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ABSTRACT

We present the first high-resolution, high-frequency radio continuum survey that fully maps an

extragalactic deep field: the 10GHz survey of the Great Observatories Origins Deep Survey-North

(GOODS-N) field. This is a Large Program of the Karl G. Jansky Very Large Array that allocated

380 hours of observations using the X-band (8− 12GHz) receivers, leading to a 10GHz mosaic of the

GOODS-field with an average rms noise σn = 671 nJy beam−1 and angular resolution θ1/2 = 0.′′22

across 297 arcmin2. To maximize the brightness sensitivity we also produce a low-resolution mosaic

with θ1/2 = 1.′′0 and σn = 968 nJy beam−1, from which we derive our master catalog containing

256 radio sources detected with peak signal-to-noise ratio ≥ 5. Radio source size and flux density

estimates from the high-resolution mosaic are provided in the master catalog as well. The total

fraction of spurious sources in the catalog is 0.75%. Monte Carlo simulations are performed to derive

completeness corrections of the catalog. We find that the 10GHz radio source counts in the GOODS-N

field agree, in general, with predictions from numerical simulations/models and expectations from 1.4

and 3GHz radio counts.

Keywords: surveys-catalogs–radio continuum: galaxies

1. INTRODUCTION

Extragalactic surveys are essential tools to carry out

statistical analysis of galaxy populations and investi-

gate the physical processes regulating galaxy evolution

throughout cosmic time. Radio continuum surveys at

∼GHz frequencies are particularly valuable, because

they allow us to probe non-thermal processes like syn-

chrotron emission from supernova remnants (e.g., Dub-

ner & Giacani 2015) and relativistic jets powered by

accreting supermassive black holes (e.g., Miley 1980).

Further, thermal (free-free) radiation from Hii regions is

detectable in the radio regime and dominates the total

∗ https://science.nrao.edu/science/surveys/vla-x-gn/home

radio emission of star-forming galaxies (SFGs) at fre-

quencies 30GHz ≲ ν ≲ 100GHz (e.g., Murphy et al.

2018a; Klein et al. 2018). Radio continuum surveys,

therefore, provide a unique window into the SFGs and

Active Galactic Nuclei (AGN) populations (see Condon

1992; Tadhunter 2016, for a review). This has motivated

the implementation of increasingly wider and deeper ex-

tragalactic radio surveys during the past decades (see

left panel of Figure 1, and Simpson 2017, for a review).

Because the primary beam areas (Ωbeam) in radio ob-

servations are inversely proportional to the observed

frequency (Ωbeam ∝ ν−2), most surveys of the extra-

galactic radio sky have been obtained at ≈ 1 − 3GHz

(e.g., Afonso et al. 2001; Seymour et al. 2004; Schin-

nerer et al. 2007; Ibar et al. 2009; White et al. 2012;

Smolčić et al. 2017a; Heywood et al. 2021; Best et al.
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2023; Hale et al. 2021, 2023). Moreover, galaxies are

easier to detect at low frequencies (i.e., ∼GHz) where

synchrotron-dominated emission leads to a steep spec-

tral index α ∼ −0.7, which generally describes the radio

spectral energy distribution (SED) of SFGs and AGN

following S ∝ να (e.g., Tabatabaei et al. 2017; Tisanić,

K. et al. 2020; An et al. 2024).

Enabled by the improved broadband and wide-field

imaging capabilities of modern radio interferometers

like the Karl G. Jansky Very Large Array (VLA) and

MeerKAT, it is now possible to explore the µJy radio

source population at ∼GHz frequencies across ≳ 1 deg2

regions (e.g., Smolčić et al. 2017a; Matthews et al. 2021a;

Hale et al. 2023) and, thereby, carry out systematic stud-

ies of radio-selected SFGs and AGNs out to z ≈ 5 (e.g.,

Smolčić et al. 2017b; Delvecchio et al. 2017; Novak et al.

2017; Vardoulaki et al. 2019; Leslie et al. 2020; Matthews

et al. 2021b; Amarantidis et al. 2023). Due to the large

areal coverage of current ∼GHz deep radio surveys, con-

straints on the sub-mJy radio source counts are less in-

fluenced by sample/cosmic variance, which is essential

for testing and refining theoretical models of galaxy evo-

lution (e.g., Mancuso et al. 2015, 2017; Bonaldi et al.

2019, and references therein). Furthermore, a small

fraction of ∼GHz radio surveys have even reached sub-

arcsec angular resolutions (right panel of Figure 1; e.g.,

Smolčić et al. 2017a; Muxlow et al. 2020), allowing us to

investigate the radio morphological properties of high-

redshift compact sources (e.g., Bondi et al. 2018; Cot-

ton et al. 2018; Jiménez-Andrade et al. 2019, 2021; Var-

doulaki et al. 2019).

Despite the rapidly growing number of extragalactic

radio continuum surveys, the high-frequency (∼ 10 −
100GHz) radio sky has been sparsely explored (right

panel of Figure 1). High-frequency radio surveys are

important to investigate, for example:

• mechanisms for cosmic-ray energy losses,

• young radio sources whose radio spectra peak at

progressively higher frequencies,

• corrections for astrophysical foregrounds in Cos-

mic Microwave Background (CMB) maps (e.g., de

Zotti et al. 2005),

• and anomalous microwave emission (AME; e.g.,

Murphy et al. 2018b) arising from spinning and

magnetized ultra-small dust grains.

Most important for studies on star formation, and the

scope of this manuscript, high-frequency observations

are sensitive to free-free emission that is a better dust-

unbiased tracer of “current” star formation (e.g., Mur-

phy et al. 2011), as opposed to synchrotron that traces

cumulative history of star formation. These science top-

ics have motivated high-frequency extragalactic surveys

at ≈ 10 − 20GHz (Bolton et al. 2004; Sadler et al.

2006; Whittam et al. 2016; Huynh et al. 2019) and even

95GHz (Sadler et al. 2008; González-López et al. 2019);

nevertheless, most of the these surveys reached depths

≳ 0.1mJy where the dominant radio source population

are AGNs. In a pioneering effort to probe the high-

frequency extragalactic sky at µJy levels, Richards et al.

(1998) and Fomalont et al. (2002) carried out single-

pointing VLA observations at ≈ 8.5GHz that reached

up to a ≈ 1.5µJy beam−1 sensitivity and synthesized

beam with FWHM of 3.′′5, which helped demonstrating

that there is an increasing contribution from SFGs to the

total radio source population in the µJy regime. More

recently, Algera et al. (2021) and van der Vlugt et al.

(2021) obtained single-pointing VLA continuum obser-

vations at 34GHz and 10GHz down to a rms noise of

1.3µJy beam−1 and 0.41µJy beam−1, respectively, and

angular resolutions ≳ 2.′′0. These ultra-deep observa-

tions allowed Algera et al. (2021) to verify the robust-

ness of free–free emission as a SFR indicator at high red-

shift; consequently, high-frequency radio emission has

been used to derive the first constraints on the cos-

mic star formation history from free–free radio emission,

which agrees with the ones inferred from other widely

tested SFR indicators (Algera et al. 2022). Moreover,

the aforementioned 10 and 34GHz VLA observations

led to some of the first constraints on the radio source

counts in the µJy regime at high-frequencies (Algera

et al. 2021; van der Vlugt et al. 2021), albeit such re-

sults are potentially affected by sample and/or cosmic

variance due to the small areal coverage of these single-

pointing VLA observations.

1.1. A VLA 10GHz Large Program in GOODS-N

While deep, high-frequency radio observations are be-

coming increasingly available, to date, these are lim-

ited to single-pointing maps with coarse angular reso-

lutions. To demonstrate the feasibility of a large sur-

vey of the high-frequency radio sky with the VLA,

Murphy et al. (2017) carried out a pilot program us-

ing a single-pointing in the Great Observatories Ori-

gins Deep Survey-North (GOODS-N; Dickinson et al.

