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ABSTRACT

Context. Radio-excess active galactic nuclei (radio-AGNs) are essential to our understanding of both the physics of black hole (BH)
accretion and the interaction between BHs and host galaxies. Recent deep and wide radio continuum surveys have made it possible
to study radio-AGNs down to lower luminosities and up to higher redshifts than previous studies, and are providing new insights into

the abundance and physical origin of radio-AGNs.

Aims. Here we focus on the cosmic evolution, physical properties, and AGN-host galaxy connections of radio-AGNs selected from a
total sample of ~400 000 galaxies at 0 < z < 4 in the GOODS-N and COSMOS fields.

Methods. Combining the deep radio continuum data with multi-band, de-blended far-infrared, and submillimeter data, we were able
to identify 983 radio-AGNSs out of the entire galaxy sample through radio excess relative to the far-infrared—radio relation.

Results. We studied the cosmic evolution of 1.4 GHz radio luminosity functions (RLFs) for both star-forming galaxies (SFGs) and
radio-AGNs, which can be well described by a pure luminosity evolution of L, o (1 + z)™03*#357 and a pure density evolution of
D, o (1 + ) 077429 regpectively. We derived the turnover luminosity, above which the number density of radio-AGNs surpasses
that of SFGs. We show that this crossover luminosity increases with increasing redshifts, from 1022° WHz ! at z ~ 0 to 1022 W Hz™!
at z ~ 4. At the full redshift range of 0 < z < 4, we further derive the probability (p;aqi0) of SFGs and quiescent galaxies (QGs) hosting
a radio-AGN, as a function of stellar mass (M, ), radio luminosity (Lg), and redshift (z), which yields ppgio o (1 + 2)>%8 M1 Lﬁo'”

for SFGs, and pragio o (1 + 2)** ML* L2 for QGs, respectively.

Conclusions. The quantitative relation for the probabilities of galaxies hosting a radio-AGN indicates that radio-AGNs in QGs prefer
to reside in more massive galaxies with higher Ly than those in SFGs. The fraction of radio-AGN increases toward higher redshift in

both SFGs and QGs, with a more rapid increase in SFGs.

Key words. galaxies: active — galaxies: evolution — galaxies: general — galaxies: luminosity function, mass function —

radio continuum: galaxies

1. Introduction

Active galactic nuclei (AGNs) are believed to play an impor-
tant role in the growth of galaxies through high kinetic or radia-
tive power (AGN feedback; Fiore et al. 2017; Matzeu et al. 2023;
Fabian 2012, for a general review). AGNs emit energy across
the whole spectrum, which can be identified in multiple wave-
lengths, including optical (Baldwin et al. 1981; Kauffmann et al.
2003; Kewley et al. 2013), mid-infrared (MIR; Lacy et al. 2004;
Donley et al. 2012), X-ray (e.g., Xue et al. 2016; Luo et al. 2017),

and radio bands (e.g., Del Moro et al. 2013). Approaches through
optical, MIR, and X-ray surveys are sensitive to selecting
AGNs with relatively high Eddington ratios, while selection
through radio bands can find more AGNs with weak nuclear
activities and can help build a more complete AGN sample
(Delvecchio et al. 2017; Radcliffe et al. 2021). Radio-AGNs have
been found to preferentially reside in massive quiescent galaxies
(QGs; Condon & Dressel 1978; Brown et al. 2011; Vaddi et al.
2016; Ho 2008, for a general review), and in dense environ-
ments (Best et al. 2005; Worpel et al. 2013; Pasini et al. 2022).
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They may have a significant effect on the evolution of their
host galaxies and environments through the mechanical or jet or
radio mode feedback (Fabian 2012; Hardcastle & Croston 2020;
Kondapally et al. 2023; Magliocchetti 2022, for reviews). Con-
structing a large and complete radio-AGN sample over a broad
luminosity range and a wide redshift range can greatly increase
our understanding of their abundance and occupation fraction,
and improve our knowledge about the impact AGN feedback has
on host galaxies and their environments.

