be within the range of194

26.5− 40.0 GHz. The COLDz observing strategy is pre-195

sented in Pavesi et al. (2018), to which we refer the196

reader for additional details.197

For the optimal constraints on the CO luminosity198

function, COLDz combines a deep yet small mosaic in199

the COSMOS field with wider but shallower observa-200

tions in the GOODS-N field. The COSMOS observa-201

tions constitute a 7-pointing mosaic, and account for a202

total on-source time of 93 hr. The data were taken in203

the VLA D (82 hr) and DnC (11 hr) configurations, and204

span a total frequency range of 30.969−39.033 GHz, us-205

ing dual polarization. The observations of the GOODS-206

N field comprise a total of 122 hr of on-source time,207

and make up a 57-pointing mosaic. The data were pre-208

dominantly taken in the D-configuration (83.5 hr), with209

additional observations taking place in the D→DnC210

(4.4 hr), DnC (30.8 hr) and DnC→C (3 hr) configura-211

tions. The observations cover a frequency range between212

29.981 − 38.001 GHz, and in what follows we will refer213

to both the COSMOS and GOODS-N observations by214

their typical central frequency of 34 GHz.215

Calibration of the observations was done in CASA216

version 4.1.0, with extensive use being made of a mod-217

ified version of the VLA pipeline, the details of which218

can be found in Pavesi et al. (2018). As one of the219

main goals of COLDz is to detect spectral lines, both220

Hanning smoothing and RFLAG, used to remove radio221

frequency interference (RFI), were switched off. In-222

stead, some persistent RFI at 31.5 GHz was flagged223

manually, and some occasions of narrow noise spikes224

were flagged via the methods detailed in Pavesi et al.225

(2018). The data were then concatenated, and, for the226

continuum observations presented here, subsequently227

averaged in time (9 s) and frequency (16 channels), in228

order to reduce the size of the dataset prior to imaging.229

The imaging of the calibrated 34 GHz observations was230

carried out in CASA version 4.3.1, using the ‘mosaic’231

mode of CASA task clean. For both the COSMOS and232

the GOODS-N mosaics, a multi-frequency synthesis al-233

gorithm was employed to take into account the large234

bandwidth of the observations. A natural weighting was235

further adopted, in order to maximize the sensitivity of236

the data. The data were imaged iteratively, by cleaning237

all sources at > 6σ down to the 2σ level.238

239

We present the 34 GHz continuum maps across240

the COSMOS and GOODS-N fields, as well as the241

corresponding root mean square (RMS) noise maps242

(Replaced: RMS-maps replaced with: root mean243

square (RMS) noise maps), in Figures 1 and 2. The244

COSMOS mosaic covers a field-of-view of 9.6 arcmin2
245

out to 20% of the peak primary beam sensitivity. The246

central RMS-noise in the image equals 1.3µJy beam−1,247

with the typical RMS increasing to 1.5µJy beam−1 and248

1.9µJy beam−1, within 50 and 20 per cent of the peak249

primary beam sensitivity, respectively. The synthesized250

beam of the COSMOS observations is well-described by251

an elliptical Gaussian of 2.′′70× 2.′′41 with a position an-252

gle of −0.7◦.253

The GOODS-N mosaic spans an area of 51 arcmin2
254

out to 20% of the peak primary beam sensitivity, cover-255

ing roughly a third of the ‘traditional’ GOODS-N sur-256

vey (Giavalisco et al. 2004). The typical noise level257

varies slightly across the mosaic, with a single, deep258

34 GHz pointing in the field reaching a central noise259

level of 3.2µJy beam−1. Across the entire GOODS-N260

field, within 50 and 20 per cent of the peak primary261

beam sensitivity, respectively, the typical RMS-noise262

equals 5.3µJy beam−1 and 5.5µJy beam−1. The synthe-263

sized beam is well-described by an elliptical Gaussian of264

2.′′19×1.′′84, with a position angle of 75.3◦, after smooth-265

ing the different pointings to a common beam. Pavesi266

et al. (2018) also provide a version of the GOODS-N ra-267

dio map where all pointings have been imaged at their268

native resolution. While the resulting mosaic cannot269

be described by a single beam, it allows for the search270

for unresolved sources at slightly higher signal-to-noise271

(S/N) (Added: (S/N)), as no smoothing or tapering272

was required. We use this “unsmoothed” map for source273

detection in Section 3, in addition to the regular mosaic274

with a homogenized beam.275

2.2. Ancillary Radio Observations276

The COLDz observations in the COSMOS field over-277

lap in their entirety with deep 3 and 10 GHz VLA point-278

ings from the COSMOS-XS survey (Van der Vlugt et al.279

2020; Algera et al. 2020b). These images have a reso-280

lution similar to COLDz, with a synthesized beam of281
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Figure 1. Left: The 7-pointing COSMOS 34 GHz continuum mosaic of ∼ 10 arcmin2. The five robust detections (Section

3) are highlighted via orange squares. Right: The ∼ 50 arcmin2 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 −3σ to 3σ, where σ represents the (uncorrected) RMS-noise in the image. It is clear that many 34-GHz detections lie close

to the 3σ detection threshold, and would not have been identified without deep, ancillary radio data across the fields.
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Figure 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 (Replaced: decl. =+62:12:43.8 replaced with: Dec. =+62:12:43.8), designed

to overlap with the PdBI observations from Decarli et al. (2014), highlighted as the region with the lowest RMS. The black

lines outlining the mosaics indicate the region where the primary beam reaches 50% of its maximum sensitivity, and the robust

detections in both fields are highlighted via the orange boxes as in Figure 1.
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2.′′14 × 1.′′81 (Replaced: 2.′′14 × 1.′′81′′ replaced with:282

2.′′14× 1.′′81) and 2.′′33× 2.′′01 at 3 and 10 GHz, respec-283

tively. At 3 GHz, the observations reach a central RMS284

of 0.53µJy beam−1, with a typical primary beam sensi-285

tivity of 90% of the maximum across the COLDz mo-286

saic. The 10 GHz data reach a central RMS-sensitivity287

of 0.41µJy beam−1 (typical primary beam sensitivity of288

80%), and were centered on the COLDz observations by289

design. In total, 70 sources detected at 3 GHz at ≥ 5σ290

fall within the ∼ 10 arcmin2 COLDz field-of-view. A291

subset of 40 are additionally detected at 10 GHz. In ad-292

dition, the central region of the COSMOS field, spanning293

≈ 1 deg2, is covered by VLA observations at 1.4 GHz294

(Schinnerer et al. 2007, 2010). These observations reach295

a typical RMS sensitivity of 12µJy beam−1 across the296

COLDz field-of-view, at a resolution of 1.′′5 × 1.′′4. In297

total, two sources within the COLDz field-of-view are298

detected at 1.4 GHz. Adopting a typical spectral index299

of α = −0.70, the COLDz and 1.4 GHz COSMOS ob-300

servations are approximately of equal relative depth.1301

The GOODS-N field is similarly well-covered by radio302

observations from the VLA. At 1.4 GHz, the entire field303

has been imaged in a single pointing by Owen (2018),304

down to a central RMS of 2.2µJy beam−1 with little305

variation across the field-of-view of the COLDz mosaic.306

The resolution of the radio data equals 1.′′6, and a to-307

tal of 186 sources detected at 1.4 GHz by Owen (2018)308

fall within the 20 percent power point of the GOODS-N309

COLDz image. The field has additionally been mapped310

at 5 GHz by Gim et al. (2019). They detect 52 sources311

down to an RMS of 3.5µJy beam−1 across two VLA312

pointings covering a total area of 109 arcmin2, which313

fully overlaps with the COLDz footprint. Their angular314

resolution of 1.′′47× 1.′′42 is similar to that of the deeper315

1.4 GHz observations, and Gim et al. (2019) find that316

all 5 GHz detections have a counterpart in this lower317

frequency map. Finally, Murphy et al. (2017) present a318

single pointing at 10 GHz in the GOODS-N field (pri-319

mary beam FWHM of 4.′25) at a native resolution of320

0.′′22. At this high angular resolution, their observations321

reach a sensitivity of 0.57µJy beam−1 in the center of322

the pointing. Murphy et al. (2017) further provide two323

tapered images with a resolution of 1′′ and 2′′, similar to324

the ancillary radio data in the field. These images reach325

an RMS-noise of 1.1 and 1.5µJy beam−1, respectively.326

In total, Murphy et al. (2017) recover 38 sources across327

the combined high-resolution and tapered images. Ap-328

proximately 75% of the COLDz GOODS-N data overlap329

with the smaller pointing at 10 GHz, when imaged out to330

5% of the primary beam FWHM (Murphy et al. 2017).331

1 However, we note that we adopt a 3σ detection threshold for the
COLDz data in Section 3, whereas a 5σ threshold was adopted
by Schinnerer et al. (2007) for the 1.4 GHz observations. As such,
sources detected at 3σ in the COLDz survey require a spectral
index of α . −0.85 to additionally be detected at 1.4 GHz.

1.4 3 5 10 34 100
νobs (GHz)

101

102

S
ν

(µ
Jy

)

Synchrotron
Free-free
Dust
Total

COSMOS
GOODS-N

Figure 3. The detection limits of the various radio ob-

servations across COSMOS and GOODS-N, superimposed

on the radio spectrum of a star-forming galaxy (SFR =

100M� yr−1 at z = 1; see text for details). The blue (green)

lines indicate the detection limit of the COLDz 34 GHz con-

tinuum data, scaled with a typical α = −0.70. The differ-

ent constituents of the radio spectrum are shown, including

free-free emission which is expected to become dominant at

rest-frame ν & 30 GHz. As such, the COLDz observations

directly target the strongly free-free-dominated regime.

We summarize the detection limits of the various ra-332

dio observations across both COSMOS and GOODS-N333

in Figure 3, and compare these with the typical radio334

spectrum of a star-forming galaxy (SFR = 100M� yr−1
335

at z = 1). This assumes the Kennicutt (1998) con-336

version between SFR and infrared luminosity, adapted337

for a Chabrier IMF, as well as a simple optically thin338

dust spectral energy distribution with β = 1.8 and339

Tdust = 35 K. We further adopt the Condon (1992)340

model for the radio spectrum of star-forming galaxies,341

and assume the far-infrared/radio correlation from Del-342

haize et al. (2017). Under these assumptions, a galaxy343

with SFR = 100M� yr−1 can be directly detected at344

34 GHz out to z = 2 (z = 1) in the COSMOS (GOODS-345

N) field.346

2.3. Ultra-violet to Submillimeter Observations347

Both the COSMOS and GOODS-North fields have348

been targeted by a wealth of multi-wavelength obser-349

vations, spanning the full X-ray to radio regime. For350

the COSMOS field, we adopt the multi-wavelength351

matching procedure for the COSMOS-XS survey (Al-352

gera et al. 2020b), as all 34 GHz continuum detec-353

tions have radio counterparts in this survey (Section354

3). This cross-matching procedure invokes the re-355

cent “Super-deblended” catalog from Jin et al. (2018),356

who adopt a novel deblending technique to address357

confused mid-infrared to submillimeter observations.358

The Super-deblended catalog provides photometry from359

Spitzer/IRAC 3.6µm to MAMBO 1.2 mm (for a full360

list of references see Jin et al. 2018), as well as radio361
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data at 1.4 and 3 GHz from Schinnerer et al. (2010)362