2003; Giavalisco et al. 2004) at 10GHz. Observing

at this frequency has the distinct advantage of yield-

ing sub-arcsec angular resolution imaging while probing

higher rest-frame frequencies of galaxies with increasing

redshift, where emission becomes dominated by ther-

mal (free-free) radiation and directly provides a dust-

unbiased measurement of massive star formation activ-

ity. By targeting the GOODS-N field one also maxi-
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Figure 1. Left: A summary of past, present, and future extragalactic radio surveys in the sensitivity vs survey area plane.
Figure adapted from Smolčić et al. (2017a). The data are color-coded according to the observed frequency. The Square
Kilometer Array Phase 1 (SKA1) data points are taken from the SKA1 Science Requirements. These predictions are made for a
10,000 hours survey across 1,000 degree2 at 1.4GHz and a 1,000 hours survey across 0.5 degree2 at 9GHz. The next generation
Very Large Array (ngVLA) data points are derived using the ngVLA exposure calculator tool. We adopt the central frequencies
of the Band 1 (Band 2) of the ngVLA (see Murphy 2022, for a review), and assume 1,0000 (1,000) hours of telescope time to map
a 1,000 (0.5) degree2 region. For both telescopes, spatial resolutions of 0.′′5 and 0.′′05 are assumed when observing at 1.4/2.4GHz
and 8/9GHz, respectively. Right: A compilation of deep extragalactic radio maps obtained with sub-arcsec resolution (Muxlow
et al. 2005; Biggs & Ivison 2008; Miettinen et al. 2015; Lindroos et al. 2016; Rujopakarn et al. 2016; Guidetti et al. 2017; Bondi
et al. 2018; Cotton et al. 2018; Muxlow et al. 2020; Jiménez-Andrade et al. 2019, 2021), color-coded according to the RMS
noise, which have been preferentially obtained at 1 − 3GHz. The 10GHz survey of the GOODS-N field stands as one of the
deepest ever obtained. It is also the first observational campaign that fully maps an entire extragalactic field at high frequencies,
providing some of the highest angular resolutions ever achieved in deep radio maps.

mizes the impact of galaxy formation and evolution re-

search, as this is one of the best-studied extragalactic

fields at optical/near-infrared wavelengths. Ancillary

data available in this field include extremely deep obser-

vations from the Hubble Space Telescope (HST), James

Webb Space Telescope (JWST), Spitzer Space Telescope,

Chandra X-ray Observatory, Herschel Space Observa-

tory, and the XMM-Newton Observatory (see Barro

et al. 2019; Eisenstein et al. 2023; Oesch et al. 2023, and

references therein). There is deep, high-resolution radio

imaging in this field at 1.5GHz (Morrison et al. 2010;

Owen 2018; Muxlow et al. 2020) and 3GHz (Jiménez-

Andrade, et al. in prep). Additional, yet shallower, 5,

5.5, and 8GHz data are also available for a small fraction

of the GOODS-N field (Richards et al. 1999; Guidetti

et al. 2017; Gim et al. 2019).

The pilot program of Murphy et al. (2017) proved that

combining multi-configuration VLA 10GHz data sig-

nificantly improves the capability to recover integrated

flux densities of both extended and compact sources,

measure source sizes, and obtain radio spectral indices
and thermal fractions using the existing radio imaging

in GOODS-N. Combining information from 10GHz im-

ages with circular synthesized beams with FWHM of

1.′′0 and 0.′′22 and rms noises of 1.1µJy beam−1 and

572 nJy beam−1, respectively, Murphy et al. (2017) re-

port the detection of 38 radio sources (above the 3.5σ

level) with an optical and/or near-infrared counterpart

with a median redshift of 1.24 ± 0.25. The resolution

of 0.′′22 sufficed to derive the deconvolved FHWM of all

the 32 radio sources detected in the high-resolution map,

leading to a median effective radius of 69± 13mas that

translates into ≈ 509 ± 114 pc at the median redshift

of this galaxy sample. These radio sizes are a factor

∼ 7 smaller, on average, than the optical size, suggest-

ing that star formation is centrally concentrated in these

10GHz-detected galaxies at z ≈ 1.24.
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Motivated by the results from the pilot program re-

ported in Murphy et al. (2017), we have conducted a

VLA Large Program to produce a deep, high-resolution

mosaic of the entire GOODS-N field at 10GHz. The

new set of observations consists of 17 VLA pointings

with an angular resolution and sensitivity similar to that

obtained in our single-pointing pilot program (Murphy

et al. 2017). As a result, this is the first observational

campaign that fully maps an entire extragalactic field at

high frequencies and high angular resolutions reaching

sub-µJy sensitivities. Specifically, a deep 10GHz mo-

saic with an angular resolution of 0.′′22 is necessary to

probe the spatial distribution of massive, dust-obscured

star formation in galaxies at 0.5 ≲ z ≲ 4. Measuring

the structure in the radio regime relative to the opti-

cal/ultraviolet, for example, will be key to link the level

and nature of star formation and AGN activity to the

stellar mass buildup in galaxies.

Here, we report the radio continuum data products

(mosaics and radio source catalogs) and inferred 10GHz

radio source counts. This is the first of a series of

manuscripts that will explore the radio source popula-

tions in the GOODS-N field using the 10GHz data re-

ported here and recently obtained deep, high-resolution

3GHz data (Jiménez-Andrade, et al. in prep.).

This manuscript is organized as follows. In Section 2,

we describe the 10GHz VLA data set and the imaging

procedure. Section 3 reports the source extraction and

properties of the radio source catalogs. We assess the

reliability of the radio source catalog in Section 4, while

the inferred 10GHz radio source counts are presented in

Section 5. A summary and conclusions from this work

are given in Section 6.

2. OBSERVATIONS, DATA REDUCTION, AND

IMAGING

2.1. Very Large Array Observations

A total of 380 hours of observations were taken from

September 2016 to March 2018 with the VLA towards

the GOODS-N field using the X-band (8 − 12GHz) re-

ceivers (Project code: VLA 16B-320; Principal Investi-

gator: Eric J. Murphy). The data cover a bandwidth

of 4096 MHz, separated into 32 128 MHz-wide spectral

windows (SPWs), and are centered at 10GHz. The ob-

servations were obtained with a 3s signal-averaging time

and full polarisation mode, albeit this manuscript only

reports the total intensity mosaic and associated radio

source catalog.

300 hours of observations were taken in the A-

configuration (with a maximum baseline Bmax =

36.4 km) of the VLA to provide the best possible an-

gular resolution to resolve the radio emission of high-
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Figure 2. Pointing pattern used to obtain the 10GHz mo-
saic of the GOODS-N field. The pointing centers are shown
by the crosses. The circles extend out to a radius of 3.′82
where the VLA primary beam response is 0.1. The blue
outline illustrates the footprint of the HST/WFC3 F160W
imaging from the CANDELS program (Grogin et al. 2011;
Koekemoer et al. 2011).

redshift SFGs. These data are complemented with 65

and 15 hours of observations in the B and C configu-

ration (with Bmax = 11.1 and 3.4 km), respectively, to

improve our sensitivity to low surface brightness struc-

tures.

To obtain a nearly uniform sensitivity across the

GOODS-N field, seventeen pointings were chosen to ob-

tain a hexagonal-pattern mosaic (see Figure 2). The sep-

aration between the pointings center is HPBW/
√
2 =

3.′18, where the half-power beam width (HPBW) of the

VLA at 10GHz is ≈ 4.′5. The seventeen pointings were
observed during each of the 5 hours-long observing runs

used during the observations. At the beginning of each

run, 3C 286 was observed during ≈15mins for flux den-

sity scale, polarization angle, and bandpass calibration.

Then, J1302+5748 was observed for gain and phase cal-

ibration during ≈ 1.5min every ≈ 15min when using

the A and B configuration, or every ≈ 30min when ob-

serving with the C configuration. Each pointing was

visited once during the observing run and observed for

≈ 15− 20min.

2.2. Data Calibration

We used the VLA calibration pipeline (version 5.6.2-

3), implemented in the Common Astronomy Software

Applications (CASA; McMullin et al. 2007; CASA Team

et al. 2022) package, to process the 76 scheduling blocks

from our data set and obtain calibrated measurement
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sets (MSs). This pipeline is optimized to work for Stokes

I continuum data by performing basic flagging (e.g.,

shadowed data, edge channels of sub-bands, radio fre-

quency interference) and deriving/applying delay, band-

pass, and gain/phase calibrations. We used the pipeline

“weblog” to verify the quality assurance (QA) of each

flagging and calibration step for all the calibrated MSs.