One effective approach to selecting radio-AGNs is through
selecting objects with radio emission exceeding that expected
from star formation, especially for less luminous radio-AGNs. In
the star formation process, IR emission is expected to be corre-
lated with radio emission due to their mutual origins from activ-
ities of massive stars (Condon 1992; Dubner & Giacani 2015),
called the IR-radio correlation (IRRC), which has been estab-
lished by many observational studies (e.g., Helou et al. 1985;
Condon 1992; Yun et al. 2001; Appleton et al. 2004; Ivison et al.
2010; Sargent et al. 2010a,b; Delhaize et al. 2017; Molnar et al.
2021). This IRRC can be used to identify radio-AGNs (also
called radio-excess AGNs; Donley et al. 2005; Park et al. 2008;
Del Moro et al. 2013; Calistro Rivera et al. 2017) because AGNs
may have extra radio emission related to nuclear activities, such
as radio jets, AGN-driven outflows, and the innermost accretion
disk coronal activities (Panessa et al. 2019, for a review). This
method can select many AGNs that are usually missed by other
established techniques, such as optical, X-ray, or MIR surveys
(Park et al. 2008; Del Moro et al. 2013).

Separating radio-AGNs from star-forming galaxies (SFGs)
requires both sensitive radio and far-infrared (FIR) observations,
which is particularly important for low-luminosity radio-AGNs.
In the local universe, it is known that SFGs dominate at the
low radio luminosity end, while AGNs constitute a significant
fraction of radio populations at the high-luminosity end (e.g.,
Seymour et al. 2008; Condon et al. 2019; Franzen et al. 2021;
Matthews et al. 2021). At higher redshifts, however, large uncer-
tainties remain due to the difficulty in simultaneously detect-
ing faint and luminous objects with both IR and radio facilities
(e.g., Novaketal. 2018). The situation has been signifi-
cantly improved with the accomplishment of deep and wide
radio surveys, for example the 3GHz VLA COSMOS sur-
vey (Smolci¢ et al. 2017b,a; Novak et al. 2017; Delvecchio et al.
2022), the Low Frequency Array Two-metre Sky Survey
(LoTSS) Deep Fields (Bestetal. 2023; Sabater et al. 2021;
Tasse et al. 2021), and the MeerKAT International GHz Tiered
Extragalactic Exploration (MIGHTEE) Survey (Jarvis et al.
2016). Moreover, even deeper VLA (Owen 2018; Alberts et al.
2020) and far-infrared surveys (Liu et al. 2018, Wang et al. in
prep.) are available in the GOODS fields; these improvements
greatly enlarge the radio sample with more faint objects. Fur-
thermore, thanks to the detailed de-blended photometry for the
FIR/submillimeter imaging data in the GOODS and COSMOS
fields (Liu et al. 2018; Jin et al. 2018, Wang et al. in prep.), more
precise estimates for the IR luminosity are available to further
improve the ability to distinguish between different radio popu-
lations. Combining the power of these wide and deep surveys has
great potential to constrain the abundance and physical proper-
ties of radio-AGNs down to lower luminosities and up to higher
redshifts.