and Smolčić et al. (2017), respectively. However, we363

directly adopt the radio fluxes from the 1.4 GHz cat-364

alog from Schinnerer et al. (2007, 2010), and use the365

deeper COSMOS-XS 3 GHz data in favor of the obser-366

vations from Smolčić et al. (2017). In addition, Al-367

gera et al. (2020b) cross-match with the z++Y JHKs-368

selected COSMOS2015 catalog from Laigle et al. (2016)369

containing far-ultraviolet to near-infrared photometry,370

in order to complete the coverage of the spectral en-371

ergy distribution. Finally, we search for Atacama Large372

Millimeter/submillimeter Array (ALMA) counterparts373

as part of the AS2COSMOS (Simpson et al. 2020) and374

A3COSMOS surveys (Liu et al. 2019), which constitute375

a collection of individual pointings across the COSMOS376

field.377

A wealth of multi-wavelength data similarly ex-378

ist across the GOODS-N field. In order to obtain379

optical/near-infrared photometry for the 34 GHz con-380

tinuum detections, we adopt the 3D-HST photometric381

catalog from Skelton et al. (2014). Source detection was382

performed in a deep combined F125W+F140W+F160W383

image, and further photometry is carried out in the384

wavelength range of 0.3−8µm, including Spitzer/IRAC385

observations from Dickinson et al. (2003) and Ashby386

et al. (2013). For further details, we refer the387

reader to Skelton et al. (2014). We obtain addi-388

tional mid- and far-infrared photometry from the Super-389

deblended catalog across the GOODS-N field by Liu390

et al. (2018). They adopt combined priors from391

Spitzer/IRAC, Spitzer/MIPS 24µm and VLA 1.4 GHz392

observations, and utilize these to deblend the photome-393

try at more strongly confused wavelengths. The Super-394

deblended catalog provides additional photometry from395

Spitzer/IRS, Herschel/PACS (Magnelli et al. 2013) and396

Herschel/SPIRE (Elbaz et al. 2011), as well as data397

from JCMT/SCUBA-2 850µm (Geach et al. 2017) and398

AzTEC+MAMBO 1.2 mm (Penner et al. 2011).399

2.4. X-ray Observations400

While a radio-based selection renders one sensitive401

to AGN activity at radio wavelengths, ∼ 20 − 25% of402

the faint radio population (S1.4 . 1 mJy; equivalent to403

S34 . 100µJy given α = −0.70) is thought to consist404

of radio-quiet AGN (Bonzini et al. 2013; Smolčić et al.405

2017). These sources show no substantial AGN-related406

emission at radio wavelengths, but are instead classi-407

fied as AGN based on signatures at other wavelengths.408

Strong X-ray emission, in particular, forms an unmistak-409

able manifestation of AGN activity. As such, we make410

use of the deep X-ray coverage over both the COSMOS411

and GOODS-N fields to characterize the nature of the412

34 GHz continuum detections.413

The COSMOS field is covered in its entirety by the414

4.6 Ms Chandra COSMOS Legacy survey (Civano et al.415

2016), with the individual Chandra pointings account-416

ing for a typical ≈ 160 ks of exposure time. The area417

covered by the COLDz survey contains 3 X-ray de-418

tections, at a typical detection limit of the survey of419

∼ 2× 10−15 erg cm−2s−1 in the full range of 2− 10 keV.420

The catalog provided by Marchesi et al. (2016) further421

includes X-ray luminosities for X-ray detections with ro-422

bust optical and infrared counterparts.423

The GOODS-North field is similarly covered by deep424

2 MS Chandra observations as part of the Chandra425

Deep Field North Survey (Xue et al. 2016). Across426

the COLDz field-of-view, the survey identifies 189 X-427

ray sources, and attains a flux limit of ∼ 3.5 ×428

10−17 erg cm−2 s−1 in the 0.5 − 7 keV energy range –429

nearly a factor of 50 deeper than the COSMOS data,430

when converted to the same energy range adopting431

Γ = 1.8. The catalog provided by Xue et al. (2016)432

further includes X-ray luminosities for the entries with433

reliable redshift information.434

3. CONTINUUM SOURCES435

We run source detection on our 34 GHz radio maps436

using PyBDSF (Mohan & Rafferty 2015), prior to cor-437

recting the images for the primary beam. This has the438

benefit that the noise properties are uniform across the439

mosaics, which facilitates source detection, and addi-440

tionally ensures that fewer spurious sources arise around441

the noisy edges of the maps.2 In our source detection442

procedure we can afford to set a liberal detection thresh-443

old, as both the COSMOS and GOODS-N fields contain444

additional low-frequency radio data of greater depth rel-445

ative to the COLDz observations, and as such we ex-446

pect any 34 GHz detections to have radio counterparts.447

In this work, we therefore adopt a 3σ peak detection448

threshold for both images.449

In the COSMOS field, we compare to the deep S-450

and X-band observations from Van der Vlugt et al.451

(2020). For a source to be undetected in this 10 GHz452

map, yet detected at 34 GHz, requires a highly inverted453

spectral index of α10
34 & 0.55. In the GOODS-N field,454

we compare with the 1.4 GHz observations from Owen455

(2018), and find that 34 GHz sources require an inverted456

spectral index of α1.4
34 & 0.15 to remain undetected in457

the lower-frequency map. We note that, as we perform458

source detection at low S/N (Replaced: signal-to-459

noise replaced with: S/N), the source sizes calculated460

via PyBDSF may be affected by the local noise prop-461

erties within the images. In particular, sources with462

fitted radio sizes smaller than the synthesized beam will463

have an integrated flux density smaller than the peak464

value, and will have an uncertainty on the latter that is465

smaller than the local RMS-noise in the map (Condon466

1997). We show in Appendix A.2 that all but one source467

2 We have verified that, after applying the primary beam correc-
tion, 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. Left: distribution of S/N (Replaced: signal-to-noise replaced with: 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 (Replaced: SNR34 = 17 replaced with: 34GHz 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 (Replaced: SNR = 3.7 replaced

with: 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 5. Same as Figure 4, now showing peaks identified in the GOODS-N radio map. Four high-S/N (Replaced: high-

SNR replaced with: 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.

are likely to be unresolved at ∼ 2.′′5 resolution. For all468

unresolved sources, we adopt the peak brightness, while469

the integrated flux density is used otherwise. Following470

the discussion above, we redefine the uncertainty on the471

peak brightness and conservatively adopt the maximum472

of the calculated uncertainty from PyBDSF and the473

local RMS at the source position.474

475

In the COSMOS map we detect 57 peaks at ≥ 3σ476

within 20% of the peak primary beam sensitivity (Fig-477

ure 4). We can match six to COSMOS-XS counterparts478

within 0.′′7, where we expect to have Nfalse = 0.2 false479

matches based on randomly shifting the coordinates of480

all ≥ 3σ peaks in the mosaic, and repeating the match-481

ing a large number of times. This radius was chosen to482

include all close associations to COSMOS-XS sources,483

while minimizing the number of expected false matches484

(Nfalse � 1). To further verify the robustness of the485

six close counterparts, we run our source detection486

procedure on the inverted radio map (i.e., multiplied487

by × − 1), and find a total of 60 negative “sources”,488

all of which are by definition spurious. None of these489

can be matched to COSMOS-XS counterparts within490

0.′′7, indicating the real matches are likely to be robust.491

However, out of the six associations to COSMOS-XS492

galaxies within 0.′′7, we find that one candidate source493

(S/N = 3.3 at 34 GHz) (Replaced: (SNR34 = 3.3)494

replaced with: (S/N = 3.3 at 34GHz)) is detected495

solely at 3 GHz while a 10 GHz counterpart is also ex-496

pected, implying it is likely to be spurious. As such, we497
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COLDz-cont-COS-1 COLDz-cont-COS-2 COLDz-cont-COS-3 COLDz-cont-COS-4

COLDz-cont-COS-5 COLDz-cont-GN-1 COLDz-cont-GN-2 COLDz-cont-GN-3

COLDz-cont-GN-4 COLDz-cont-GN-5 COLDz-cont-GN-6 COLDz-cont-GN-7

COLDz-cont-GN-8 COLDz-cont-GN-9 COLDz-cont-GN-10 COLDz-cont-GN-11

COLDz-cont-GN-12 COLDz-cont-GN-13

Figure 6. Postage stamps (16′′ × 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) (Replaced: SNR34 ≤ 10 replaced with: S/N ≤ 10 at 34GHz),

34 GHz contours are shown in red, and represent ±2.5σ, followed by ±3σ,±4σ . . . in steps of 1σ, where σ represents the local

RMS in the radio map. Bright sources – typically radio AGN, as will be quantified in Section 6.1 – are shown via orange

contours, in steps of ±2Nσ, 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 (Replaced: signal-to-noise

replaced with: S/N) (3 − 5σ), most of these are star-forming galaxies, likely dominated at these frequencies by radio free-free

emission (Section 6.2), and form the focus of this work.
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discard it from our sample and retain 5 sources which498

form the robust COSMOS continuum sample. Three of499

these have a signal-to-noise ratio larger than the high-500

est peak-S/N (Replaced: peak-SNR replaced with:501

peak-S/N) in the inverted radio map of 3.7σ. The502

remaining two have a relatively low S/N (Replaced:503

SNR replaced with: S/N) of ∼ 3.5, but are deemed504

robust due to their multi-wavelength associations.505

506

We adopt an identical source detection procedure for507

the GOODS-N 34 GHz map. In total, PyBDSF identi-508

fies 236 peaks above 3σ in the map, of which we match509

12 with low-frequency radio counterparts in the catalog510

from Owen (2018) at 0.′′7, where we expect Nfalse = 0.3511

incorrect identifications. We find 263 sources in the in-512

verted radio map, none of which are matched to lower-513

frequency radio counterparts within 0.′′7. However, upon514

cross-matching our 12 robust sources with the 5 GHz515

catalog from Gim et al. (2019), we find only 11 matches516

within 0.′′7. The single unmatched source (S/N = 3.3517

at 34 GHz) (Replaced: (SNR34 = 3.3) replaced with:518

(S/N = 3.3 at 34GHz)) also falls within field-of-view519

of the single deep X-band pointing from Murphy et al.520

(2017), but is additionally undetected at 10 GHz. As521

such, this source is likely to be spurious, and we dis-522

card it from further analysis. The signal-to-noise dis-523

tributions of all peaks identified by PyBDSF in the524

GOODS-N image and its inverted counterpart are shown525

in Figure 5. The maximum S/N (Replaced: SNR re-526

placed with: S/N) in the inverted map is S/N ≈ 5.0527

(Replaced: SNR ≈ 5.0 replaced with: S/N ≈ 5.0),528

which implies that 5/11 robust 34 GHz detections lie be-529

low the most significant spurious source. This empha-530

sizes the added value of the deep, low-frequency data,531

which allow us to identify faint sources that would not532

have been recovered in a blind source detection proce-533

dure. We further perform source detection via PyBDSF534

on the unsmoothed mosaic (Section 2), using the same535

detection threshold as adopted for the regular GOODS-536

N mosaic, in order to maximize the number of recov-537

ered sources. We find two additional matches with low-538

frequency counterparts at both 1.4 and 5 GHz, result-539

ing in a total of 13 sources identified in GOODS-N. We540

adopt the peak brightness for these two sources, given541

the lack of a common beam in the unsmoothed mosaic,542

and use the local RMS in the map as the appropriate543

uncertainty.544

Given that we require any identifications at 34 GHz to545

have robust low-frequency radio counterparts, we may546

be missing any sources with highly unusual inverted547

spectra. To investigate this possibility, we median-stack548

in the low-frequency radio maps on the positions of the549

highest signal-to-noise peaks at 34 GHz for which no550

radio counterpart was found (3 and 10 GHz in COS-551

MOS, 1.4 GHz in GOODS-N, using the publicly avail-552

able radio map from Morrison et al. 2010). In nei-553

ther the COSMOS nor the (Added: the) GOODS-N554

fields do we see any evidence for positive signal in the555

stacks, indicating that most – and likely all – of these556

S/N ≈ 3− 5 (Replaced: SNR ≈ 3− 5 replaced with:557

S/N ≈ 3−5) peaks at 34 GHz are spurious. In addition,558

we cross-match the peaks in the 34 GHz map that do559

not have radio counterparts with optical/NIR-selected560

sources from the COSMOS2015 and 3D-HST catalogs561

in COSMOS and GOODS-N, respectively, within 0.′′7.562

We find two matches with the COSMOS2015 catalog, at563

∼ 0.′′4. However, based on a visual inspection, there is no564

hint of emission at either 3 or 10 GHz for these sources,565

indicating they are likely to be spurious. We find 37566

matches within 0.′′7 between ≥ 3σ peaks in the 34 GHz567

GOODS-N radio map without radio counterparts and568

the 3D-HST catalog. In addition to a visual inspection,569

we stack these sources at 1.4 GHz, but find no detection570

in the stack, and place a 3σ upper limit on the average571

1.4 GHz emission of S1.4 ≤ 2.7µJy beam−1, which cor-572

responds to a highly inverted α1.4
34 & 0.6. This further573

substantiates that the majority of the low-S/N peaks574

identified at 34 GHz are likely to be spurious.575

We summarize the radio properties of the eighteen576

sources detected at 34 GHz in Table 1, and show postage577

stamps on top of Hubble Space Telescope images in Fig-578

ure 6. The tabulated flux densities are further corrected579

for flux boosting, as outlined in Appendix A.3. For a580

source detected at 3σ (4σ), the typical correction fac-581

tor is 20% (10%), whereas at S/N & 5 (Replaced:582

SNR & 5 replaced with: S/N & 5), the effects of flux583

boosting are found to be negligible.584

4. MULTI-WAVELENGTH PROPERTIES585

4.1. Multi-wavelength Counterparts and Redshifts586

Across the combined COSMOS and GOODS-N587

34 GHz mosaics, we identify a total of 18 robust high-588

frequency continuum detections. In this section, we589

detail the association of multi-wavelength counterparts590

to this radio-selected sample. For the five COSMOS591

sources, we follow the cross-matching procedure from592

Algera et al. (2020b). We first match the 34 GHz contin-593

uum detections to the Super-deblended catalog contain-594

ing far-infrared photometry, exploring matching radii up595

to 0.′′9. However, we find all five sources can be matched596

to Super-deblended counterparts within 0.′′3, where we597

expect a negligible number of false associations. We fur-598

ther find that the five sources can be additionally cross-599

matched to galaxies in the COSMOS2015 catalog, simi-600

larly within 0.′′3. We subsequently cross-match with the601

A2COSMOS and A3COSMOS ALMA catalogs, finding602

a single match at 0.′′1 that appears in both catalogs, and603

adopt the photometry from the former. We additionally604

match with the robust and tentative catalog of COLDz605

CO-emitters from Pavesi et al. (2018) and recover two606
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Table 1. Radio Properties of the 34 GHz-selected COLDz sample