Additionally, to further evaluate the pipeline results, we

imaged the 17 pointings per each MS and inspected the

resulting 1292 images. This QA process led to the iden-

tification of defective scans arising from bad weather

conditions (i.e., high phase rms values from the Atmo-

spheric Phase Interferometer), low elevations, and high

wind speeds during the observations taken in the A con-

figuration. These defective scans, that correspond to

only 3.2% of the total data, were discarded outright.

We also inspected the “amplitude vs frequency” diag-

nostic plots in the “weblog” and found a satisfactory

performance of the pipeline in flagging radio frequency

interference (RFI). We verified that additional flagging

of RFI remaining from the pipeline has a negligible im-

pact on the imaging quality. Finally, we split the 76

calibrated MSs into 17 MSs containing all the data from

the pointings/fields (i.e., A, B, and C configuration ob-

servations) used to cover the full GOODS-N field.

2.3. Imaging

The calibrated MSs with the A, B, and C configura-

tion data from the 17 fields chosen to cover the GOODS-

N field were imaged with tclean in CASA. We adopted

the Multi-Term Multi Frequency Synthesis (MTMFS)

imaging mode (Rau & Cornwell 2011) that performs

multi-scale and multi-term cleaning for wideband imag-

ing. We set the number of Taylor coefficients used in

the spectral model to nterms=2, i.e., the spectrum is

considered as a straight line with a slope, to take into

account variations of the spectral structure across the

image. To reconstruct the emission of complex, ex-

tended radio sources through the multi-scale cleaning

implemented in MTMFS, we look for scales extending

up to 16 times the FWHM of the synthesized beam.

In addition, we implement the W-projection algorithm

that corrects for a non-zero w-term arising from the

sky curvature and non-coplanar baselines in wide-field

imaging. In practice, this algorithm hinders the pres-

ence of artifacts around sources away from the phase

center. After extensive testing with several values for

the number of W-projection planes to use, we find that

wprojplanes=64 leads to adequate imaging quality out

to the regions where the primary beam response drops

to 10%. Self-calibration was not implemented due to the

faint nature of the radio sources.

2.3.1. High-Resolution Mosaic

Following the tests performed for the pilot survey

(Murphy et al. 2017), we adopt the Briggs weight-

ing with robust=0.5. The native, synthesized beam

of the combined A, B, and C configuration observa-

tions is fairly Gaussian with major and minor FWHMs

θmaj = 0.′′23×θmin = 0.′′20. For simplicity, we specified a

circular Gaussian restoring beam with FWHM = 0.′′22,

as in our pilot survey (Murphy et al. 2017), to image

each pointing individually out to a primary beam re-

sponse of 10%. Major cycles of tclean are run in par-

allel with the option parallel=True and cleaning stops

once the residuals are four times the rms noise. The final

17 images have 10, 000×10, 000 pixels with a pixel scale

of 0.′′05, covering a 8.′33 × 8.′33 region. Following the

imaging of the 17 VLA pointings towards the GOODS-

N field, we used the task widebandpbcor to perform a

wideband primary-beam correction. Then, the resulting

17 images are combined in a weighted fashion with the

task linearmosaic to obtain a linear mosaic, I lm(x),

given by

I lm(x) =

∑
p A(x− xp)Ip(x)∑

p A
2(x− xp)

, (1)

where A is the VLA primary beam at 10GHz, Ip is pth

deconvolved image, and xp the pointing center. The

resulting mosaic covers a total area of 297 arcmin2 and

is centered at J2000 right ascension (RA) 12h36m55s

and declination (DEC) +62◦14′15′′.

The distribution of the rms noise across the mosaic

is shown in Figure 3. We reach a point source sensi-

tivity of 645 nJy beam−1 at the pointing centers, with

noise variations among these centers less than 10%. As

also observed in the cumulative distribution of area vs

rms noise level (Figure 4), the sensitivity remains nearly

homogeneous within the central ≈ 120 arcmin2 region.

Our mosaic extends beyond the area covered by the HST

imaging of 170 arcmin2, albeit the sensitivity in such

outer regions ranges from 1− 6µJy beam−1.

Finally, we produced a non-primary-beam corrected

(“flat noise”) mosaic by reverting the weights (on a

pixel-by-pixel basis) used to generate the primary-beam-

corrected mosaic with Equation 1. This mosaic facili-

tates the source extraction procedure and Monte Carlo

simulations (see Section 3 and 4) as it prevents the pres-

ence of noisy edges. Likewise, it allows us to inspect

the pixel brightness distribution in the mosaic without

being affected by the primary beam attenuation. As

observed in the left panel of Figure 5, the noise ampli-

tude distribution is fairly Gaussian with a clear excess
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Figure 3. RMS noise across the 10GHz mosaic of GOODS-N at 0.′′22 (left) and 1.′′0 (right) resolution. The blue outline
illustrates the footprint of the HST/WFC3 F160W imaging from the CANDELS program (Grogin et al. 2011; Koekemoer et al.
2011). Due to the pointing layout, the rms noise variations among the pointing centers are less than 10%.
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Figure 4. Cumulative distribution of the total area cov-
ered down to a given rms noise level. The black and gray
lines correspond to the distribution of the rms noise level at
0.′′22 and 1.′′0 resolution, respectively, within the footprint
of the HST/WFC3 F160W imaging (covering 170 arcmin2).
The orange and red lines show the distribution of the rms
noise at 0.′′22 and 1.′′0 resolution, respectively, across the
entire 10GHz mosaic of GOODS-N (covering 297 arcmin2).
Since our VLA data extend beyond the area covered by exist-
ing HST images, the rms noise remains nearly homogeneous
within the central ≈120 arcmin2.

of pixels with flux density above five times the rms noise

σn = 671 nJy beam−1.

In the following, we refer to the mosaic with a beam

FWHM 0.′′22 as our high-resolution mosaic. This mosaic

is fundamental to derive the structural measurements of

high-redshift radio sources in the GOODS-N field.

2.3.2. Low-Resolution Mosaic

We produced a low-resolution, (u, v)-tapered mo-

saic with a 1.′′0 synthesized beam following the same

approach as in Section 2.3.1, i.e., we imaged each

pointing individually with tclean using a pixel scale

of 0.25 arcsec/pixel, applied primary beam corrections

with widebandpbcor, and combined the deconvolved
images with linearmosaic to get the low-resolution mo-

saic covering the same 297 arcmin2 region as in the high-

resolution one. In this case, after extensive testing, we

adopt robust=2.0 to minimize the noise level. The

point source sensitivity at the pointing centers of the

1.′′0 tapered mosaic is ≈ 920 nJy beam−1 (right panel of

Figure 3) and, similar to the high-resolution mosaic, the

rms noise across the low-resolution mosaic is nearly ho-

mogeneous within the central 120 arcmin2 (see Figure 3

and 4).

We also obtained a non-primary beam corrected

(“flat noise”) version of this low-resolution mosaic (see

Figure 6). Its pixel brightness distribution is accu-

rately described by a Gaussian function with σn =

0.968µJy beam−1 (see right panel of Figure 5). Besides,

the distribution exhibits a clear excess of pixels with flux

density values above five (and even three) times the noise
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amplitude, as well as the absence of pixels with negative

values beyond the expected Gaussian distribution.

While the rms noise of the low-resolution mosaic

is 44% higher than the high-resolution one, the cor-

responding brightness temperature rms of the low-

resolution mosaic is 19 times lower than its high-

resolution counterpart. As a result, the 1.′′0 tapered

mosaic allows us to better probe the faint and extended

radio emission of high-redshift radio sources. Moreover,

as detailed in Section 3, the low-resolution map leads to

a significantly lower fraction of spurious sources, render-

ing this 1.′′0 tapered mosaic the preferred one to perform

our blind source extraction and obtain the master radio

source catalog.

2.3.3. A Note About Joint Deconvolution and the A-Term
Correction

Given the large data volume of the survey, totaling

≈ 40TB of calibrated MSs, joint deconvolution was un-

feasible even with parallel processing recently imple-

mented in mpicasa and the computing resources avail-

able to us at NRAO. Likewise, we attempted correct-

ing for the A-term to take into account the baseline,

time, and frequency dependence of the aperture illumi-

nation pattern (AIP) of the antennas (Bhatnagar et al.