In addition to the abundances of radio-AGNs, the occu-
pation fraction of radio-AGNs in different galaxy populations
is also essential in order to constrain models of AGN accre-
tion and feedback. While the most luminous radio-AGNs are
primarily located in massive quiescent galaxies in the local
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universe (e.g., Peacock & Nicholson 1991; Magliocchetti et al.
2004; Donoso et al. 2010; Worpel et al. 2013; Kolwa et al. 2019;
Dullo et al. 2023), it remains unclear whether this is the case
at high redshifts (e.g., z ~ 2; Malavasi et al. 2015), and for
the less luminous galaxies (Uchiyama et al. 2022). Radio lumi-
nosities of AGNs may fundamentally depend on the efficiency
of gas accretion onto the black hole (BH), which can be
reflected in the BH fundamental plane (Lg — Lx — Mgy relation;
e.g., Merloni et al. 2003; Bonchi et al. 2013; Xie & Yuan 2017;
Bariuan et al. 2022). Many works have systematically investi-
gated the dependence of the radio-loud AGN (RL AGN) frac-
tion on AGN radio luminosity, stellar mass (BH mass), and
galaxy types of host galaxies, especially in the local universe.
RL AGN fractions are found to increase with stellar mass in the
local universe (0.03 < z < 0.3; Best et al. 2005; Sabater et al.
2019) and at higher redshifts (~2; Williams & Rottgering 2015).
This stellar-mass dependence may decrease with redshift (from
z ~ 03 to z ~ 2; Williams & Réttgering 2015; Zhu et al.
2023). Moreover, the RL AGN fraction may decrease with radio
luminosity (Best et al. 2005; Sabater et al. 2019) and increase
with redshift (Donoso et al. 2009; Zheng et al. 2022). Galaxy
colors and galaxy populations have a significant effect on the
RL AGN fraction (Janssen et al. 2012; Kondapally et al. 2022),
which may indicate that supermassive black holes (SMBHs) are
fuelled by different mechanisms in different galaxy populations
(Kondapally et al. 2022). However, at higher redshift and for
fainter radio-AGNs the dependence of radio-AGN fraction on
diverse physical properties of galaxies is still unclear. Thanks to
the deeper and wider radio surveys (e.g., Smolci¢ et al. 2017b;
Owen 2018; Alberts et al. 2020; Best et al. 2023), studying the
cosmic evolution of both weak and powerful radio-AGNs has
become possible, which will greatly enrich our understanding
of the physical properties of radio-AGNs and their feedback.
Moreover, given that different galaxy populations (e.g., SFGs
and QGs) may present different associations with AGN feedback
(Fiore et al. 2017; Delvecchio et al. 2022; Matzeu et al. 2023;
Fabian 2012, for a general review), systematic studies of the
radio-AGN fractions in different galaxy populations are required
to help us further understand the detailed effects of AGN feed-
back. In addition, most of the previous studies usually estimated
the AGN fraction as a function of solely stellar mass, luminos-
ity, or redshift. To systematically investigate the possible phys-
ical properties affecting the radio activities of AGNs, a unified
quantitative relation describing radio-AGN fractions as a func-
tion of stellar mass, radio luminosity, and redshift is required.
We may expect this unified relation to serve as an important
complement to AGN feedback mode in simulations, such as
[lustrisTNG (Weinberger et al. 2017; Pillepich et al. 2018) and
SIMBA (Davé et al. 2019), in the future.

In this work we first use the UV-optical-MIR surveys in
the GOODS-N and COSMOS/UltraVISTA fields (totaling 1.55
deg?) to construct a large galaxy sample at 0.1 < z < 4
(Sect. 2). Then we cross-match this UV-optical-MIR catalog
with the deep and large radio surveys and the de-blended IR
luminosity catalogs in these fields (Sect. 2). Next we calculate
IR and radio luminosities for individual objects (Sect. 3), and
use the IR-radio-luminosity-ratio to select radio-excess AGNs at
0.1 < z < 4 (Sect. 4). Further, we investigate the cosmic evolu-
tion and physical properties of radio-excess AGNs through the
following two aspects: (1) constructing radio luminosity func-
tions for SFGs and radio-excess AGNs, repectively, and studying
their evolution with redshift (Sect. 5); (2) calculating the radio-
excess AGN fraction as a function of stellar mass, radio lumi-
nosity, and redshift in different galaxy populations such as SFGs
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and QGs (Sect. 6). The interpretation of our results is discussed
in Sect. 7. We summarize our conclusions in Sect. 8. Through-
out this paper we assume a Chabrier (2003) initial mass func-
tion (IMF) and a flat cosmology with the following parameters:
Qn =03,Q4 =0.7, and Hy = 70 kms~! Mpc~!.