ID RA Dec za S1.4
b S3 S5 S10 S34

c

[deg] [deg] [µJy] [µJy] [µJy] [µJy] [µJy]

COLDz-cont-COS-1 150.093436 2.600324 0.89 < 60.0 8.8 ± 0.6 - 5.4 ± 0.5 3.2 ± 1.4

COLDz-cont-COS-2d 150.086281 2.588947 5.30 < 60.0 21.9 ± 0.6 - 9.1 ± 0.4 6.8 ± 1.3

COLDz-cont-COS-3 150.086022 2.600442 0.98 ± 0.01 272.0 ± 13.0 159.1 ± 0.6 - 78.2 ± 0.5 23.6 ± 1.4

COLDz-cont-COS-4e 150.075874 2.582339 2.48 < 60.0 17.8 ± 0.6 - 7.6 ± 0.5 4.3 ± 1.4

COLDz-cont-COS-5 150.097512 2.602361 1.00 < 60.0 27.4 ± 0.6 - 11.3 ± 0.5 6.3 ± 1.5

COLDz-cont-GN-1 189.318274 62.253407 0.56 175.4 ± 5.9 - 153.0 ± 3.7 133.0 ± 12.9 72.3 ± 4.3

COLDz-cont-GN-2f 189.251020 62.152715 1.61+0.27
−0.01 297.4 ± 10.1 - 114.2 ± 5.3 - 25.4 ± 6.4

COLDz-cont-GN-3 189.247233 62.309206 2.00+0.02
−0.01 4600.8 ± 78.0 - 1106.0 ± 6.0 - 42.7 ± 7.6

COLDz-cont-GN-4 189.222491 62.194332 1.27 74.4 ± 7.6 - 19.7 ± 3.5 17.4 ± 2.1 15.3 ± 5.7

COLDz-cont-GN-5 189.220371 62.245561 0.32 214.0 ± 7.8 - 188.1 ± 3.5 191.5 ± 3.5 185.7 ± 11.4

COLDz-cont-GN-6 189.193081 62.234673 0.96 278.2 ± 9.4 - 177.7 ± 3.5 138.9 ± 2.9 79.4 ± 5.8

COLDz-cont-GN-7g 189.191979 62.246903 2.95+0.06
−0.02 103.9 ± 3.7 - 42.6 ± 8.3 35.1 ± 2.9 15.4 ± 5.8

COLDz-cont-GN-8 189.184957 62.192532 1.01 1792.0 ± 76.2 - 963.0 ± 6.3 449.8 ± 5.8 317.8 ± 8.2

COLDz-cont-GN-9 189.176004 62.262621 0.86 185.0 ± 7.2 - 46.3 ± 4.3 39.0 ± 2.8 15.6 ± 5.1

COLDz-cont-GN-10 189.175494 62.225399 2.02 461.3 ± 6.9 - 137.8 ± 3.5 67.0 ± 2.2 30.6 ± 5.7

COLDz-cont-GN-11h 189.143948 62.211490 1.22 188.5 ± 7.7 - 59.8 ± 3.4 31.5 ± 2.4 17.6 ± 6.5

COLDz-cont-GN-12 189.297011 62.225238 2.00 126.0 ± 6.3 - 46.6 ± 8.1 16.3 ± 2.6 18.1 ± 5.4

COLDz-cont-GN-13 189.193158 62.274894 0.50 403.0 ± 14.2 - 95.9 ± 12.4 26.0 ± 4.8 18.0 ± 5.1

aUncertainties are quoted on the photometric redshifts only.

bWhere applicable, 5σ upper limits are quoted for the COSMOS field, based on the typical RMS in the 1.4 GHz map (Schinnerer et al.

2007, 2010).

cFlux densities are corrected for flux boosting (Appendix A.3). The flux densities listed for COLDz-cont-COS-2 and COLDz-cont-COS-4

are predominantly due to the combination of a bright CO-line and dust continuum emission (Section 6.3).

dDetected in CO(2-1) emission in the COLDz survey as COLDz.COS.0 (Pavesi et al. 2018); also known as AzTEC-3.

eDetected in CO(1-0) emission in the COLDz survey as COLDz.COS.2 (Pavesi et al. 2018).

f Identified as GN-16 in the submillimeter observations by Pope et al. (2005)

g Identified as GN-12 by Pope et al. (2005).

hIdentified as GN-26 by Pope et al. (2005); has a CO(2-1)-based redshift from Frayer et al. (2008).

matches within 0.′′3 within the robust set of blind CO-607

detections.3608

We then extract the optimal photometric or spec-609

troscopic redshift from these catalogs. We prioritize610

redshifts in the following order: 1) a spectroscopic value611

based on a COLDz CO-line, 2) a spectroscopic redshift612

within the Super-deblended catalog and 3) a photo-613

metric redshift within the COSMOS2015 catalog. In614

3 As such, the observed 34 GHz continuum emission may be in part
due to these bright CO-lines. We investigate this in Section 6.3.

total, we find that 4 out of 5 COLDz COSMOS de-615

tections have a spectroscopically confirmed redshift,616

while the remaining source has a well-constrained pho-617

tometric redshift measurement (COLDz-cont-COS-3 at618

z = 0.98 ± 0.01). We note that one of our 34 GHz619

continuum detections (COLDz-cont-COS-2) is the well-620

studied submillimeter galaxy AzTEC.3 at z = 5.3,621

which is additionally detected in CO-emission in the622

COLDz survey. For AzTEC.3, we further compile ad-623

ditional available ALMA continuum photometry at 230624

and 300 GHz from Pavesi et al. (2016).625

626
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For the GOODS-N field, we follow a similar procedure.627

We first cross-match the COLDz continuum detections628

with the 3D-HST survey (Brammer et al. 2012; Skel-629

ton et al. 2014; Momcheva et al. 2016), adopting the630

radio positions at 1.4 GHz from Owen (2018), as these631

are of higher signal-to-noise than the 34 GHz data, and632

as such are less susceptible to the local noise proper-633

ties. We find that all 13 radio sources have counter-634

parts in the 3D-HST survey within 0.′′3, where no spuri-635

ous matches are expected. We subsequently cross-match636

with the Super-deblended catalog, and find that all but637

one of the 34 GHz continuum sources have a counterpart638

at far-infrared wavelengths. All 12 cross-matches have a639

Super-deblended counterpart within 0.′′3, while there are640

no further matches within 3.′′0 of the single unmatched641

entry. We further find 3 cross-matches within 0.′′1 with642

the catalog of submillimeter-selected galaxies from Pope643

et al. (2005), which we identify with GN12, GN16 and644

GN26, the latter of which has a spectroscopically mea-645

sured redshift of z = 1.22 based on a CO(2-1) detection646

from Frayer et al. (2008). Additional matching with the647

COLDz catalog of line emitters in the GOODS-N field648

does not result in further matches. As such, the z = 5.3649

submillimeter galaxy GN10 (Daddi et al. 2009; Riechers650

et al. 2020), detected in COLDz as the brightest CO-651

emitter (Pavesi et al. 2018), remains undetected in deep652

34 GHz imaging. Upon performing photometry at the653

known position of GN10, we determine a peak bright-654

ness of S34 = 11.0 ± 5.6µJy beam−1 (≈ 2σ), placing it655

well below our survey detection limit.656

We compile the optimal redshifts for the 13 GOODS-657

N 34 GHz continuum sources in a similar manner as for658

the COSMOS field. In order of priority, we adopt a659

spectroscopic redshift from the Super-deblended cata-660

log, or the best redshift from 3D-HST (Momcheva et al.661

2016), the latter being either a spectroscopic redshift662

from HST/GRISM, or a photometric redshift from Skel-663

ton et al. (2014). We further overwrite a single spectro-664

scopic value for COLDz-cont-GN-10 at z = 4.424 with665

the updated value of z = 2.018, based on the discus-666

sion in Murphy et al. (2017). Overall, 10/13 sources667

have a spectroscopically confirmed redshift, while the668

remaining 3 sources have a well-constrained photomet-669

ric redshift.670

4.2. Spectral Energy Distributions671

We use spectral energy distribution fitting code mag-672

phys (da Cunha et al. 2008, 2015) to determine the673

physical properties of the 34 GHz continuum detections.674

magphys adopts an energy balance technique to couple675

the stellar emission at ultra-violet to near-infrared wave-676

lengths to thermal dust emission at longer wavelengths,677

and as such models the ultra-violet to far-infrared SED678

in a self-consistent way. This is additionally useful for679

sources lacking far-infrared photometry, as in this case680

shorter wavelengths will still provide constraints on the681

total dust emission. While magphys is also capable of682

modelling the radio spectrum of star-forming galaxies,683

we do not utilize any observations at wavelengths be-684

yond 1.3 mm in our SED-fitting procedure, as any emis-685

sion from an active galactic nucleus at radio wavelengths686

is not incorporated in the fitting. We additionally add687

a 10% uncertainty in quadrature to the catalogued flux688

density uncertainties bluewards of Spitzer/MIPS 24µm,689

following e.g., Battisti et al. (2019). This accounts for690

uncertainties in the photometric zeropoints, and fur-691

ther serves to guide the fitting into better constrain-692

ing the far-infrared part of the spectral energy distribu-693

tion. Via magphys, we obtain several physical proper-694

ties for our galaxies, including far-infrared luminosities,695

star-formation rates and stellar masses. We show the fit-696

ted spectral energy distributions for all eighteen COLDz697

continuum detections in Figure 17 in Appendix B, and698

tabulate their physical parameters in Table 4.699

4.3. X-ray and Mid-infrared AGN Signatures700

Given that the COLDz continuum detections in the701

COSMOS field are all identified in the COSMOS-XS sur-702

vey, we adopt the results from Algera et al. (2020b), who703

match the COSMOS-XS 3 GHz continuum sources with704

the X-ray catalog from Marchesi et al. (2016). None of705

the five COLDz COSMOS continuum sources, however,706

have counterparts in X-ray emission within a separation707

of 1.′′4, and as such we calculate upper limits on their X-708

ray luminosity adopting Γ = 1.8. However, as the result-709

ing limits are of modest depth, we cannot state defini-710

tively whether the COLDz COSMOS sources are X-ray711

AGN. We note, however, that all of them fall below712

the typical X-ray emission seen in submillimeter galax-713

ies (Alexander et al. 2005), which in turn are thought714

to predominantly be star-formation dominated. We ad-715

ditionally adopt the criteria from Donley et al. (2012)716

in order to identify AGN at z ≤ 2.7 through the mid-717

infrared signature ascribed to a dusty torus surrounding718

the accreting black hole, and similarly find no signature719

of AGN-related emission at mid-infrared wavelengths.720

We limit ourselves to this redshift range, as at higher721

redshifts the Donley et al. (2012) criteria are suscepti-722

ble to false positives in the form of dusty star-forming723

galaxies (e.g., Stach et al. 2019).724

For the GOODS-N field, we find 11/13 matches with725

the X-ray catalog from Xue et al. (2016), within a sep-726

aration of 1.′′0. At this matching radius, no false iden-727

tifications are expected. We compare the X-ray lumi-728

nosities with the emission expected from star-formation,729

adopting the relations from Symeonidis et al. (2014).730

This comparison classifies nine sources as AGN based731

on their X-ray emission, despite two of these sources732

having [0.5-8] keV X-ray luminosities below the typical733

threshold for AGN of LX = 1042 erg s−1. We addition-734

ally find that only a single X-ray detected source exhibits735

mid-infrared colors that place it within the Donley et al.736

(2012) wedge. Overall, we conclude that the majority737

of 34 GHz continuum detections in the GOODS-N field738
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Table 2. Euclidean Number Counts at 34 GHz