2013). This can be done with the gridder “awproject”

in tclean that applies the A- and W-Projection algo-

rithms. Nevertheless, the computing cost of the AW-

Projection is significantly larger than standard imaging

–even with parallelization. Hence, joint deconvolution

of our entire data set with the AW-projection was non-

viable.

To verify that the adopted approach to image our data

set (i.e., imaging each pointing individually and combin-

ing them with linearmosaic) leads to a mosaic that is

consistent with the ones produced via joint deconvolu-
tion and the AW projection, we perform the following

tests. We downscale our data set and image only four

out of the 17 pointings in our survey via joint deconvolu-

tion with the gridder “mosaic” and “awprojection”. We

find no significant difference between the pixel bright-

ness distribution, rms noise, number of detected sources,

fraction of spurious sources, and presence of imaging ar-

tifacts between the maps produced via joint deconvolu-

tion with gridder “mosaic”/“awprojection” and the map

obtained with our adopted approach. Moreover, we find

that the structural parameters of detected sources (in-

tegrated flux density and major FWHM) in the three

maps differ, in general, by ≲ 10%.

Considering that the next generation VLA will be reg-

ularly producing radio surveys with ten times better an-

gular resolutions and sensitivity than the 10GHz survey

of GOODS-N (Murphy 2022), it is worth stressing that

massive computing resources will be needed to process

such amount of data. Ongoing efforts to analyze and op-

timize the size-of-computing for ngVLA synthesis imag-

ing are being taken, concluding that parallelization and

implementations based on Graphics Processing Units

(GPUs) and Field Programmable Gate Arrays (FPGAs)

have the potential to reduce the computing costs of the

next generation VLA1. For example, an experimental

project led by the NRAO has shown that a nationwide

grid of computers with GPUs can reduce the imaging

running time by two orders of magnitude (S. Bhatnagar

priv. comm.).

3. CATALOG

We adopt the low-resolution mosaic (with robust=2

and uv-tapered to a 1.′′0 resolution) to derive our master

radio source catalog based on the following considera-

tions.

First, after extensive tests, we find that a uv-tapered

map with a 1.′′0 resolution leads to the lowest fraction

of spurious sources compared to (Section 4.3) any other

map with higher resolution. Note that the pixel

brightness distribution of the high-resolution mosaic

(left panel of Figure 5) shows a tail of negative sources

that deviates from the Gaussian model. These spuri-

ous sources are randomly distributed across the high-

resolution mosaic and disappear in the low-resolution

mosaic (right panel of Figure 5). Moreover, since using

robust=2 leads to the best sensitivity, the low-resolution

map is the best alternative to increase the number of

detections while minimizing the presence of spurious

sources. A detailed description of the tests performed to

unveil the dependence between the number of spurious

sources and angular resolution of the map will be part

of an upcoming technical report/manuscript.

Second, a master catalog from the low-resolution mo-

saic simplifies the implementation of Monte Carlo sim-

ulations to derive completeness and flux density boost-

ing corrections (Section 4.1 and 4.2). Specifically, mock

radio sources “observed” at 1.′′0 resolution can be gener-

ated with a single 2D Gaussian model, instead of more

complex models needed to reproduce the compounded

radio structures that are revealed in the high-resolution

mosaic with a 0.′′22 resolution (see Figure 8).

3.1. Source Extraction

We use the Python Blob Detector and Source Finder

(PyBDSF; Mohan & Rafferty 2015) to obtain radio source

catalogs. The source extraction is performed in the “flat

noise” mosaic to mitigate the effect of the noise edges on

1 https://library.nrao.edu/public/memos/ngvla/NGVLAC 04.pdf

https://library.nrao.edu/public/memos/ngvla/NGVLAC_04.pdf
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Figure 5. Pixel brightness distribution of the 10GHz mosaic of the GOODS-N field at 0.′′22 (left) and 1.′′0 resolution (right).
The pixel values shown here are uncorrected for primary-beam attenuation. The gray regions are Gaussian fits to the observed
distributions. The rms noise values are shown in the upper-right corners, while the +/−5σn levels are illustrated by the dashed
vertical lines. The noise of both versions of the 10GHz mosaic of the GOODS-N field follows a Gaussian probability distribution,
indicating that the mosaics are not limited by dynamic range.

the calculation of the rms noise map, which is derived

using the PyBDSF´s suggested values for the box size

and step size. We adopt a threshold to identify the is-

lands of contiguous emission (thresh isl) of 3σ, where

σ is the local rms noise. The source detection thresh-

old (thresh pix) is set to 5σ. After visually inspecting

the resulting 266 catalog entries, we find and remove

three entries linked to artifacts around a bright radio

source with SP ≈ 410µJy beam−1. Also, we group 13

catalog entries into 6 multi-component, extended, and

complex sources (see Section 3.2). Our master catalog,

therefore, comprises 256 radio sources detected in the

low-resolution mosaic (see Figure 7).

In addition, to provide more robust information on the

major and minor FWHM of these radio sources, we run

PyBDSF on the “flat noise” high-resolution mosaic using

the detection thresholds and rms map derivation proce-

dure adopted for our master catalog. By matching the

catalogs from high- and low-resolution mosaics (using a

1.′′0 radius) and visually inspecting the radio sources, we

find the following (see Figure 7).

179 sources from our master catalog are detected with

a peak signal-to-noise ratio SNR≥5 in both the low-

and high-resolution mosaic, of which 168 appear as com-

pact sources in both mosaics, and 11 appear as multi-

component radio sources in one or both of the mosaics.

77 sources from our master catalog are only detected

in the low-resolution mosaic, of which 76 are compact

sources, and one is a multi-component source. In Fig-

ure 8, we present examples of the four types of radio

sources in our master catalog listed above.

Lastly, in Figure 9 we focus on the 168 compact radio

sources detected in the low- and high-resolution mosaics

and compare their integrated flux densities measured at

both angular resolutions. In general, the flux densities

derived at different resolutions are similar. At the faint

end (SI ≲ 10µJy), however, the low-resolution imag-

ing allows us to retrieve a factor 1.5 more emission –on

average– than that observed in the high-resolution mo-

saic.

3.2. Measuring Flux Densities of Multi-Component

Radio Sources

To improve the flux density measurements of the

multi-component radio sources in our mosaics, we run
PyBDSF in the interactive mode and follow the soft-

ware´s recommendations to fit extended and complex

radio sources. To improve the island determination, we

set rms map=False and mean map=‘const’ to use a con-

stant mean and rms value across the fits file cutouts con-

taining the multi-component radio sources. We also set

flag maxsize bm=50 to fit larger Gaussian components

when necessary, and atrous do=True to fit Gaussians

to the residual image and model any extended emis-

sion missed in the standard fitting. Finally, we adjust

the threshpix parameter to improve the fitting and, if

possible, to force PyBDSF to associate multiple Gaussian

components into a single, extended radio source.

3.3. Radio Size Estimates

A total of 168 compact sources from our master cata-

log have a single counterpart in the high-resolution mo-
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Figure 6. The 10GHz mosaic of the GOODS-N field covering 297 arcmin2. Here, we show the non-primary-beam-corrected
version of the mosaic at 1.′′0 resolution with a median rms noise of 0.968µJy beam−1. The red circles highlight the position of
the 256 radio sources in our master 10GHz catalog of the GOODS-N field.

saic. Radio size estimates for these 168 sources are de-

rived from the high-resolution mosaic. In TableA1, we

report the deconvolved FWHM (θ) along the major and

minor axis of the radio sources which, in the case of a

circular beam, are given by:

θ =
(
ϕ2 − θ21/2

)1/2
, (2)

where ϕ is the FWHM of the fitted major or minor axis

of the source and θ1/2 is the FWHM of the synthesized

beam. The uncertainties on the deconvolved FWHM

that PyBDSF reports are the same as the uncertainties on

the FWHM values prior deconvolution. That seriously

underestimates σθ for marginally resolved sources, so

we estimate σθ using Equation (3) from Murphy et al.