2. Data and samples

Our sample was selected from two fields: the Great Obser-
vatories Origins Deep Survey North (GOODS-N; Barro et al.
2019) and the UltraVISTA survey in the Cosmic Evolution
Survey (COSMOS; Scoville et al. 2007; Weaver et al. 2022).
The GOODS-N survey is part of the deep fields in the Cos-
mic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011; Koekemoer et al. 2011) and is
suitable to study the faint objects in this work. The GOODS-N
field has a region size of 171 arcmin?, which is not large enough
to detect many luminous objects. Therefore, we also used obser-
vational data from the COSMOS/UltraVISTA field with a region
size of 1.5deg?. The COSMOS/UltraVISTA field is within the
full COSMOS field, which is the largest HST survey imaging
a 2deg2 field (Scoville et al. 2007; Weaver et al. 2022). Here
we only used the data from the COSMOS/UltraVISTA field in
order to utilize the de-blended FIR-submillimeter photometry
catalog from Jin et al. (2018). In addition, the GOODS-N field
has deeper radio (Owen 2018) and IR (Liu et al. 2018) surveys
than the COSMOS field (Smol¢i¢ et al. 2017b; Jin et al. 2018).
Therefore, summing up the data from these two fields helped us
construct a large sample that includes both faint and luminous
objects. The available multi-wavelength data and total samples
from the GOODS-N and COSMOS fields in this work are sum-
marized in Fig. 1. Next we show the detailed matching processes
and sample selections in each field (the overall flowchart is sum-
marized in Fig. 1).

2.1. GOODS-N field

First we collected UV-optical-MIR data in the GOODS-N field
from Barro et al. (2019; hereafter B19). This UV-optical-MIR
catalog covers the wavelength range between 0.4 and 8 um, and
contains 35445 sources over 171 arcmin®. We selected 29 267
sources as our A11 Galaxies Sample according to two crite-
ria: 0.1 < z < 4.0; signal-to-noise ratio (S/N) of F160W band
>5.

Next, the FIR-submillimeter-radio data in the GOODS-
N field were derived from Liu et al. (2018; hereafter L18).
This FIR-submillimeter-radio catalog was established using
Spitzer 24um or VLA 20 cm detected sources as priors for
FIR-submillimeter photometry that have potentially significant
source confusion. This “super de-blended” photometry method
provides more accurate estimates for FIR-submillimeter flux of
each individual source. This catalog contains 3306 sources with
photometry at MIR (Spitzer 16 and 24 um), FIR (Herschel 100,
160, 250, 350, and 500 um), submillimeter (SCUBA2 850 wum
and AZTEC+MAMBO 1160 um), and radio (VLA 1.4 GHz)
bands. The 1.4 GHz data are primarily from Owen (2018) with
rms noise (o) in the radio image center of 2.2 uJy, supplemented
by Morrison et al. (2010) with o in the radio image center of
3.9 uJy beam™!. For sources weaker than the 5o~ detection limit
of Owen (2018), Liu et al. (2018) performed prior-extraction
photometry and Monte Carlo simulations on the radio images
of both Owen (2018) and Morrison et al. (2010).

Then we cross-matched the FIR-submillimeter-radio cata-
log (L18) with the UV-optical-MIR catalog (B19) by a match

radius of 1.5arcsec. The match radius is defined according to
the average angular resolution of 1.4 GHz VLA survey in the
GOODS-N field, which is 1.6 arcsec (Owen 2018). A total of
2584 (out of 3306) objects in L18 have UV-optical-MIR coun-
terparts in B19. The remaining 722 sources in L18 are out of
the CANDELS F160W mosaic region over 171 arcmin? in the
CANDELS/GOODS-N field, and are not used in this work.
Finally, among the above-mentioned 2584 sources, we
selected 509 sources as our Radio Sources Sample accord-
ing to two criteria: 0.1 < z < 4.0; S/N of 1.4 GHz radio flux
>5. The Radio Sources Sample has multi-wavelength data
(UV-optical-IR-submillimeter-radio bands) that can be used to
estimate various galaxy properties (such as 8—1000 pm IR lumi-
nosity Ltir and stellar mass M, ) through broadband spectral
energy distribution (SED) fitting (see details in Sect. 3.1).