Scentre Slow Shigh nuncorr(S) ncorr(S)

[µJy] [µJy] [µJy] [Jy3/2 sr−1] [Jy3/2 sr−1]

5.7 3.2 10.1 0.108+0.085
−0.051 0.254+0.212

−0.132

17.9 10.1 31.8 0.514+0.235
−0.168 0.763+0.382

−0.274

56.6 31.8 100.6 0.209+0.203
−0.114 0.209+0.203

−0.114

178.8 100.6 317.8 0.765+1.010
−0.494 0.765+1.010

−0.494

(1) Central flux density of the bin, (2), (3) Lower

and upper flux density of the bin, (4) Number

counts uncorrected for incompleteness, (5) Number

counts corrected for incompleteness.

are X-ray AGN. Due to the COSMOS X-ray data be-739

ing comparatively shallower, we cannot assess definitely740

whether the five 34 GHz continuum sources in the COS-741

MOS field are similarly AGN based on their X-ray emis-742

sion. However, a lower AGN fraction in COSMOS is ex-743

pected, as its radio observations are significantly deeper744

than in GOODS-N, and the incidence rate of AGN is745

a strong function of radio flux density (Smolčić et al.746

2017; Algera et al. 2020b). Regardless, if X-ray AGN747

are present in the COLDz/COSMOS detections, they748

are unlikely to be dominating the spectral energy distri-749

bution.750

5. 34 GHZ SOURCE COUNTS751

Radio number counts, while historically used as a752

probe for the cosmology of the Universe, remain a useful753

tool for comparing surveys, in addition to visualizing the754

onset of different radio populations. At the bright end755

(S1.4 � 1 mJy), the Euclidean number counts decline756

smoothly towards lower flux densities, and are domi-757

nated by luminous radio AGN (e.g., Condon & Mitchell758

1984). At 1.4 GHz, the number counts show a flatten-759

ing at S1.4 ≈ 1 mJy, believed to be the advent of star-760

forming galaxies and radio-quiet AGN as the dominant761

radio populations (e.g., Rowan-Robinson et al. 1993;762

Seymour et al. 2004; Padovani et al. 2009; Smolčić et al.763

2017). For a typical spectral index of α = −0.70, this764

flattening should arise around S34 ≈ 100µJy, and hence765

is covered in the range of flux densities probed in this766

work. We note that these flux densities may be “con-767

taminated” by thermal emission from dust, or in the768

case of two COSMOS sources, by bright CO-emission,769

which are typically not an issue in low-frequency radio770

source counts. However, while we correct for this when771

examining the radio spectra of the star-forming COLDz772

continuum detections in detail (Section 6.2), here we773

compute the number counts based on the raw observed774

flux densities.775

As we adopt deep radio observations as prior positions776

for possible 34-GHz continuum sources, we expect our777

sample to be fully reliable, i.e., not to contain any spuri-778

ous detections. However, our sample may still be incom-779

plete, in particular as a result of the RMS of our radio780

maps increasing rapidly towards the image edges due to781

the enhanced primary beam attenuation (c.f., Figure 2).782

In turn, in these regions we may miss faint 34 GHz con-783

tinuum sources that would have been observed had the784

RMS been constant across our field-of-view. As such,785

we adopt the fractional incompleteness as a function of786

radio flux density as determined from inserting mock787

sources into our radio maps (Appendix A.1). Denoting788

the completeness at flux density Sν for field i as fi(Sν),789

the correction factor per field is simply Ci = f−1
i (Sν).790

For multiple fields, we then adopt the full completeness791

to be792

C(Sν) =

∑
i f
−1
i (Sν)Ωi(Sν)∑
i Ωi(Sν)

, (1)

where Ωi(Sν) denotes the area in arcmin2 across which793

a source of flux density Sν can be detected in field i794

at ≥ 3σ significance. As such, the overall completeness795

is the area-weighted average of the completeness in the796

COSMOS and GOODS-N fields.797

We present the completeness-corrected Euclidean-798

normalized number counts at 34 GHz in Figure 7, and799

tabulate the results in Table 2. The number counts com-800

bine the continuum detections across both the COSMOS801

and GOODS-N fields, using the same area-weighting802

that is adopted for the completeness calculation (Equa-803

tion 1). The uncertainties on the individual points con-804

stitute the combination of the error on the counting805

statistics from Gehrels (1986) – which are more appro-806

priate than simple Poissonian errors for bins with few807

sources – and the error on the completeness. Cosmic808

variance is not included in the uncertainties, but its mag-809

nitude is discussed below.810

While the high-frequency (ν & 30 GHz) radio sky has811

been explored at the millijansky (Replaced: milli-812

Jansky replaced with: millijansky) level (e.g., Ma-813

son et al. 2009), the COLDz survey provides the first814

constraints on the 34 GHz number counts in the regime815

where star-forming galaxies are expected to emerge as816

the dominant population, complicating any direct com-817

parisons to the literature. At the bright end of our818

34 GHz observations, we compare with Murphy & Chary819

(2018), who perform a stacking analysis in Planck ob-820

servations at 28.5 GHz, based on priors at 1.4 GHz from821

NVSS (Condon et al. 1998). We rescale the number822

counts from 28.5 GHz to 34 GHz adopting α = −0.70,823

and find them to be in agreement with the COLDz ob-824

servations at S34 & 200µJy.825

As no 34 GHz observations with a similar sensitivity826

to COLDz exist in the literature, the next best solution827

is to compare to the highest-frequency number counts828
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Figure 7. Upper: Completeness-corrected Euclidean-normalized radio source counts at 34 GHz across the combined COSMOS

and GOODS-N mosaics. The purple diamonds show the 10 GHz counts from Van der Vlugt et al. (2020), and the cyan hexagons

represent the 28.5 GHz counts from Murphy & Chary (2018), both rescaled to 34 GHz assuming α = −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 1σ (2σ) 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 . 20µJy, 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 6).

Despite the relatively large uncertainties, our 34 GHz number counts are in good agreement with (rescaled) measurements and

predictions in the literature.

available, and scale the counts to 34 GHz. For this,829

we adopt the recent 10 GHz number counts from Van830

der Vlugt et al. (2020), as part of the COSMOS-XS831

survey, which we scale to 34 GHz via α = −0.70. As832

the parent survey constitutes a very deep single point-833

ing (∼ 0.40µJy across ∼ 30 arcmin2), these data probe834

down to slightly fainter flux densities than those probed835

in this work. However, within the flux density range in836

common, we find that the number counts are in good837

agreement, despite the inherent uncertainties associated838

with the required frequency scaling.839

While observationally little is known about the faint840

high-frequency radio sky, this is no less true for simu-841

lations. Modelling of the radio sky has predominantly842

been performed at low frequencies, with simulations by843

Wilman et al. (2008) and more recently by Bonaldi et al.844

(2019) only extending to 18 and 20 GHz, respectively.845

As such, we again invoke a frequency scaling to 34 GHz,846

adopting as before a spectral index of α = −0.70. We847

focus on the recent 20 GHz simulations by Bonaldi et al.848

(2019), who model the radio population for two distinct849

classes of sources: star-forming galaxies that follow the850

far-infrared/radio correlation, and radio AGN that show851
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a strong excess in radio power compared to this corre-852

lation. We show both the individual and combined con-853

tributions of the two populations in Figure 7, and find854

that the simulations predict that below S34 . 100µJy855

star-forming galaxies should make up the bulk of the856

radio population. Our measurements are in good agree-857

ment with the simulated number counts, indicating that858

a scaling from 20 to 34 GHz with a fixed spectral index is859

likely to be appropriate. We caution, however, that the860

uncertainties on our number counts are large as a result861

of the small number of sources detected in the 34 GHz862

continuum maps.863

Furthermore, cosmic variance constitutes an addi-864

tional uncertainty on our number counts, as our radio865

observations probe a relatively small field-of-view. We866

show the area probed as a function of flux density in867

the bottom panel of Figure 7. Out to S34 . 15µJy,868

the total area is dominated by the deeper COSMOS869

mosaic, and accounts for approximately 10 arcmin2. At870

flux densities above S34 & 30µJy, our field-of-view in-871

creases (Replaced: is increased replaced with: in-872

creases) to approximately 60 arcmin2, as now sources873

can be detected across the full GOODS-N mosaic as874

well. We quantify the magnitude of cosmic variance875

via the Bonaldi et al. (2019) simulations, following Al-876

gera et al. (2020b). Briefly, for each of the flux density877

bins adopted in our computation of the 34 GHz number878

counts, we determine the effective area of the COLDz879

survey in which sources in the given bin can be de-880

tected. We then sample 200 independent circular re-881

gions of equivalent area from the 20 GHz Bonaldi et al.882

(2019) (Replaced: Bonaldi replaced with: Bonaldi883

et al. (2019)) simulations, accounting for the flux den-884

sity scaling with α = −0.70. We determine the number885

counts for all independent areas, and compute the 16-886

84th and 5-95th percentiles, which we adopt to be the 1887

and 2σ uncertainties due to cosmic variance, shown as888

the dark and light grey regions in Figure 7, respectively.889

We note that such a calculation of the cosmic variance890

encapsulates two effects: at low flux densities we have a891

relatively small field-of-view, which naturally increases892

the magnitude of cosmic variance. At large flux densi-893

ties, our field of view constitutes the full ∼ 60 arcmin2,894

but due to the relative paucity of bright radio sources,895

cosmic variance similarly constitutes an appreciable un-896

certainty. The typical magnitude of cosmic variance be-897

tween 5 . S34 . 60µJy induces an additional uncer-898

tainty on the number counts of ∼ 0.1 − 0.2 dex – com-899

parable to the Poissonian uncertainties – although this900

value rapidly increases for higher flux densities. Over-901

all, we therefore conclude that our number counts are902

in good agreement with both observed and simulated903

counts from the literature at lower-frequencies.904

6. 34 GHZ CONTINUUM SOURCE PROPERTIES905

6.1. Radio AGN906

In the local Universe, the existence of a linear corre-907

lation between the total far-infrared and radio emission908

of star-forming galaxies has been well-established (Yun909

et al. 2001; Bell 2003). This far-infrared/radio correla-910

tion has been shown to hold over a wide range of lumi-911

nosities, from dwarf galaxies to dust-obscured starbursts912

(Bell 2003). The correlation is commonly expressed via913

parameter qIR, first introduced by Helou et al. (1985),914

and defined as915

qIR = log10

(
LIR

3.75× 1012 W

)
− log10

(
L1.4

W Hz−1

)
.

(2)

Here LIR represents the 8 − 1000µm luminosity, and916

L1.4 is the K-corrected radio-luminosity at rest-frame917

1.4 GHz, computed via the closest observed-frame flux918

density and the measured radio spectral index. A919

number of recent, radio-selected studies of the far-920

infrared/radio correlation have found it to evolve with921

cosmic time (e.g., Delhaize et al. 2017; Calistro Rivera922

et al. 2017; Read et al. 2018; Ocran et al. 2020). While923

the origin of this evolution is debated, and may be the re-924

sult of residual AGN contamination (Molnár et al. 2018),925

or due to the different physical conditions in massive926

star-forming galaxies at high-redshift compared to local927

sources (Algera et al. 2020a; Delvecchio et al. 2020), we928

adopt an evolving far-infrared/radio correlation to iden-929

tify radio-AGN among the eighteen 34 GHz detections.930

In particular, we adopt the correlation determined for931

a 3 GHz selected sample by Delhaize et al. (2017), and932

follow Algera et al. (2020b) by identifying galaxies as933

radio AGN if they fall below the correlation at the 2.5σ934

level.935

We show the far-infrared/radio correlation for the936

eighteen 34 GHz continuum detections as a function of937

redshift in Figure 8. In total, half of the COLDz sample938

are identified as radio AGN, comprising eight AGN in939

GOODS-N, and one in COSMOS (Table 4). The fact940

that radio AGN make up a large fraction of the bright941

radio population is evidenced by the relatively large con-942

tribution of AGN in the wider but shallower GOODS-943

N observations. Among the galaxies classified as star-944

forming, Figure 6 suggests the existence of an extended945

tail at 34 GHz in COS-2, at face value indicative of an946

AGN jet. However, such extended features are absent947

in the deeper 3 and 10 GHz observations of this source,948

and at these frequencies the galaxy is consistent with949

being a point source at 2′′ resolution. As the spectrum950

of jetted AGN tends to steepen towards higher frequen-951

cies (e.g., Mahatma et al. 2018), and should therefore be952

detectable in the lower frequency ancillary radio data,953

we interpret the extended tail at 34 GHz as simply be-954

ing due to noise. As we adopt the peak brightness for955

COS-2, its flux density measurement is unlikely to be956

substantially affected by this noisy region in the radio957

map.958
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Figure 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.