(2017) instead:

(
σθ

σϕ

)
=

[
1−

(
θ1/2

ϕ

)2
]−1/2

, (3)

where σϕ is the uncertainty on the fitted FWHM prior to

deconvolution. In some cases, PyBDSF reports unrealistic
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3 related to artifacts 

13 are grouped  
into 6 multi-component sources

PyBDSF catalog from low-res. mosaic 
 266 entries

Master catalog 
 256 radio sources

179 sources detected in both 
mosaics

77 sources only detected in the 
low-res. mosaic 

168 appear as compact sources 
in both mosaics

11 appear as multi-component 
sources in one or both mosaics

76 compact sources 

1 multi-component source

Figure 7. A flowchart that outlines the process to obtain
our master catalog from the low-resolution mosaic. The
flowchart also illustrates the fraction of sources that have
counterparts in the high-resolution mosaic and the fraction
of multi-component sources in our master catalog.

ϕ values (i.e., fitted FWHM equal to or smaller than

the synthesized beam). The corresponding deconvolved

FWHM are, therefore, reported as 0 in TablesA1 and

A3, while the associated uncertainty corresponds to the

error on the fitted FWHM (σϕ).

Following Murphy et al. (2017), we deem sources

meeting the criterion ϕM − θ1/2 ≥ 2σϕM as confidently

resolved along their major (M) axis. Out of the 168
sources in our master catalog with a single counter-

part in the high-resolution mosaic, 92 are confidently

resolved.

In the case of sources that are not confidently resolved

along their major (nor minor) axis, the peak bright-

ness value approaches that of the integrated flux density.

Therefore, we estimate the geometric mean of the peak

brightness and integrated flux densities and adopt the

resulting value as the best estimate for the integrated

flux density (S∗; reported in TablesA1 and A3 as well).

For sources whose major axes are resolved, the best es-

timate for the source´s integrated flux density is simply

that reported by PyBDSF.

3.4. Astrometric Accuracy

We compare the positions of radio sources detected

with the European VLBI Network (EVN) at 1.6GHz

J123701.586+621146.47

J123725.920+621128.38

J123711.310+621330.93

J123634.463+621212.99 J123634.463+621212.99

J123725.920+621128.38

J123701.586+621146.47

J123629.01+621045.59

Figure 8. Stamps from the 10GHz mosaic of the GOODS-
N field at 1.′′0 (left panels) and 0.′′22 arcsec resolution (right
panels). The blue rectangle in the low-resolution stamp high-
lights the zoomed-in region displayed in the stamp at 0.′′22
resolution. These examples illustrate the four types of radio
sources in our master catalog from the low-resolution mo-
saic (see Figure 7): (first/top row) 168 compact radio sources
with a single counterpart detected in the high-resolution mo-
saic, (second row) 11 sources that appear as multi-component
in the low- and/or high-resolution mosaic, (third row) 76
compact radio sources without a counterpart detected in
the high-resolution mosaic, (fourth/bottom row) 1 multi-
component source without a counterpart detected in the
high-resolution mosaic. Contour levels are at 3, 5, and 8
times the rms noise.
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(Radcliffe et al. 2018) and their counterparts in our high-

resolution VLA 10GHz mosaic of the GOODS-N field.

Out of the 31 VLBI-detected sources, 26 are detected

above peak SNR ≳ 10 in our mosaic. The remaining

five VLBI-detected sources either lie outside the foot-

print (four sources) or at the edge (one source) of the

10GHz mosaic –where the sensitivity drops by a factor

of ten with respect to the central region. We find a me-

dian offset between the EVN 1.6GHz and VLA 10GHz

positions of only 2.3 milliarcsec in RA and 5.6 milliarc-

sec in DEC (see Figure 10). Using the positions from

the low-resolution VLA 10GHz mosaic leads to median

offsets of 29.7 milliarcsec in RA and 5.7 milliarcsec in

DEC. The aforementioned mean positional offsets are

≲ 8 times smaller than the pixel scale of the low- and

high-resolution mosaics. We did not correct the cata-

logs’ entries for the respective mean positional offsets

derived here.

3.5. Summary of Released Catalogs

Our master source catalog comprises 256 radio sources

detected in our 1.′′0 resolution mosaic of GOODS-N, out

of which 12 are multi-component. The flux densities
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Figure 10. Comparison between the central positions of 26
radio sources in our high-resolution VLA 10GHz mosaic and
their counterparts in the EVN 1.6GHz data from Radcliffe
et al. (2018). The red star shows the median value from the
offset distribution that is ≲ 5milliarcsec.

of the 256 sources (at both angular resolutions when

available) are reported in TableA1. Size estimates ob-

tained from the 0.′′22 resolution mosaic are presented as

well. In TablesA2 and A3, we report the properties of

the individual components/sources in the low- and high-

resolution mosaics, respectively, that are grouped into

the 12 multi-component sources in our master catalog.

Henceforth, all the analyses to characterize our master

catalog (Section 4) and derive the radio source counts

(Section 5) are based on the 1.′′0 resolution mosaic of

GOODS-N—from which our master radio source cata-

log is extracted.

4. RADIO SOURCE COUNTS CORRECTIONS

We assess the reliability of the master 10GHz radio

source catalog of GOODS-N by deriving corrections fac-

tors to account for the completeness, flux boosting, false

detections, and resolution bias.

4.1. Completeness

To determine the number of sources that exist in a

given region of the sky (above a detection limit) but are

missed in our mosaic/catalog due to the adopted obser-

vational and detection procedure, we perform extensive

Monte Carlo simulations as follows.

1. We infer the probability distribution function

(PDF) of the peak brightness (SP) and decon-
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Figure 11. Left: Completeness of the 10GHz source catalog of the GOODS-N field as a function of integrated flux density
and SNR (for unresolved sources). The thin red lines show the completeness curve for each of the 500 mock catalogs in our
Monte Carlo simulations. The solid and dashed blue lines show the 50th and 16th/84th percentiles, respectively. Right: Flux
boosting as a function of SNR of mock sources in our Monte Carlo simulations. A 2D histogram is shown in the background.
The darker colors indicate a higher density of sources per flux density bin. The blue markers show the 50th percentile of the
input-to-output flux density ratios per 0.2 dex bin, while the error bars represent the 16th and 84th percentiles.

volved major/minor FWHM (θM,m) of the sources

in our catalog by fitting an exponential and a

half-norm function (f(x) =
√

2/π exp(−x2/2); for

x ≥ 0), respectively.

2. We use the inferred PDFs of the SP and θM,m to

generate a mock sample of radio sources. We verify

that the distribution of the integrated flux density

from the mock catalog matches, in general, that of

the observed catalog.

3. 1000 mock radio sources are injected in the mo-

saic at random positions and position angles, un-

der the condition that mock sources are located

≈ 9 arcsec away from real or other mock sources.

These mock sources follow a SP distribution that

includes values as low as 3µJy beam−1, i.e., ≈ 3×
the average rms noise of our mosaic. By inject-

ing these faint sources we consider the effect of

the noise in boosting/decreasing the flux density

of sources with SNR ≈ 5.

4. We take into account the rms noise variations in

our mosaic, mainly arising from the primary beam

attenuation of the 17 pointings, to derive our mock

catalogs and completeness corrections as follows.

Let us first gauge an illustrative case of a compact

source with SI ≈ 50µJy that lies at the edge of our

mapped region. While compact sources with such

SI values are robustly detected with a SNR ≈ 50

in the central region of our mosaic, a source with

SI ≈ 50µJy is detected with SNR ≈ 5 at the

outskirts of the map where the primary beam re-

sponse drops to 10%, which hinders the complete-

ness of our catalog for such a hypothetical flux

density value. Therefore, to consider the effect

of the primary beam response in our complete-

ness correction, the input flux density of the mock

sources is reduced depending on their position in

the mock mosaic.

5. We repeat steps two to four and generate 500 mock

mosaics, translating into a half million sources in

our Monte Carlo simulations. Then, we obtain

the corresponding 500 mock catalogs with PyBDSF

by applying the same detection parameter criteria

used to obtain our 10GHz catalog of the GOODS-

N field.

6. We derive the completeness of our catalog by com-

paring the number of detected sources with the

number of injected sources, per integrated flux

density bin, for all the mock mosaics/catalogs.

The resulting 500 completeness curves, already

corrected by the primary beam attenuation across
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Table 1. Completeness correction fac-
tors (Ccomp) for the GOODS-N 10GHz
catalog as a function of integrated flux
density.