2.2. COSMOS/UltraVISTA field

The UV-optical-MIR catalog in the COSMOS/UltraVISTA field
was derived from the full COSMOS field (Weaver et al. 2022,
hereafter W22). The full COSMOS survey covers the wave-
length range between 0.2 and 8 um, and contains 1720700
sources over 2 deg?. The COSMOS/UltraVISTA field is within
the central 1.5deg? of the full COSMOS survey, which con-
tains about 888 705 objects. From these 888 705 objects, 405 408
objects were selected as our All Galaxies Sample in the
COSMOS/UltraVISTA field according to two criteria: 0.1 < z <
4.0; S/N of Ks band >5.

Next, we collected FIR-submillimeter-radio data from
Jin et al. (2018; hereafter J18). Similar to the analysis in the
GOODS-N, J18 provided a de-blended FIR (Herschel 100, 160,
250, 350, and 500 um) and (sub)millimeter (SCUBA2 850 pum,
AzTEC 1.1 mm, and MAMBO 1.2 mm) photometric catalog for
191 624 objects in the COSMOS/UltraVISTA field. This cat-
alog also contains observational data at Spitzer 24 um band
and radio detections at 3 GHz from the VLA-COSMOS 3 GHz
project with an rms noise in the field center of 2.3 uwJy beam™!
(Smolci¢ et al. 2017b).

Then we cross-matched the FIR-submillimeter-radio cata-
log (J18) with the UV-optical-MIR catalog (W22) by a radius
of 0.5 arcsec, and 178494 of 191 624 objects in J18 have UV-
optical-MIR counterparts in W22. The match radius is defined
according to the average angular resolution of the 3 GHz VLA-
COSMOS survey, which is 0.75 arcsec (Smolci¢ et al. 2017b).

Finally, from the above-mentioned 178494 objects, we
selected 7006 objects as our Radio Sources Sample in the
COSMOS/UltraVISTA field. We followed two criteria: 0.1 <
z <4.0; S/N of 3 GHz radio flux >5.

3. Galaxy property estimation
3.1. Rest-frame 8—1000um infrared luminosity

GOODS-N field. For the 2584 objects in the GOODS-N field
that have multi-wavelength data from UV to FIR-submillimeter
to radio bands, we estimated the total IR luminosity from 8 to
1000 um through SED fitting with Code Investigating GALaxy
Emission (CIGALE 2022.0; Burgarella et al. 2005; Noll et al.
2009; Boquien et al. 2019; Yang et al. 2020, 2022). We refer to
Appendix A for more details about the SED fitting.

COSMOS/UitraVISTA field. For the sources in the
COSMOS/UltraVISTA field, we used the 8—1000 wm luminosity
estimated by the SED fitting in J18. Their SED components con-
sist of a stellar component from Bruzual & Charlot (2003) with
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All Galaxies Sample
GOODS-N: 29,267 sources

COSMOS: 405,408 sources
Total: 434,675 sources

!

Yes Yes

[0.1 <z<4& Fieow > 5(7]

[o.1<zs4&FKszsaj

i

i

UV-optical-MIR data

UV-optical-MIR data

Reference: Barro et al.

Total: 35,445 sources

(2019) Reference: Weaver et al. (2022)

Total: 888,705 sources

l«— (UltraVISTA;
i 1.5 degree?)