In total, 6/8 radio-AGN in the GOODS-N field are959

additionally classified as AGN through their strong X-960

ray emission. While constituting only a small number of961

sources, this is a relatively large fraction, as the overlap962

between radio AGN selected at lower frequencies and963

X-ray AGN is typically found to be small (. 30%, e.g.,964

Smolčić et al. 2017; Delvecchio et al. 2017; Algera et al.965

2020b). This difference, however, may in part be due966

to the deeper X-ray data available in GOODS-N, com-967

pared to the COSMOS field where these studies were968

undertaken.969

We further show the long-wavelength spectra of the970

nine radio AGN in Figure 9. The median 1.4− 34 GHz971

spectral index of the sample equals α = −0.77 ± 0.13,972

which is consistent with the commonly assumed syn-973

chrotron slope of α = −0.70. However, the modest sam-974

ple still spans a wide range of spectral slopes between 1.4975

and 34 GHz, ranging from nearly flat (α = −0.04±0.02)976

to steep (α = −1.47 ± 0.06). In addition, the AGN ex-977

hibit relatively smooth spectra, with the median spectral978

index between 1.4−3 (or 5) GHz of α1.4
3/5 = −0.70±0.12979

being consistent with the typical high-frequency slope980

of α
3/5
34 = −0.79 ± 0.15. Only two AGN exhibit strong981

evidence for steepening of their radio spectra towards982

higher frequencies, although sources with strongly steep-983

ening spectra are more likely to be missed in a selection984

at high radio frequencies. Such spectral steepening is985

expected to occur due to synchrotron ageing losses in-986

creasing towards higher frequencies, and in turn relates987

to the age of the AGN (e.g., Carilli et al. 1991).988

6.2. Radio Spectral Decomposition for Star-forming989

Galaxies990

Detecting radio free-free emission in high-redshift991

star-forming galaxies is challenging due to its expected992

faintness, and the presence of a radio AGN only further993

hinders the detection of this already elusive component994

in the radio spectrum. As such, we now turn our atten-995

tion to the star-formation-powered sources detected in996

the COLDz survey. The radio spectrum of star-forming997

galaxies is frequently assumed to be the superposition998

of two power laws arising from non-thermal synchrotron999

and thermal free-free emission (Condon 1992; Murphy1000

et al. 2017; Tabatabaei et al. 2017). Denoting their spec-1001

tral indices as αNT and αFF, respectively, the radio flux1002

density at a given frequency ν may be written as1003
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Figure 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 α = 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 α1.4
34 = −0.77±0.13. However,

the AGN exhibit relatively smooth radio spectra, with only two sources showing strong evidence for spectral curvature.

Sν = SNT
ν0

(
ν

ν0

)αNT

+ SFF
ν0

(
ν

ν0

)αFF

, (3)

given a reference frequency ν0, as well as the thermal and1004

non-thermal flux densities SFF
ν0 and SNT

ν0 , respectively,1005

evaluated at this frequency. We rewrite this equation1006

by introducing the thermal fraction, defined through1007

f th
ν0 = SFF

ν0 /(S
FF
ν0 + SNT

ν0 ), as is common in the litera-1008

ture (e.g., Condon 1992; Tabatabaei et al. 2017). As1009

such, we rewrite the radio spectrum as1010

Sν =
(
1− f th

ν0

)
Sν0

(
ν

ν0

)αNT

+ f th
ν0Sν0

(
ν

ν0

)−0.1

. (4)

This further assumes the spectral index for thermal free-1011

free emission is fixed at αFF = −0.10 (Condon 1992;1012

Murphy et al. 2011). We then determine the remain-1013

ing free parameters, f th
ν0 , αNT and Sν0 , using a Monte1014

Carlo Markov Chain (MCMC) based fitting routine.1015

In addition, we adopt an observer-frame frequency of1016

1.4 GHz as the reference frequency ν0, which defines1017

the frequency where the thermal fraction is normalized.1018

Where necessary, we convert the thermal fraction from1019

observed-frame frequency ν to a rest-frame frequency ν′1020

via1021

f th
ν′ =

f th
ν(1+z)

(
ν′

ν(1+z)

)−0.10

f th
ν(1+z)

(
ν′

ν(1+z)

)−0.10

+ (1− f th
ν(1+z))

(
ν′

ν(1+z)

)αNT
.

(5)

We adopt flat priors in our fitting routine for the nor-1022

malization Sν0 and thermal fraction fth, while we adopt1023

Gaussian priors for the non-thermal spectral index (fol-1024

lowing, e.g., Linden et al. 2020). For the former two1025

parameters, we require that −1 Jy < Sν0 < 1 Jy and1026

−0.5 < fth < 1.5, that is, we allow both the normaliza-1027

tion and the thermal fraction to take on unphysical, neg-1028

ative values, as artificially bounding both to be greater1029

than zero will not fully capture the uncertainties in the1030

MCMC-sampling. In addition, allowing negative values1031

in the thermal fraction will demonstrate the necessity1032

for the thermal component, as well as limitations inher-1033

ent to the simple model we adopt for the radio spectrum1034

(see also Tabatabaei et al. 2017).1035
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The Gaussian priors adopted on the non-thermal spec-1036

tral index are motivated by a degeneracy that mani-1037

fests between the synchrotron slope and thermal frac-1038

tion at low signal-to-noise. This degeneracy occurs1039

because it is impossible to accurately distinguish be-1040

tween an overall flat spectrum as being due to domi-1041

nant free-free emission, or an intrinsically shallow syn-1042

chrotron slope. To partially alleviate this degener-1043

acy, we adopt prior knowledge from the local Universe1044

that the synchrotron spectral indices are typically dis-1045

tributed around αNT ≈ −0.85 (Niklas et al. 1997; Mur-1046

phy et al. 2011). In large radio-selected samples, the1047

scatter around the typical low-frequency spectral index1048

equals 0.3−0.5 dex (Smolčić et al. 2017; Calistro Rivera1049

et al. 2017; Gim et al. 2019), and is approximately Gaus-1050

sian. While these spectral index measurements include1051

both the synchrotron and free-free components, the low-1052

frequency nature of these data ensure the radio fluxes1053

are likely dominated by non-thermal emission, and as1054

such, the overall variation in the spectral index consti-1055

tutes a proxy for the scatter in the typical synchrotron1056

spectral index. To encompass the full observed scatter1057

in the synchrotron slopes, we therefore adopt a Gaus-1058

sian prior on αNT centered on a mean value of −0.85,1059

with a scatter of 0.50.1060

6.3. Line and Dust Continuum Subtraction1061

Prior to fitting the radio spectra of the star-forming1062

COLDz continuum detections, we need to ensure the1063

34 GHz flux density is not contaminated by thermal1064

emission from dust, or by strong line emission. In par-1065

ticular, the 34 GHz flux density of the two COLDz COS-1066

MOS sources detected in CO-emission (COS-2, a.k.a.1067

AzTEC.3, and COS-4), may be boosted by their respec-1068

tive CO-lines. We re-extract the peak brightness of these1069

two sources after removing the channels contaminated1070

by the CO-emission, and, as a sanity check, repeat this1071

for the three COSMOS sources that do not show any1072

evidence for strong line emission. While for the latter1073

the flux densities are unaffected by this procedure, we1074

find line-uncontaminated flux densities for COS-2 and1075

COS-4 of S34 = 5.2 ± 1.3µJy and S34 = 3.0 ± 1.4µJy,1076

respectively, which are lower than the original cata-1077

logued flux densities by ∼ 25% and ∼ 40% (Table 1).1078

In turn, this correction brings the 34 GHz flux density1079

from COS-4 below the formal detection limit (S/N ≈ 2)1080

(Replaced: (SNR ≈ 2) replaced with: (S/N ≈ 2)).1081

1082

The 34 GHz continuum flux densities may further1083

contain a contribution from thermal emission by dust,1084

which, at least for local normal star-forming galaxies, is1085

thought to dominate the radio spectrum beyond rest-1086

frame ν & 100− 200 GHz (Condon 1992). To determine1087

the extent of this contribution, we fit – where avail-1088

able – the far-infrared observations of our galaxy sam-1089

ple with both optically thin and thick modified black-1090

body spectra, and extrapolate the resulting dust SED to1091

observed-frame 34 GHz. We note that this methodology1092

is rather sensitive to how well the global dust properties1093

(e.g., temperature and emissivity) can be constrained,1094

and as a result the predicted flux densities are quite1095

uncertain. Nevertheless, we find that the 34 GHz emis-1096

sion of COS-2 and COS-4 is likely to be dominated by1097

emission from dust, with predicted dust contributions1098

of 4.9+6.1
−3.6 µJy and 3.3+7.2

−1.5 µJy, respectively. As a re-1099

sult, the full 34 GHz flux densities of these two sources1100

are consistent with being powered by the combination1101

of CO-emission and dust. As we probe rest-frame fre-1102

quencies of ν′ ≈ 210 GHz and ν′ ≈ 120 GHz for COS-21103

and COS-4, respectively, this finding is consistent with1104

the typical model for the long-wavelength SED of star-1105

forming galaxies (Condon 1992).1106

In what follows, we will discard COS-2 and COS-1107

4 from our sample, as any remaining contribution1108

from free-free or synchrotron emission to the measured1109

34 GHz flux density is not statistically significant, such1110

that no robust spectral decomposition for these two1111

sources can be performed. One source in GOODS-N,1112

GN-7 at z = 2.95 (ν′ ≈ 130 GHz), may have ∼ 25% of1113

its continuum flux density contaminated by dust emis-1114

sion. However, due to the aforementioned uncertainties1115

in the fitting of the dust SED, we do not correct for1116

this potential contribution. This analysis indicates that,1117

even at low flux densities (S34 . 25µJy), a 34-GHz-1118

selected sample does not automatically yield a free-free-1119

dominated population.1120

6.4. The Radio Spectra of High-redshift Star-forming1121

Galaxies1122

We show the radio spectra of the seven remaining star-1123

forming sources across the COSMOS and GOODS-N1124

fields in Figure 10. All sources can be well-described1125

by the combination of a synchrotron and free-free com-1126

ponent, although for three sources (COS-3, GN-7, GN-1127

11) – while some contribution from free-free emission is1128

preferred – the fitted thermal fractions are consistent1129

with zero within 1σ. In turn, for these sources a single1130

power-law representing synchrotron emission is sufficient1131

to match the observed flux densities. We additionally1132

emphasize that there is considerable covariance between1133

the thermal fraction and synchrotron slope, and as such1134

any quoted one-dimensional uncertainties are not fully1135

representative of the multi-dimensional posterior distri-1136

bution (Figure 11). We therefore utilize these full poste-1137

rior distributions in order to propagate the uncertainties1138

into physical quantities such as free-free star-formation1139

rates (Section 6.5).1140

The fitted spectral parameters are presented in Fig-1141

ure 11 and Table 3. Our bootstrapped median thermal1142

fraction, scaled to 1.4 GHz rest-frame as is common in1143

the literature, equals fth = 0.06± 0.03, with a standard1144

deviation of σ = 0.05. None of the seven star-forming1145

galaxies exhibit thermal fractions of fth & 0.20, indi-1146

cating a fairly narrow distribution of fth at rest-frame1147
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Figure 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 1σ 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.
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Figure 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 1σ (2σ) 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 observed locally.