Integrated flux density Ccomp Error

(µJy)

≤3.4 0.00 0.00

4.3 0.09 0.05

5.4 0.18 0.06

6.8 0.30 0.06

8.5 0.42 0.06

10.7 0.53 0.05

13.5 0.64 0.05

17.0 0.72 0.05

21.4 0.78 0.04

26.9 0.84 0.04

33.9 0.89 0.03

42.7 0.92 0.03

53.7 0.95 0.03

67.6 0.97 0.03

85.1 0.98 0.02

107.1 1.00 0.00

134.9 1.00 0.00

169.8 1.00 0.00

213.8 1.00 0.00

269.1 1.00 0.00

338.8 1.00 0.00

426.6 1.00 0.00

the mosaic, are shown in the left panel of Figure 11.

We adopt the median trend and the 16th/84th per-

centiles as our best completeness values (Ccomp)

and associated errors, which are also reported in

Table 1.

4.2. Flux Boosting

To characterize the effects of flux boosting (e.g., Cop-

pin et al. 2005; Casey et al. 2014) in our sensitivity-

limited mosaic, we contrast the input and output flux

density (Sin
I and SI, respectively) of the mock sources in

our Monte Carlo simulations. We find that flux densities

are boosted by ≈ 14% in the lowest SNR bin centered

at SI ≈ 6µJy (Figure 11). At SNR larger than 15, flux

densities are boosted by less than 5%. Consequently, we

do not apply this correction to the flux densities in the

catalog.

4.3. False Detections

We determine the fraction of spurious sources in our

catalog by performing the source extraction with PyBDSF

on the inverted (i.e., multiplied by -1) mosaic. To this

end, we use the same detection parameters adopted to

obtain the 10GHz catalog of GOODS-N. Two spurious

sources are detected with SNR ≈ 5, leading to a total

fraction of spurious sources in our catalog of only 0.75%.

This implies a notably high “fidelity” parameter of 0.99,

defined as 1−Nneg/Npos with Nneg and Npos the number

of negative and positive detections, respectively (Decarli

et al. 2020).

Comparing the number of spurious sources with the

number of sources detected in our mosaic per SNR bin,

we find a fraction of spurious sources of 4% within

5.0 ≤ SNR < 5.5, and 0% for SNR larger than 5.5.

These sources are detected at the outskirts of the map,

where the primary beam response is 0.1414 and 0.4359,

and have a total (primary beam-attenuated) integrated

flux density of 6.59 ± 2.18µJy and 9.69 ± 2.90µJy, re-

spectively. Considering the primary-beam corrected flux

densities, the fraction of spurious sources (fss) is zero in

all SI bins except that spanning from 15 to 50µJy where

fss = 0.02 (see Table 2).

4.4. Resolution Bias

Detecting sources in our SNR thresholded mosaic re-

lies on the peak brightness. An unresolved source in

our mosaic with SI ≈ 10µJy, for example, has a greater

probability of being detected than an extended source

with the same SI value but lower peak brightness. This

effect will hinder the number of detections, particularly

close to our detection limit. As a result, the popula-

tion of extended, low surface brightness sources might

be underrepresented in our original catalog and mock

mosaics. We address this so-called “resolution bias” by

following the analytic methodology presented in van der

Vlugt et al. (2021) that is summarized in the following

lines.

The resolution bias correction factor (frb) is given by

frb = [1− h(> θmax)]
−1

, (4)

where h(> θmax) is the fraction of sources expected to be

larger than the maximum angular size (θmax) that our

detection procedure is sensitive to. Such a fraction can

be inferred with the relation (Windhorst et al. 1990):

h(> θmax) = exp

[
− ln(2)

(
θmax

θmed

)0.62
]
. (5)

θmax depends on the source´s integrated flux density and

is expressed as

θmax =
[
θ21/2 × (SI/5σ)

]1/2
, (6)
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with θ1/2 the FWHM of our synthesized circular beam.

Finally, θmed is the median angular size of the radio

source population. Windhorst et al. (1990) propose

a flux-dependent size given by θmed = 2(S1.4GHz)
0.3,

where S1.4GHz is the flux density in millijanskys that

we infer by scaling our 10GHz measurements with a

spectral index of −0.8. We also adopt a constant value

of θmed = 0.′′30 that has been specifically derived for the

µJy radio source population (Cotton et al. 2018; Bondi

et al. 2018). By evaluating Equation 4 we derive frb for

a flux-dependent and constant θmed. Here, we adopt

the mean of these two values as our best estimate for

the resolution bias correction factor, which is ≈ 1.40 for

integrated flux densities ≈ 5− 15µJy and less than 1.20

for SI ≳ 100µJy. A list with the frb values per SI bin

can be found in Table 2.

5. RADIO SOURCE COUNTS

To derive the observed Euclidean-normalized number

counts, following Matthews et al. (2021a), we first esti-

mate the quantity

S2
I n(SI) =

[
1

Ω ln(∆)

] nbin∑
i=1

Si
I , (7)

where nbin is the number of sources per SI bin, Ω is the

survey area of 297 arcmin2, and ∆ the logarithmic width

of the bin of dex(0.5). We also derive the rms statistical

uncertainty in S2
I n(SI) using

σstat =

[
1

Ω ln(∆)

](nbin∑
i=1

(
Si
I

)2)1/2

, (8)

which is valid for bins with nbin ≫ 1. We note that

the uncertainty for the brightest bin (with nbin = 4) is

potentially larger than the quoted/plotted value due to

Poissonian fluctuations.

Then, the observed Euclidean-normalized number

counts are estimated by using S2
I n(SI) multiplied by

S
1/2
I . These number counts must be corrected for

completeness, fraction of spurious sources, and reso-

lution bias. Thus, to derive the corrected Euclidean-

normalized number counts we calculate

S2
I n(SI) =

[
1

Ω ln(∆)

] nbin∑
i=1

[1− fss(S
i
I)]× frb(S

i
I)

Ccomp(Si
I)

, (9)

where Ccomp, fss, and frb are the aforementioned com-

pleteness, spurious sources, and resolution bias correc-

tion factors, respectively. The observed and corrected

Euclidean-normalized 10GHz radio source counts of the

GOODS-N field are shown in the top panel of Figure 12.

These cover the flux density range−5.28 < log(SI/Jy) <

−2.78 in five bins of 0.5 dex-width. In Table 2, we also

report the correction factors and radio source counts per

flux density bin.

We compare the 10GHz source counts with those de-

rived by van der Vlugt et al. (2021) using an ultra-

deep, single-pointing VLA data in the COSMOS field.

Their X-band VLA image reaches an rms noise level of

0.41µJy beam−1 at the pointing center and has an an-

gular resolution of 2.′′33× 2.′′01. As observed in the top

panel of Figure 12, the 10GHz radio source counts de-

rived by van der Vlugt et al. (2021) span over −5.57 <

log(SI/Jy) < −4.10, allowing a more direct comparison

between the 10GHz number counts derived in both stud-

ies across −5.28 < log(SI/Jy) < −4.10. Within this flux

density regime, the 10GHz number counts from van der

Vlugt et al. (2021) are systematically higher by a fac-

tor ≈ 1.6 than those reported here. We discuss this

discrepancy within the context of sample and cosmic

variance in Section 5.2.