¢Cross—match

¢Cross—match

FIR-submm-radio

data FIR-submm-radio data

Reference: Jin et al. (2018)
(Radio data: 1.4 GHz)
Total: 3306 sources

Reference: Jin et al. (2018)
(Radio data: 3 GHz)
Total: 191,624 sources

Yes

SED fitting: Ltr* estimates

¢Yes

2584 (of 3306) objects with
UV/optical/MIR counterparts

178,494 (of 191,624) objects with
UV/optical/MIR counterparts

'

Broadband SED fitting'

Best-fit parameters: Lyr", ...

[0.1 <7<4&FiaGu > scrj

[0.1<zs4&F3GH7zsaj

¢Yes

¢Yes

Radio Sources Sample

Radio Sources Sample

509 sources

7006 sources

Having Lrr estimates

Having Lyr estimates

Yes

Y

Final sample in the IRRC analysis

Maximum-likelihood (ML) fitting*

A

GOODS-N: 509 sources
COSMOS: 6985 sources
Total: 7494 sources

IR-radio correlation (IRRC) analysis2

Radio-excess AGN Sample
used in the ML fitting
GOODS-N: 98 sources
COSMOS: 800 sources
Total: 898 sources

Fieow = 50 (GOODS)
or
Fxs > 50 (COSMOS)

Yes

%

Radio-excess AGN Sample

GOODS-N: 102 sources ek e . 3
COSMOS: 881 sources adio luminosity function
Total: 983 sources

Fig. 1. Flowchart of the matching processes and sample selections (see details in Sect. 2). ("Details about broadband SED fitting can be found
in Sect. 3.1 and Appendix A. @Details about IR-radio correlation (IRRC) analysis can be found in Sect. 4. ®Details about the radio luminosity
function can be found in Sect. 5. ®Details about the maximum-likelihood (ML) fitting method used for calculating the probability of hosting a
radio-excess AGN can be found in Sect. 6. ® Lyg: rest-frame total IR luminosity between 8 and 1000 um.

a Small Magellanic Cloud attenuation law, dust continuum emis-
sion based on Draine & Li (2007), a MIR AGN torus component
from Mullaney et al. (2011), and a power-law radio component.
In addition, our work used the same Chabrier (2003) IMF as was
used in J18.

All the objects of the Radio Sources Sample in the
GOODS-N field have available IR luminosity estimates. A total
of 6985 (out of 7006) objects of the Radio Sources Sample
in the COSMOS/UltraVISTA field have Ltr estimates from J18
(~99.7%). Moreover, we verified that different methods give
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similar IR luminosity measurements. For example, at 0.1 < z <
1, averaged IR luminosities of galaxies with 10'%% < M, <
10> Mg, in the GOODS-N and COSMOS/UltraVISTA fields
are 3.2 x 10%” and 2.6 x 10°7 W, repectively.

3.2. Rest-frame 1.4 GHz radio luminosity

Throughout this work the radio spectrum of each radio source is
assumed to follow a simple power-law shape of S, oc v*, where
S, is the flux density at frequency v and « is the spectral index
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1026 L

2 J +  GOODS-N: Radio Sources Sample excluding radio-excess AGNs
GOODS-N: Radio-excess AGN Sample

107! —— GOODS-N 5 detection limit
—== COSMOS 50 detection limit
1020 L 1 1 L Il ! L
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
27 L
10 COSMOS
1026 L

: 7 COSMOS: Radio Sources Sample excluding radio-excess AGNs
4 L COSMOS: Radio-excess AGN Sample
—— COSMOS 5¢ detection limit
—=- GOODS-N 5¢ detection limit