1.4 GHz, even among a sample showing substantial vari-1148

ation in star-formation rates. Our average thermal frac-1149

tion is slightly lower than the average value observed by1150

Tabatabaei et al. (2017) of fth = 0.10 for star-forming1151

galaxies in the local Universe, though they report a large1152

scatter of σ = 0.09. Additionally, the typical thermal1153

fraction is similar to what was observed by Niklas et al.1154

(1997), who determined fth = 0.08±0.01 at 1 GHz, with1155

a scatter of σ = 0.04 across 74 local galaxies.1156

We further determine an average thermal fraction at1157

observed-frame 34 GHz (i.e., probing 34 × (1 + z) GHz1158

rest-frame) of fth = 0.78 ± 0.07, with a range of fth =1159

0.45 − 0.95, and a scatter of σ = 0.20 (Figure 12).1160

As such, we find that, even at rest-frame frequencies1161

ν & 60 GHz, the radio spectrum is not fully dominated1162

by thermal free-free emission, though we caution the un-1163

certainties on the individual thermal fractions are large.1164

We first compare these results with two local studies,1165

both of which map free-free emission on sub-kpc scales.1166

At a typical resolution of≈ 0.9 kpc, Murphy et al. (2012)1167

find an average thermal fraction across 103 star-forming1168

regions of fth = 0.76 at rest-frame 33 GHz, with a scat-1169

ter of σ = 0.24. Extrapolating this value via the simple1170

model from Condon (1992), the typical thermal fraction1171

at ∼ 60 GHz is expected to be ∼ 0.85 − 0.90, which1172

is slightly higher than the thermal fraction we find for1173

high-redshift star-forming galaxies. In addition, Linden1174

et al. (2020) recently measured a typical thermal frac-1175

tion at 33 GHz of fth = 93±0.8% across 118 star-forming1176

complexes in local galaxies, at a resolution of ≈ 0.2 kpc.1177

Their typical thermal fraction is both higher than was1178

determined by Murphy et al. (2012), and the values mea-1179

sured in this work. This, however, is not surprising,1180

given that the thermal fractions presented in this work1181

are integrated over the entire galaxy. As free-free emis-1182

sion is predominantly produced in star-forming regions,1183

spatial variations in the thermal fraction across a galaxy1184

are naturally expected, with the thermal fraction peak-1185

ing in star-forming complexes.1186

At high-redshift, no previous studies have directly1187

targeted the free-free-dominated regime (ν & 30 GHz)1188

in blindly selected galaxy samples, at a depth where1189

star-forming galaxies are expected to dominate the ra-1190

dio population. However, particularly in bright dusty1191
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Figure 12. Violin diagrams of the thermal fraction at 34 GHz (observed-frame, hence probing rest-frame 34 × (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 16-84th percentiles. The probability distributions of the thermal fractions are characterized

by a typically high probability of having a large thermal fraction fth & 0.7−0.8, with a long tail extending towards lower values.

The model from Condon (1992), adopting αNT = −0.85 and fth = 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.

star-forming galaxies, some works have serendipitously1192

detected high-frequency radio continuum emission, typ-1193

ically as a byproduct when targeting the CO(1-0) line.1194

Thomson et al. (2012) detect free-free emission in two1195

z ∼ 2.9 lensed submillimeter galaxies, and determine1196

thermal fractions of fth ∼ 0.3 − 0.4 at 34 GHz. Other1197

studies of highly star-forming galaxies (Aravena et al.1198

2013; Huynh et al. 2017) have additionally detected1199

radio continuum emission at observed-frame ∼ 30 −1200

35 GHz, but had to assume fixed synchrotron spectral1201

indices due to a lack of ancillary data. Nevertheless,1202

they estimate thermal fractions between fth ∼ 40−70%.1203

Overall, these studies find thermal fractions that are1204

broadly consistent with, albeit typically slightly lower1205

than, what we determine for the star-forming sample1206

detected in our non-targeted 34 GHz observations.1207

Finally, we compare our results with the 10 GHz point-1208

ing from Murphy et al. (2017) in GOODS-N. They de-1209

termine thermal fractions from 1.4 − 10 GHz spectral1210

indices for ∼ 25 galaxies, under the assumption of a1211

fixed synchrotron slope of αNT = −0.85. At a typical1212

rest-frame frequency of ν ∼ 20 GHz, they find a median1213

thermal fraction of fth ≈ 50%. Extrapolating this value1214

to rest-frame 60 GHz, this would imply a thermal frac-1215

tion of fth ∼ 0.7, similar to what we observe among the1216

COLDz star-forming sample.1217

We further determine a median non-thermal spectral1218

index for the star-forming COLDz sample of αNT =1219

−0.99+0.19
−0.37, with a standard deviation of σ = 0.25. This1220

typical value is consistent with the value observed by1221

Tabatabaei et al. (2017) for local star-forming galax-1222

ies of αNT = −0.97 ± 0.16, but is slightly steeper1223

than that of individual star-forming regions in NGC1224

6946, where Murphy et al. (2011) find a typical value1225

of αNT = −0.81 ± 0.02. This is not surprising, as1226

these observations directly target the acceleration sites1227

of cosmic rays, where the spectrum should be flatter.1228

However, our median synchrotron slope is additionally1229

slightly steeper than the value obtained by Niklas et al.1230

(1997), who determine an average αNT = −0.83 ± 0.021231

(σ = 0.13) across 74 local galaxies. The slightly steeper1232

non-thermal spectral index we find for the COLDz sam-1233

ple may be the result of the higher rest-frame frequencies1234

probed in this work, compared to the aforementioned lo-1235



34GHz Deep Field: Continuum properties 21

cal studies. Synchrotron cooling losses increase towards1236

high rest-frame frequencies, and result in the steepen-1237

ing of the non-thermal spectral index (e.g., Thomson1238

et al. 2019). While our data do not have the constrain-1239

ing power to determine whether such spectral ageing1240

occurs, as this requires additional sampling of the radio1241

spectrum, such increased high-frequency losses would be1242

fitted by a relatively steep synchrotron slope in our two-1243

component model, and may plausibly contribute to our1244

moderately lower value for αNT compared to local stud-1245

ies.1246

Based on the spectral parameters we determine for the1247

COLDz sample, we calculate the rest-frame frequency1248

ν′50 where the thermal fraction reaches 50% via1249

ν′50 = ν′
(

1− fth(ν′)

fth(ν′)

)−1/(αNT+0.10)

. (6)

While the uncertainties on this value are substan-1250

tial for the individual star-forming galaxies due to its1251

dependence on both the thermal fraction and syn-1252

chrotron slope, we determine a median value of ν′50 =1253

11.5+20.0
−7.4 GHz, with a standard deviation of σ =1254

5.9 GHz. This is slightly lower than, albeit still con-1255

sistent with, the canonically assumed value of ν′50 ≈1256

25− 30 GHz (e.g., Condon 1992), which is likely due to1257

the relatively steep synchrotron slopes we are finding for1258

the COLDz star-forming galaxies.1259

While the differences between the spectral parame-1260

ters determined for COLDz and those observed in lo-1261

cal star-forming galaxies are of minor statistical signifi-1262

cance, a high-frequency selection of star-forming galax-1263

ies is likely to bias the sample towards having overall1264

shallow radio spectra. Combining the 10−34 GHz spec-1265

tral indices for the star-forming galaxies across COS-1266

MOS and GOODS-N, we find an average slope of α10
34 =1267

−0.47 ± 0.10 (σ = 0.28), which is substantially shal-1268

lower than the canonical α = −0.70 assumed at lower1269

frequencies. Shallow spectra are naturally expected in1270

the free-free dominated regime, in particular for young1271

starburst galaxies. Such sources should exhibit large1272

thermal fractions, as synchrotron emission lags the onset1273

of a starburst by & 30 Myr (e.g., Bressan et al. 2002),1274

and the galaxies should hence be dominated by free-1275

free emission across the entire radio spectrum. How-1276

ever, our sample is fully comprised of sources with typ-1277

ical or low thermal fractions (fth . 0.20 at 1.4 GHz),1278

and rather steep synchrotron spectra (αNT . −0.85).1279

This, in turn, indicates we are likely detecting relatively1280

mature starbursts, as opposed to young star-forming1281

galaxies. In particular, galaxies with a declining star-1282

formation history are expected to exhibit only modest1283

levels of free-free emission at low radio frequencies, and1284

may show steepening of their synchrotron spectra to-1285

wards higher frequencies. This scenario is qualitatively1286

consistent with the spectral parameters we are finding1287

for the COLDz star-forming galaxies, and may therefore1288

be typical for a high-frequency-selected sample.1289

Alternatively, the relatively low thermal fractions ob-1290

served for our star-forming sample at low frequencies1291

may be the result of residual AGN contamination. An1292

AGN will contribute additional synchrotron emission in1293

excess of that arising from star-formation, while the1294

overall contribution from free-free emission is mostly1295

unaffected. In this case, one may expect typical syn-1296

chrotron spectra, in combination with low thermal frac-1297

tions. However, we find no strong evidence for system-1298

atic residual radio AGN activity based on the values of1299

qIR of our star-forming galaxies, as we find that half of1300

our sample falls onto or above the far-infrared/radio cor-1301

relation for star-forming galaxies (Delhaize et al. 2017;1302

Algera et al. 2020a).1303

6.5. Free-Free Star-Formation Rates1304

Free-free emission is one of the most robust tracers1305

of star-formation, as it constitutes a direct probe of the1306

ionizing photons emitted by recently formed (. 10 Myr)1307

massive stars. As such, it does not rely on reprocessed1308

starlight, or emission produced by stellar remnants, such1309

as, respectively, far-infrared and radio synchrotron emis-1310

sion. However, some caveats still apply, as carefully1311

summarized in Querejeta et al. (2019). In particular,1312

any ionizing photons absorbed by dust within the HII-1313

region will not contribute to the ionization of hydrogen1314

atoms, and as such will reduce the free-free luminosity1315

at a fixed star-formation rate (e.g., Inoue et al. 2001;1316

Dopita et al. 2003). Alternatively, if there is substan-1317

tial leakage of ionizing photons, free-free emission will1318

similarly be suppressed. Finally, since free-free emis-1319

sion is only sensitive to the massive end of the initial1320

mass function, any variations in the IMF may substan-1321

tially affect the calculated star-formation rates. We note1322

that these caveats also apply to star-formation rates es-1323

timated using the Balmer lines (e.g., Hα, Hβ), with the1324

clear advantage of free-free emission being that it is fully1325

dust-insensitive on scales beyond the HII-region wherein1326

the star-formation occurs.1327

With these caveats in mind, we now set out to cal-1328

culate free-free star-formation rates for the seven star-1329

forming galaxies detected at 34 GHz. The calibration1330

from Murphy et al. (2012), adapted to a Chabrier IMF,1331

is given by1332

(
SFRFF

M� yr−1

)
= 4.3× 10−28

(
Te

104 K

)−0.45 ( ν

GHz

)0.10

×
(

fth(ν)Lν

erg s−1 Hz−1

)
.

(7)

Here Te is the electron temperature, which we assume to1333

equal Te = 104 K. However, we note that our results are1334

somewhat insensitive to the precise value adopted, given1335
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Figure 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 SFRFF

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.

the modest exponent of T−0.45
e . The star-formation rate1336

is further directly proportional to the product of the1337

thermal fraction and the radio luminosity, which we1338

evaluate at a rest-frame frequency of ν = 1.4 GHz.1339

We derive typical free-free star-formation rates be-1340

tween SFR ≈ 30 − 350M� yr−1 for the 4/7 sources1341

for which we have robustly constrained thermal frac-1342

tions. The remaining sources instead have a thermal1343

fraction that is consistent with zero within 1σ, such1344

that we can only provide upper limits on their free-1345

free star-formation rates. We compare the free-free1346

star-formation rates with those derived from magphys,1347

as well as from low-frequency radio synchrotron emis-1348

sion in Figure 13. For the latter, we adopt the far-1349

infrared/radio correlation from Delhaize et al. (2017),1350

which is suitable for the radio-detected star-forming1351

population. While we have derived individual qIR-1352

values for the star-forming COLDz sample in Section1353

4, we adopt a fixed far-infrared/radio correlation from1354

the literature to ensure the synchrotron-derived star-1355

formation rates are independent of those from far-1356

infrared emission.1357

Overall, we observe a reasonable agreement between1358

the star-formation rates from free-free emission, and1359

those from the more commonly adopted tracers we use1360

for comparison. This likely implies that the various1361

aforementioned caveats do not greatly affect our calcu-1362

lated SFRs. However, the correlation between the two1363

radio-based tracers appears tighter than the one between1364

the SFRs from free-free emission and SED-fitting, which1365

is surprising as the timescale for far-infrared emission1366

should more closely resemble that of FFE than syn-1367

chrotron emission. Two sources in particular, GN-41368

(z = 1.27) and GN-9 (z = 0.87) appear to have well-1369

constrained free-free SFRs which exceed the ones from1370

SED-fitting by a factor of 5.6 ± 0.1 and 7.0 ± 0.3, re-1371

spectively. If dust extinction within the HII-region, or1372

leakage of ionizing photons were a concern, the free-free1373

SFRs should be suppressed, in contrast to what we ob-1374

serve for these two sources. Instead, for GN-4 this offset1375

is likely related to the SFR determined from SED-fitting.1376

While the infrared SED of this galaxy is well-constrained1377

(Figure 17), magphys predicts that a substantial frac-1378

tion of the infrared emission from GN-4 originates from1379

an older stellar population, with the ratio between its1380

infrared-based star-formation rate – assuming the con-1381

version from Kennicutt (1998) adjusted for a Chabrier1382

IMF – and the fitted SFR equaling 3.2±0.1. Given that1383

the SFRs from free-free emission and the 1.4 GHz lumi-1384

nosity are in good agreement for GN-4, it is likely that1385

the contribution from old stars to the FIR-luminosity is1386

overestimated in the SED-fitting.1387
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A similar discrepancy can be seen between the free-1388