5.1. Comparison with 1.4 and 3GHz Number Counts

We compare the 10GHz radio source counts in the

GOODS-N field with the more abundant measurements

obtained at 1.4 and 3GHz in the COSMOS, XMM

Large Scale Structure (XMM-LSS), and DEEP2 fields

(Smolčić et al. 2017a; Matthews et al. 2021a; van der

Vlugt et al. 2021; Hale et al. 2023). To this end, the

1.4 and 3GHz radio source counts are converted to the

10GHz observed frame assuming that the radio SED

is described by a power-law: Sν/S10 = (ν [GHz]/10)α,

where α is the spectral index that here is fixed to

−0.7. Then, the 10GHz radio source counts (n10) are

estimated from the 1.4 and 3GHz values (nν) using

n10 = nν(10/ν [GHz])1.5α. As observed in the mid-
dle panel of Figure 12, the 10GHz radio source counts

from GOODS-N follow, in general, the trend depicted

by the 10GHz number counts inferred from the lower

frequency observations. Radio source counts rise from

the sub-µJy regime, they flatten out at flux densities

10µJy ≲ SI ≲ 100µJy, and then continue to rise to-

wards the bright end. The scatter of the number counts

from all these studies is, however, evident. This can

be attributed to the different assumptions made to cor-

rect for the resolution bias and completeness, as well as

field-to-field variations due to sample and cosmic vari-

ance (as also discussed by Smolčić et al. 2017a; van

der Vlugt et al. 2021; Hale et al. 2023). Furthermore,

the small discrepancies between the different trends ob-

served in the middle panel of Figure 12 are also a con-

sequence of the simplistic assumptions made here to

scale the 1.4 and 3GHz radio source counts to the
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Figure 12. Top panel: Euclidean-normalized differential radio source counts at 10GHz from the GOODS-N field (filled red
circles), which have been corrected by completeness, fraction of spurious sources, and resolution bias. The uncorrected source
counts are shown as open red circles. These are the first radio source counts obtained at high frequencies (ν ≳ 5GHz) from
an entire extragalactic deep field. For comparison, we also present the radio source counts at 10GHz from a single-pointing
VLA map in the COSMOS field (van der Vlugt et al. 2021). To illustrate the effect of cosmic variance on single-pointing VLA
imaging at 10GHz, we present the maximum/minimum radio source counts (red dotted lines) obtained from six nonoverlapping
subfields each covering 32.16 arcmin2 in our 10GHz mosaic of GOODS-N. Middle panel: A compilation of radio source counts
measured at 1.4 and 3GHz (Smolčić et al. 2017a; Matthews et al. 2021a; van der Vlugt et al. 2021; Hale et al. 2023), including
the statistical counts derived from a P (D) analysis at 1.4GHz in the DEEP2 field (shaded gray region; Matthews et al. 2021a).
The 1.4 and 3GHz radio source counts are shifted to the 10GHz observed frame by adopting a spectral index of −0.7, to
facilitate the comparison between 10GHz radio source counts (van der Vlugt et al. 2021, and this work) and the expected
values from the more abundant 1.4 and 3GHz measurements. No error bars are shown here to aid the visual inspection of the
plot. Bottom panel: Radio source counts measured at and/or shifted to 10GHz compared with the simulations and model from
Mancuso et al. (2017) and Bonaldi et al. (2019), who made specific predictions for the radio sky population at the ≈10GHz
observed frame. The dotted and dashed blue lines show the radio source counts of the AGN and SFG populations, respectively,
as derived by Bonaldi et al. (2019).
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10GHz observed frame, i.e., a single power-law radio

SED with α = −0.7. We note, however, that adopt-

ing flatter or steeper spectral indices alleviates the dis-

crepancies between the scaled 1.4/3GHz and observed

10GHz radio source counts across different flux density

regimes. For example, using ⟨α10GHz
1.4GHz⟩ = −0.61—as re-

ported for 10GHz radio sources in our pilot survey with

and without a counterpart at 1.4GHz (Murphy et al.

2017)—increases the normalization of the scaled 1.4GHz

source counts by ≈ 0.12 dex. This leads to an excellent

agreement between the robustly constrained 1.4GHz

source counts in DEEP2 (Matthews et al. 2021a) and

our 10GHz estimates in GOODS-N for flux densities

16µJy ≲ SI ≲ 166µJy. However, a steeper spectral in-

dex of ⟨α10GHz
1.4GHz⟩ ≈ −0.8 is needed to get a better agree-

ment between the scaled 1.4 and 10GHz number counts

for flux densities SI ≲ 16µJy, which is compatible with

the average spectral index steeper than −0.75 found for

6 and 8.5GHz-detected sources below 35µJy (Fomalont

et al. 2002; Thomson et al. 2019).

5.2. The Impact of Sample and/or Cosmic Variance

on Radio Source Counts

As mentioned before, sample and/or cosmic variance

could be one of many factors driving the scatter of the

number counts obtained from different radio surveys. To

illustrate this, we focus on a comparison between the

single- and multiple-pointing 10GHz data in the COS-

MOS (van der Vlugt et al. 2021) and GOODS-N field,

respectively. Both data sets have been obtained with the

X-band receivers of the VLA, reached similar depths and

comparable angular resolutions, leaving the survey area

as the main variable in our comparison.

We start by splitting the 10GHz mosaic of GOODS-

N into six nonoverlapping regions each covering

32.16 arcmin2, matching the area of the single-pointing

10GHz map of COSMOS from van der Vlugt et al.

(2021). Radio source counts from these six subfields

are then obtained and corrected following Equation 9,

as done for the radio source counts from the full 10GHz

mosaic of GOODS-N. The maximum and minimum

number counts from these subfields, shown in the top

panel of Figure 12, suggest that sample variance in-

duces an additional scatter of ≈ 0.15 − 0.40 dex in

the radio source counts measured in areas as small as

32.16 arcmin2. We note that such a scatter should be

considered as a lower limit to the true cosmic variance

arising from the large-scale structure of the Universe be-

cause the cosmic variance in the volume probed by the

GOODS-N field is significant (≈ 10 − 30% at redshifts

0 < z < 4, Somerville et al. 2004; Driver & Robotham

2010). The systematically higher number counts re-

ported in van der Vlugt et al. (2021), therefore, could be

a result of sample and/or cosmic variance due to the rel-

atively small region covered by the single-pointing VLA

data. Additionally, given the two times coarser angu-

lar resolution of the COSMOS data, the resolution bias

(see Section 4.4) could be also driving the higher number

counts; even though we adopt the same method used by

van der Vlugt et al. (2021) to correct the number counts

from the potentially missing population of extended, low

surface brightness sources.

5.3. Comparison with Numerical Simulations and

Models

A more direct comparison between the 10GHz ra-

dio source counts from GOODS-N can be made with

the numerical simulations and models reported by Man-

cuso et al. (2017) and Bonaldi et al. (2019), who pro-

vide specific predictions for the radio continuum sky

at ≈10GHz (bottom panel of Figure 12). First, Man-

cuso et al. (2017) employ redshift-dependent SFR func-

tions that are mapped into bolometric AGN luminos-

ity functions, using deterministic evolutionary tracks for

the star formation and supermassive black hole accre-

tion in an individual galaxy, to derive differential num-

ber counts at 150MHz, 1.4GHz, and 10GHz. Sec-

ond, Bonaldi et al. (2019) present the Tiered Radio

Extragalactic Continuum Simulation (T-RECS), which

links the radio source positions to those of dark mat-

ter halos in the P-Millennium simulation (Baugh et al.

2019). Covering a 25 deg2 field of view, T-RECS em-

ploys redshift-dependent AGN and SFR functions to

produce a set of simulated catalogs covering the fre-

quency range from 150 MHz to 20 GHz. The simulated

10GHz number counts presented here are obtained by

interpolating the data points from the T-RECS catalogs

at 920 and 1250MHz.

As observed in the bottom panel of Figure 12, our

10GHz number counts at flux densities ≳ 16µJy are

consistent with Mancuso et al. (2017)’s and Bonaldi

et al. (2019)’s predictions within ≈ 1.2σ. Yet, the num-

ber counts in our faintest bin, where the dominant ra-

dio source population are SFGs (see bottom panel of

Figure 12), are in better agreement with the predictions

from Mancuso et al. (2017). The 10GHz source counts

at SI ≈ 10µJy from Bonaldi et al. (2019) are a factor

≈ 1.5 higher than those reported here and the predic-

tions from Mancuso et al. (2017), which could be a result

of the assumptions made to simulate the SFG popula-

tions. While Bonaldi et al. (2019) adopts an evolving

FIR-radio correlation and a modified Schechter parame-

terization (i.e., with two characteristic slopes) to model

the SFR function, Mancuso et al. (2017) do not vary
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the FIR-radio ratio and employs a standard Schechter

function.

6. SUMMARY AND CONCLUSIONS

We have presented the first radio continuum survey

ever obtained in an entire extragalactic deep field at high

frequencies: the 10GHz survey of GOODS-N. The main

data products derived from this VLA Large Program2,

as well as the results from the inferred 10GHz radio

source counts, are summarized below.

• Two versions of the mosaic covering an area

of 297 arcmin2 have been produced. One high-

resolution mosaic with a synthesized circular beam

with FWHM 0.′′22 and point-source sensitivity

of 671 nJy beam−1, and a low-resolution, (u,v)-

tappered mosaic with an angular resolution of 1.′′0

and 968 nJy beam−1 depth.