free and infrared star-formation rates derived for GN-9.1389

While this source too has a modest contribution to its1390

dust luminosity from older stars, upon accounting for1391

this, its ratio between the free-free and SED-fitted star-1392

formation rates remains a factor of 3.8+0.1
−0.3. Instead,1393

the radio flux densities of this source are likely to be1394

boosted by the emission from an AGN. We find a far-1395

infrared/radio correlation parameter of qIR = 1.99±0.041396

for GN-9 (Section 6.1), which implies it lies ∼ 0.5 dex1397

below the median value for radio-selected star-forming1398

galaxies at its redshift of z = 0.87 (Delhaize et al. 2017),1399

though still above the threshold we adopt for identifying1400

radio AGN. Nevertheless, GN-9 is ∼ 3.5× radio-bright1401

with respect to the median far-infrared/radio correla-1402

tion, which fully accounts for the difference between its1403

radio and SED-fitted star-formation rates.1404

Interestingly, we can only place upper limits on the1405

free-free star-formation rates for two of the bright-1406

est star-forming galaxies in GOODS-N (SFRSED ∼1407

400M� yr−1), GN-7 and GN-11. While naively these1408

galaxies might be expected to exhibit strong free-free1409

emission, recent studies of starburst galaxies have found1410

that their radio spectra might steepen towards higher1411

frequencies (Tisanić et al. 2019; Thomson et al. 2019).1412

This may be related either to a deficit in free-free emis-1413

sion, or to the steepening of their synchrotron spectra.1414

However, these studies were limited to rest-frame fre-1415

quencies ν . 20 GHz, and hence did not probe the1416

regime where free-free emission is expected to dominate.1417

While our study does directly target this high-frequency1418

regime, with the current sampling of the radio spectrum1419

we are unable to distinguish between a deficit in free-free1420

emission, or more complex behavior in the synchrotron1421

emission. Nevertheless, our lack of a robust detection of1422

free-free emission in these strongly star-forming sources1423

provides support for the existence of more complex ra-1424

dio spectra, which may be constrained by probing their1425

radio emission at intermediate frequencies, using, for ex-1426

ample, the VLA K-band (22 GHz).1427

Taking the aforementioned caveats into account, our1428

derived free-free star-formation rates are in good agree-1429

ment with those from SED-fitting and the low-frequency1430

far-infrared/radio correlation. While the uncertainties1431

on the free-free SFRs remain large as a result of the typ-1432

ical faintness of star-forming galaxies at high rest-frame1433

frequencies, our analysis indicates that a deep, 34-GHz1434

selected sample, supplemented by deep ancillary radio1435

observations, can be used to accurately constrain star-1436

formation at high-redshift. This, in turn, will be possi-1437

ble for significantly larger galaxy samples in the future,1438

with the increased sensitivity of next-generation radio1439

facilities.1440

7. FREE-FREE EMISSION WITH THE SKA AND1441

NGVLA1442

The next large radio telescope to come online is the1443

Square-Kilometer Array Phase 1 (SKA1), with SKA1-1444

Mid set to cover a frequency range of 0.35−15 GHz. As1445

such, observations with the highest-frequency band of1446

the SKA1-Mid (at a central frequency of νc = 12.5 GHz)1447

will start probing the regime where free-free emission1448

dominates in star-forming galaxies at z & 1. A galaxy1449

with SFR = 10M� yr−1 at z = 1 will have a flux density1450

of approximately S12.5 ≈ 1.5µJy in this band, assuming1451

the FIRRC from Delhaize et al. (2017), and the calibra-1452

tion between star-formation and free-free emission from1453

Murphy et al. (2012). This, in turn, requires ∼ 15−20 hr1454

of telescope time for a 5σ detection, based on the SKA11455

sensitivity estimates from Braun et al. (2019). In or-1456

der to robustly probe the free-free emission in such a1457

modestly star-forming galaxy, additional sampling of its1458

low-frequency radio spectrum is crucial. In particular,1459

for a similar 5σ detection at 1.4 and 6.7 GHz, a further1460

∼ 10 − 15 hr of total telescope time is required. Given1461

the ∼ 4× larger field-of-view at 6.7 GHz compared to1462

at 12.5 GHz, a possible observing strategy for the de-1463

tection of free-free emission in faint star-forming galax-1464

ies is to combine two single SKA1-Mid pointings at 1.41465

and 6.7 GHz with a five pointing mosaic at 12.5 GHz,1466

covering the entire 6.7 GHz field-of-view. With a total1467

telescope time of ∼ 100 hr, this allows for the mapping1468

of free-free emission in all z & 1 star-forming galax-1469

ies at S12.5 & 1.5µJy across an area of ∼ 120 arcmin2.1470

Adopting the Bonaldi et al. (2019) simulations of the1471

radio sky, developed specifically for the SKA1, a typical1472

∼ 1100 − 1200 galaxies are expected at S12.5 & 1.5µJy1473

within this field-of-view. In particular, approximately1474

∼ 68 ± 2% (∼ 12 ± 1%) of this sample is expected to1475

lie at a redshift z ≥ 1 (z ≥ 3), allowing for the ro-1476

bust sampling of the free-free dominated regime. For1477

comparison, the 200 hr VLA COSMOS-XS survey (Van1478

der Vlugt et al. 2020), reaches a similar depth to these1479

template SKA1-Mid observations at 3 and 10 GHz, but1480

covers a smaller area of ∼ 30 arcmin2. The increased1481

survey speed of SKA1-Mid, therefore, allows for a & 8×1482

quicker mapping of free-free emission up to ∼ 15 GHz,1483

compared to the VLA. However, as the frequency cov-1484

erage of SKA1-Mid is not fully optimized to directly1485

probe the high-frequency radio emission in star-forming1486

galaxies, significant synergy with the VLA remains, as1487

it allows for the extension of the spectral coverage from1488

the SKA1 to higher frequencies.1489

The ngVLA (Murphy et al. 2018; McKinnon et al.1490

2019), however, is set to truly transform our under-1491

standing of the high-frequency radio spectrum in dis-1492

tant galaxies, and will allow for the usage of free-free1493

emission as a high-redshift SFR-tracer on an unprece-1494

dented scale. The current sensitivity estimates (Butler1495

et al. 2019) indicate that the ngVLA will attain a typ-1496

ical RMS of σ ≈ 0.3µJy beam−1 in one hour of Band1497

four (ν = 20.5 − 34.0 GHz) observations. This, in turn,1498

translates to a 5σ detection of a galaxy forming stars1499
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Table 3. Spectral parameters of the star-forming COLDz sample

ID ν′a fth(1.4 GHz)b fth(ν′)c αNT SFRFF
d SFR1.4

[GHz] [logM� yr−1] [logM� yr−1]

COLDz-cont-COS-1 64 0.18+0.11
−0.15 0.82+0.14

−0.71 −0.81+0.38
−0.49 28+19

−23 12+2
−2

COLDz-cont-COS-3 68 0.05+0.02
−0.05 0.60+0.22

−0.61 −0.94+0.22
−0.21 53+20

−54 69+5
−5

COLDz-cont-GN-4 77 0.08+0.03
−0.02 0.95+0.04

−0.14 −1.40+0.33
−0.36 289+123

−94 213+47
−40

COLDz-cont-GN-7 134 0.06+0.04
−0.13 0.50+0.38

−1.20 −0.71+0.23
−0.34 1440+1181

−3530 857+239
−161

COLDz-cont-GN-9 63 0.08+0.01
−0.02 0.91+0.05

−0.12 −1.36+0.21
−0.25 254+45

−52 254+19
−18

COLDz-cont-GN-11 75 0.02+0.02
−0.03 0.45+0.30

−0.74 −0.99+0.13
−0.15 162+166

−243 444+34
−32

COLDz-cont-GN-12 102 0.02+0.01
−0.02 0.78+0.16

−0.53 −1.22+0.24
−0.28 342+174

−260 622+127
−96

aThe rest-frame frequency probed by the COLDz 34 GHz observations.

b The thermal fraction at rest-frame 1.4 GHz.

cThe thermal fraction at rest-frame frequency ν′.

dThe uncertainties on the free-free SFRs are propagated from those on the thermal fraction and radio
luminosity. The sources where these SFRs are consistent with zero within 1σ are plotted as upper limits
in Figure 13.

at 100M� yr−1 at z = 2.5, probing rest-frame 80 GHz,1500

similar to the frequency range probed in this work for1501

z ≈ 2 star-forming galaxies. However, with the expected1502

improvement in sensitivity the ngVLA provides over1503

the current VLA, high-redshift sources may more easily1504

be targeted at relatively low observing frequencies, en-1505

abling wider surveys while still allowing for the free-free1506

dominated regime to be probed. For example, Barger1507

et al. (2018) propose a survey at 8 GHz (ngVLA Band1508

two) to 0.2µJy beam−1 across a large area of 1 deg2,1509

which requires just an hour per pointing. By adopt-1510

ing a typical wedding cake strategy, deeper observations1511

across a smaller area can further be used to target fainter1512

star-forming galaxies. As an example, a star-forming1513

galaxy of SFR = 25M� yr−1 at z = 3 (z = 5) can in1514

principle be detected at 8 GHz in only ∼ 3 hr (∼ 15 hr),1515

modulo, of course, the large uncertainties on the typi-1516

cal thermal fraction in faint, star-forming sources, and1517

the nature of the far-infrared/radio correlation in this1518

population.1519

8. CONCLUSIONS1520

We have presented a deep continuum survey of the1521

high-frequency radio sky with the Very Large Array,1522

which probes the microjansky (Replaced: microJan-1523

sky replaced with: microjansky) galaxy population at1524

34 GHz. This regime has historically remained largely1525

unexplored due to the relatively low survey speed of ra-1526

dio telescopes at these frequencies, as well as the ex-1527

pected faintness of sources. However, the high radio1528

frequencies hold one of the most reliable tracers of star-1529

formation, radio free-free emission, and as such are set to1530

become a key area of study with next-generation radio1531

facilities.1532

We employ deep observations at 34 GHz from the1533

COLDz project (Pavesi et al. 2018; Riechers et al.1534

2019, 2020) which cover the well-studied COSMOS1535

(10 arcmin2) and GOODS-North (50 arcmin2) fields1536

to a typical depth of ∼ 1.5µJy beam−1 and ∼1537

5.3µJy beam−1, respectively. We perform source detec-1538

tion on the images down to a liberal 3σ detection thresh-1539

old, aided by deep ancillary radio data across both fields,1540

resulting in the detection of high-frequency continuum1541

emission in eighteen galaxies. We cross-match these de-1542

tections with additional deep radio observations at 1.4,1543

3 and 10 GHz in the COSMOS field, as well as data at1544

1.4, 5 and 10 GHz in GOODS-N. In addition, we leverage1545

the wealth of multi-wavelength data across both fields1546

to fully sample the SEDs of the galaxies from the X-ray1547

to radio regime. The COLDz continuum sample spans1548

a redshift range of z = 0.50− 5.30, and lies at a median1549

(mean) redshift of z = 1.12+0.52
−0.15 (z = 1.55+0.41

−0.35). The1550

sample contains six sources at z ≥ 2, and includes the1551

well-studied submillimeter galaxy AzTEC.3 at z = 5.3.1552

Our main findings are the following:1553

• We present the first constraints on the radio num-1554

ber counts at 34 GHz in the regime where star-1555

forming galaxies dominate the radio population1556

(Figure 7), and find that these are in good agree-1557

ment with lower-frequency number counts in the1558

literature, both from observations (Van der Vlugt1559

et al. 2020) and simulations (Bonaldi et al. 2019).1560

• We use the far-infrared/radio correlation to divide1561

the 34 GHz continuum sample into star-forming1562

galaxies and active galactic nuclei (Figure 8). In1563

total, half of the sample (9 sources) shows AGN1564

activity at radio wavelengths (Figure 9), while1565

the radio emission of the remainder is consistent1566
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with being powered predominantly through star-1567

formation. All but one of the faintest galaxies in1568

our sample (S34 . 20µJy) show radio emission of1569

a star-forming origin, which is qualitatively consis-1570

tent with the small fraction of radio AGN found in1571

deep observations at lower frequencies (e.g., Algera1572

et al. 2020b). Two sources, including AzTEC.31573

at z = 5.3, likely have their continuum emission1574

at 34 GHz dominated by thermal emission from1575

dust, leaving 7/18 sources (∼ 40%) of the sam-1576

ple with high-frequency radio continuum emission1577

dominated by the combination of synchrotron and1578

free-free emission.1579

• We use the wealth of ancillary radio data across1580

the COSMOS and GOODS-N fields to construct1581

radio spectra of the star-forming galaxies, covering1582

four frequencies in the range 1.4− 34 GHz (Figure1583

10). We fit the radio spectra with a combination of1584

free-free and synchrotron emission, and determine1585

thermal fractions and non-thermal spectral indices1586

for our sample (Figures 11 and 12), which are1587

consistent with the values observed in local galax-1588

ies. We further determine free-free star-formation1589

rates for seven star-forming galaxies, and find good1590

agreement with those obtained from SED-fitting1591

and the far-infrared/radio correlation (Figure 13).1592

With the 34 GHz continuum data from the COLDz1593

survey, we have directly targeted free-free emission in1594

faint star-forming sources at high redshift. While cur-1595

rently limited to a modest sample, next-generation radio1596

facilities are set to significantly increase the number of1597

galaxies for which the full radio spectrum is constrained,1598

and will transform our understanding of high-frequency1599

radio continuum emission in star-forming galaxies. How-1600

ever, combined with the wealth of ancillary data in1601

the COSMOS and GOODS-N fields, the COLDz ob-1602

servations already allow for a census of free-free emis-1603

sion in the typical star-forming population via a multi-1604

frequency radio stacking analysis, which will be pre-1605

sented in a forthcoming publication (Algera et al. 2021,1606

in preparation).1607
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APPENDIX1633

A. IMAGE PROPERTIES1634

We discuss some of the properties of the COSMOS and1635

GOODS-N 34 GHz images below, including the com-1636

pleteness, and the level of flux boosting. In addition,1637

we detail how we assign flux densities to the 34 GHz1638

continuum detections.1639

A.1. Completeness1640

We determine the completeness of the COSMOS and1641

GOODS-N mosaics by inserting mock sources into the1642

image, and extracting them via our regular source de-1643

tection procedure (Section 3). The fraction of resolved1644

sources at a resolution of ∼ 2′′ at 10 GHz – similar to the1645

resolution of our 34 GHz observations – is just ∼ 10%1646

(Van der Vlugt et al. 2020), and is expected to be smaller1647

at even higher frequencies, where sources are more com-1648

pact (Murphy et al. 2017; Thomson et al. 2019). As1649

such, we only include unresolved mock sources in our1650

completeness analysis. Sources are inserted in the maps1651

uncorrected for the primary beam (PB), as in this case1652

it is straightforward to incorporate the incompleteness1653

due to the decreased PB-sensitivity by inserting sources1654

with a true flux density Sν as A(r) × Sν , where A(r)1655

represents the primary beam sensitivity at position r1656

within the mosaic.1657

We randomize source positions within both mosaics,1658

above A(r) ≥ 0.20, and draw flux densities from a pow-1659

erlaw distribution to ensure low flux densities – where1660

incompleteness will be the largest – are amply sampled.1661

For COSMOS, we insert 50 mock sources each run, for1662

a total of 200 runs. As the GOODS-N mosaic is sub-1663

stantially larger, we instead insert 100 mock sources per1664

run, for 100 runs total. In both cases, mock sources1665

are required to be 2.5 beam sizes away from both real1666

sources and other mock sources. We then repeat the1667

source detection procedure described in Section 3, and1668
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cross-match the recovered sources to the inserted ones,1669

using a matching radius of 0.′′7. We record their in-1670

serted flux density, as well as their recovered peak and1671

integrated flux densities. We define the completeness1672

in a given flux density bin i as Ci = Nrec,i/Nins,i, that1673

is, as the ratio of the number of inserted and recovered1674

mock sources with a flux density that falls within the1675

i-th bin. We determine the corresponding uncertainty1676

via a bootstrap analysis, whereby we resample from the1677

inserted flux densities, with replacement, and determine1678

for each flux density bin the fraction of this sample that1679

was recovered in our source detection procedure. The1680

uncertainty then represents the 16th − 84th percentile1681

of the bootstrapped completeness analyses. We show1682

the completeness in both the COSMOS and GOODS-N1683

mosaics in Figure 14.1684

In the COSMOS field, we reach 50 and 80 per cent1685

completeness at flux densities of S34 = 7.3µJy beam−1
1686

(≈ 6σ, where σ represents the typical RMS in the map)1687

and S34 = 13.3µJy beam−1 (≈ 10σ), respectively. In1688

GOODS-North, we reach completeness fractions of 501689

and 80 per cent at S34 = 19.6µJy beam−1 (≈ 4σ) and1690

S34 = 29.3µJy beam−1 (≈ 6σ), respectively. These dif-1691

ferences may be explained by the non-uniform exposure1692

map of the GOODS-N mosaic, allowing for faint sources1693

to still be detected in a small portion of the mosaic.1694

A.2. Peak versus Integrated Fluxes1695

In order to assign a flux density to the detected ra-1696

dio sources, we need to establish if they are resolved.1697

Our observations have a typical beam-size of ∼ 2.′′5,1698

and as such, we expect most sources to be unresolved,1699

based on the typical (sub-)arcsecond radio sizes of star-1700

forming galaxies at low-frequencies (Cotton et al. 2018;1701

Jiménez-Andrade et al. 2019), and the finding that these1702

sources are more compact at higher frequencies (Mur-1703

phy et al. 2017; Thomson et al. 2019). To verify this,1704

we use our runs of inserted mock sources, which by con-1705

struction are unresolved, and compare their peak and1706

integrated flux densities as a function of signal-to-noise.1707

We show the results in Figure 15, for both the COSMOS1708

and GOODS-N fields. We divide the results into loga-1709

rithmically spaced bins in S/N (Replaced: SNR re-1710

placed with: S/N), and determine the integrated/peak1711

ratio encompassing 95 percent of sources per bin (fol-1712

lowing, e.g., Bondi et al. 2008; Van der Vlugt et al.1713

2020). These percentiles are fitted with a power-law,1714

with the region below the best fit defining the limit-1715

ing integrated/peak flux density where sources are taken1716

to be unresolved. It is clear that at modest signal-to-1717

noise, S/N . 5 (Replaced: SNR . 5 replaced with:1718

S/N . 5), sources can have Sint/Speak & 2, despite be-1719

ing unresolved. This is a result of nearby noise peaks1720

elongating the source, or throwing off the fitting, which1721

mostly affects the integrated flux density. We find that1722

all sources, with the exception of one bright (S/N ∼ 25)1723

(Replaced: (SNR ∼ 25) replaced with: S/N ∼ 25)1724

detection in GOODS-N, show an integrated/peak ratio1725

which is consistent with the source being unresolved. As1726

such, we adopt the integrated flux density for this single1727

source, and the peak brightness for the rest.1728

A.3. Flux Boosting1729

At low signal-to-noise, the peak brightness may be1730

‘boosted’ as a result of noise properties in the image.1731

To establish whether this is affecting the flux densities1732

of our 34 GHz detections, we compare the recovered1733

and inserted flux densities of our mock source anal-1734

ysis. The results are shown in Figure 16, for both1735

COSMOS and GOODS-N. At S/N & 5 (Replaced:1736

SNR & 5 replaced with: S/N & 5), the median ratio1737

of recovered to inserted flux density is consistent with1738

unity, with a spread of less than . 20%. At S/N . 51739

(Replaced: SNR . 5 replaced with: S/N . 5), which1740

is the typical signal-to-noise at which the faintest 34 GHz1741

sources are detected, the level of flux boosting steadily1742

increases, with a typical correction of ∼ 20% at S/N ≈ 31743

(Replaced: SNR ≈ 3 replaced with: S/N ≈ 3) in1744

either field. In this low-S/N regime (Replaced: low-1745

SNR regime replaced with: low-S/N regime), the1746

typical spread on the ratio of recovered and inserted flux1747

densities similarly increases strongly. Following, e.g.,1748

Stach et al. (2019), we correct the flux densities of the1749

sources detected at 34 GHz by the median level of flux1750

boosting at their observed S/N (Replaced: SNR re-1751

placed with: S/N). The uncertainty on the corrected1752

flux density includes the propagated bootstrapped error1753

on the median.1754

B. SPECTRAL ENERGY DISTRIBUTIONS1755

We show the full spectral energy distributions for1756

the eighteen COLDz continuum detections, fitted with1757

magphys, in Figure 17, and present their physical pa-1758

rameters in Table 4.1759
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replaced with: S/N ≈ 3).

Table 4. Physical Properties of the 34 GHz-selected COLDz sample

ID LIR SFRa M∗ L1.4
b qIR AGNc

[logL�] [logM� yr−1] [logM�] [log W Hz−1]

COLDz-cont-COS-1 11.75+0.09
−0.09 1.40+0.14

−0.06 11.39+0.09
−0.06 22.51+0.08

−0.08 3.25+0.12
−0.12 0

COLDz-cont-COS-2 13.00+0.01
−0.03 2.80+0.01

−0.03 10.78+0.02
−0.03 24.83+0.06

−0.06 2.17+0.06
−0.06 0

COLDz-cont-COS-3 10.70+0.19
−0.51 0.01+0.17

−0.34 11.16+0.09
−0.01 24.04+0.04

−0.04 0.67+0.20
−0.49 1

COLDz-cont-COS-4 12.54+0.10
−0.03 2.21+0.21

−0.40 11.93+0.03
−0.19 24.01+0.06

−0.06 2.56+0.10
−0.08 0

COLDz-cont-COS-5 11.38+0.17
−0.16 1.28+0.19

−0.14 10.23+0.05
−0.08 23.32+0.03

−0.03 2.08+0.17
−0.17 0

COLDz-cont-GN-1 10.66+0.07
−0.03 0.31+0.08

−0.11 11.04+0.05
−0.03 23.17+0.02

−0.02 1.51+0.06
−0.04 1

COLDz-cont-GN-2 12.12+0.02
−0.02 1.84+0.07

−0.12 11.47+0.11
−0.09 24.63+0.13

−0.05 1.49+0.05
−0.13 1

COLDz-cont-GN-3 12.27+0.01
−0.01 1.92+0.01

−0.01 11.01+0.01
−0.01 26.18+0.02

−0.02 0.10+0.02
−0.02 1

COLDz-cont-GN-4 12.23+0.01
−0.01 1.73+0.01

−0.01 10.64+0.01
−0.01 23.86+0.09

−0.09 2.37+0.09
−0.09 0

COLDz-cont-GN-5 9.34+0.21
−0.01 −0.88+0.17

−0.10 10.83+0.09
−0.06 22.75+0.02

−0.02 0.62+0.18
−0.04 1

COLDz-cont-GN-6 11.23+0.04
−0.10 1.11+0.01

−0.11 11.06+0.05
−0.02 23.93+0.02

−0.02 1.30+0.05
−0.10 1

COLDz-cont-GN-7 12.60+0.04
−0.07 2.54+0.07

−0.05 10.81+0.03
−0.07 24.72+0.10

−0.09 1.88+0.11
−0.12 0

COLDz-cont-GN-8 10.38+1.31
−0.04 −0.15+1.01

−0.13 11.56+0.01
−0.12 24.83+0.03

−0.03 −0.40+1.25
−0.09 1

COLDz-cont-GN-9 11.82+0.03
−0.01 1.56+0.02

−0.01 11.23+0.14
−0.01 23.85+0.03

−0.03 1.99+0.04
−0.03 0

COLDz-cont-GN-10 12.37+0.01
−0.01 2.34+0.01

−0.01 10.59+0.06
−0.01 25.11+0.02

−0.02 1.26+0.02
−0.02 1

COLDz-cont-GN-11 12.58+0.01
−0.01 2.59+0.01
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−0.01 24.17+0.03

−0.03 2.42+0.03
−0.03 0

COLDz-cont-GN-12 12.78+0.01
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−0.07 2.32+0.07
−0.08 0

COLDz-cont-GN-13 9.43+0.10
−0.15 −1.00+0.11

−0.08 10.77+0.02
−0.03 23.62+0.03

−0.03 −0.19+0.10
−0.15 1

aThe star-formation rate as determined via magphys.

b The radio luminosity at rest-frame 1.4 GHz is computed using the closest observed-frame flux density
(1.4 or 3 GHz) and the measured radio spectral index.

c Sources are identified as radio AGN based on their offset from the far-infrared/radio correlation (Section
6.1).
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Figure 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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