• We have adopted the low-resolution mosaic to ob-

tain our master 10GHz catalog of the GOODS-N

field, which comprises 256 radio sources (detected

with peak SNR ≥ 5), out of which 12 are multi-

component. Size and flux density estimates from

the high-resolution mosaic are reported as well.

• Monte Carlo simulations have been performed to

derive the completeness of our master radio source

catalog as a function of integrated flux densities.

For flux densities larger than 10 (100)µJy, or

SNR ≈ 10 (100) for unresolved sources, our cat-

alog reaches a completeness of 50% (100%). The

total fraction of spurious sources in our master cat-

alog is only 0.75%.

• We have derived the 10GHz radio source counts in

the GOODS-N field. Comparing our results with

the 10GHz number counts from a single-pointing

VLA image in COSMOS (van der Vlugt et al.

2021), we find that the latter are systematically

higher (by a factor ≈ 1.6). This is likely a conse-

quence of sample and/or cosmic variance arising

from the small field of view of the VLA COSMOS

observations.

• The 10GHz radio source counts in the GOODS-N

field agree with the expected trend from 1.4GHz

and 3GHz radio counts that are scaled to the

2 The radio continuum mosaics and catalogs are available at https:
//science.nrao.edu/science/surveys/vla-x-gn/home

10GHz observed frame. Nevertheless, the num-

ber counts inferred from previous studies and this

work scatter across ≈ 0.2 − 0.3 dex, which might

be driven by the different approaches used to cor-

rect for observational biases, as well as field-to-

field variations due to sample and cosmic variance.

• The 10GHz radio source counts across (16 ≲
SI/µJy ≲ 1600) are, in general, consistent with

the predictions made by Mancuso et al. (2017)

and Bonaldi et al. (2019). At the faint end

(SI ≈ 10µ Jy), the predictions from Mancuso et al.

(2017) offer a better description of the 10GHz ra-

dio source counts in GOODS-N.

Since this is the deepest and most detailed radio sur-

vey of the high-frequency radio sky, the 10GHz mosaic

of GOODS-N has the potential to address a diversity of

open issues in extragalactic astronomy. The synthesized

beam of 0.′′22 in the high-resolution mosaic approaches

the angular resolution of HST and JWST, allowing us

to explore obscured and unobscured star formation in

distant galaxies at similar angular resolutions. Com-

bining 10GHz radio continuum imaging with available

1.4, 3, and 5GHz data in the GOODS-N field, it will

be possible to explore the radio spectro-morphological

properties of µJy sources to benchmark radio continuum

emission as a robust indicator of star formation at high

redshifts. These studies will be reported in forthcoming

manuscripts, paving the way for the observational stud-

ies of sub-µJy radio sources (at sub-arcsec resolutions)

that will be routinely obtained with the next genera-

tion VLA in the next decade (e.g., Barger et al. 2018;

Murphy 2022; Latif et al. 2024, see Figure 1).
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18 Jiménez-Andrade et al.

Table 2. Euclidean-normalized differential 10GHz radio source counts
in the GOODS-N field.

∆SI SI N n(SI)S
5/2
I fss frb Ccomp

(µJy) (µJy) (Jy3/2 sr−1)

5.24-16.56 9.31 128 0.40+0.09
−0.13 0.00 1.37+0.05

−0.03 0.57+0.12
−0.18

16.56-52.38 29.45 92 0.69+0.11
−0.10 0.02 1.30+0.02

−0.03 0.81+0.09
−0.08

52.38-165.63 93.14 22 0.78± 0.18 0.00 1.21+0.02
−0.03 0.98+0.02

−0.04

165.63-523.77 294.5 10 1.83± 0.62 0.00 1.15+0.01
−0.02 1.0

523.77-1656.29 931.40 4 4.20± 2.30 0.00 1.11+0.01
−0.02 1.0

Note—∆SI is the flux bin, centered at SI, within which the radio source counts
n(SI) are estimated using N number of sources per bin. The listed Euclidean-
normalized differential 10GHz radio source counts have been corrected using
the fss, frb, and Ccomp factors that account for the fraction of spurious sources,
resolution bias, and completeness, respectively (see Equation 9). The quoted
errors in the corrected source counts are estimated by quadratically adding the
fractional errors in ffb and Ccomp and the fractional rms statistical uncertainty
from Equation 8

.

Software: Astropy (Astropy Collaboration et al.

2013), (Astropy Collaboration et al. 2018), (Astropy Col-

laboration et al. 2022), APLpy (Robitaille & Bressert

2012), PyBDSF(Mohan & Rafferty 2015).
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APPENDIX

A. 10GHZ CATALOGS OF GOODS-N

We present a sample of the master 10GHz catalog of GOODS-N in TableA1. It reports the flux densities of

sources measured in the low- and high-resolution mosaics. The radio size estimates from the high-resolution mosaic

are provided as well if sources are simultaneously detected in the low- and high-resolution mosaics. Additionally, in

TablesA2 and A3, we present the information of the multiple islands of emission that constitute the multi-component

radio sources as observed in the low- and high-resolution version of the mosaic, respectively.
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Table A2. Flux densities and positions of the radio sources in the low-resolution (1.′′0 resolution)
mosaic that are part of the 12 multi-component radio sources in our master catalog.

Name RA1.0a DEC1.0a S1.0
I

b
S1.0
P

c

(degs) (degs) (µJy) (µJy beam−1)

J123820.47+621828.25 189.585301 ± 0.000006 62.307847 ± 0.000006 171.20 ± 7.71 86.55 ± 2.10

J123725.92+621128.38 189.359143 ± 0.000017 62.191054 ± 0.000020 92.86 ± 7.49 18.83 ± 1.28

189.358146 ± 0.000002 62.191315 ± 0.000003 172.01 ± 3.83 99.40 ± 1.32

189.356857 ± 0.000010 62.191148 ± 0.000009 106.40 ± 5.81 31.50 ± 1.36

J123717.90+621855.63 189.324579 ± 0.000020 62.315452 ± 0.000025 13.45 ± 2.77 7.83 ± 1.09

J123711.96+621325.92 189.299983 ± 0.000017 62.223809 ± 0.000014 9.50 ± 1.95 8.39 ± 1.03

189.299380 ± 0.000046 62.224119 ± 0.000051 5.92 ± 2.56 3.72 ± 1.05

J123711.31+621330.93 189.297126 ± 0.000029 62.225258 ± 0.000012 26.74 ± 3.58 10.54 ± 1.04

J123707.99+621121.65 189.283196 ± 0.000024 62.189335 ± 0.000019 14.78 ± 2.80 8.00 ± 1.05

189.284158 ± 0.000042 62.189409 ± 0.000059 5.26 ± 2.42 3.37 ± 1.01

J123645.81+620754.29 189.191129 ± 0.000023 62.131740 ± 0.000011 15.35 ± 2.54 9.77 ± 1.06

189.190348 ± 0.000016 62.131746 ± 0.000026 6.85 ± 1.88 6.29 ± 1.01

J123644.40+621133.19 189.184950 ± 0.000001 62.192536 ± 0.000001 465.91 ± 3.21 402.52 ± 1.02

189.184883 ± 0.000012 62.191452 ± 0.000045 11.98 ± 2.70 6.83 ± 1.01

J123642.22+621545.48 189.175896 ± 0.000003 62.262634 ± 0.000003 54.77 ± 2.14 45.02 ± 1.08

J123629.01+621045.59 189.120427 ± 0.000017 62.179271 ± 0.000026 10.71 ± 2.40 7.26 ± 1.05

189.121352 ± 0.000037 62.179412 ± 0.000049 17.31 ± 4.14 5.45 ± 1.02

J123612.46+621140.48 189.051920 ± 0.000024 62.194578 ± 0.000027 26.28 ± 4.17 8.72 ± 1.07

J123531.57+621117.51 188.881551 ± 0.000023 62.188198 ± 0.000034 19.03 ± 4.53 10.70 ± 1.72

References—aThe rms position uncertainties are given by ϕ/[(2 ln 2)1/2 × SNR] (Condon et al. 1998). bSI –
Integrated flux density. cSP – Peak brightness.
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26 Jiménez-Andrade et al.

van der Vlugt, D., Algera, H. S. B., Hodge, J. A., et al.

2021, ApJ, 907, 5, doi: 10.3847/1538-4357/abcaa3
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