1020 L L L L L L
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Redshift

Fig. 2. Distribution of rest-frame 1.4 GHz luminosity of the Radio
Sources Sample (blue circles) and the Radio-excess AGN Sample
(orange diamonds) with redshift for the GOODS-N (fop) and
COSMOS/UltraVISTA (bottom) fields. The 5o detection limit for
the COSMOS/UltraVISTA field with o = 2.3uJybeam™' at 3 GHz
(Smolci¢ et al. 2017b) is shown as a gray dashed line in the top panel
and as a black solid line in the bottom panel. The 5o detection limit
for the GOODS-N field with o = 2.2 uJy at 1.4 GHz (Owen 2018) is
shown as a black solid line in the top panel and as a gray dashed line
in the bottom panel. All the detection limits are calculated by Eq. (1)
assuming a fixed spectral index of —0.8 (see details in Sect. 3.2).

which is assumed to be —0.8 in this work. This simple power
law assumed for radio spectrum is a widely used approxima-
tion due to insufficient radio data, and it is worth noting that
adopting a single value of @ may bring a scatter or bias to the
calculation of radio luminosity (e.g., Gim et al. 2019). The rest-
frame 1.4 GHz luminosity (in the unit of W Hz™!) of the Radio
Sources Sample can be calculated by

1.4 GHz\"
( ) Sv,obSa (1)

Vobs

2
4nD;
(1 +Z)l+a

L1 4GHzrest =

where Dy is the luminosity distance (in the unit of meter), z is the
redshift, vps is the observed frequency (in the unit of GHz), and
S ,.obs 1S the observed integrated flux densities at the observed fre-
quency vops (Ceraj et al. 2018). For the GOODS-N field, we used
the observed 1.4 GHz flux to calculate the rest-frame 1.4 GHz
luminosity, while for the COSMOS/UltraVISTA field, we used
the observed flux at 3 GHz. We show the distribution of rest-
frame 1.4 GHz luminosity of our Radio Sources Sample with
redshift in Fig. 2.

3.3. Stellar mass and UVJ magnitude

For the All Galaxies Sample in the GOODS-N field,
their stellar masses and rest-frame UVJ magnitudes were
derived from Barroetal. (2019), where stellar masses are

estimated by SED fitting with the codes FAST (Kriek et al.
2009) and Synthesizer (Pérez-Gonzalez et al. 2005, 2008),
and rest-frame UVJ luminosities are estimated by EAZY
(Brammer et al. 2008). For the A11 Galaxies Sample in the
COSMOS/UltraVISTA field, their stellar masses and rest-frame
UVIJ magnitudes were derived from Weaver et al. (2022), where
stellar masses are estimated by LePhare (Arnouts et al. 2002;
Ilbert et al. 2006) and rest-frame UVJ luminosities are estimated
by EAZY (Brammer et al. 2008). Our work and the works men-
tioned here used the same Chabrier (2003) IMF. In addition, to
examine whether these different methods will bring measure-
ment bias for stellar mass, we also compared stellar masses given
by the above methods (M"*ST/-Phare) with those obtained by
the broadband SED fitting (M5EP; see details in Appendix A
for the GOODS-N field and in Jin et al. 2018 for the COSMOS
field). The logarithm of the ratio of MFAST/LePhare (o pySED

(log[ MEAST/LePhare ; pSEDY) is around 0+0.3 dex. This result indi-
cates that different methods give consistent measurements for the
stellar mass. Given that only the Radio Sources Sample and
Radio-excess AGN Sample have available broadband SED
fitting results, while the A11 Galaxies Sample do not have
these measures, we used the stellar mass measured by FAST or
LePhare in this work.

3.4. Galaxy type: Star-forming and quiescent galaxies

Color-magnitude and color-color criteria are effective methods
of selecting SFGs and QGs, and do not require accurate mea-
surements for the star formation rate and stellar mass (e.g.,
Williams et al. 2009). For this work we used the UV]J selection
criteria in Schreiber et al. (2015) to separate all our samples into
SFGs and QGs at all redshift and stellar masses:

U-V>13and
V-J<16and s )
U-V>088x((V-J)+0.49

quiescent =

U-V<l1l3or
V—-J>1.6o0r 3
U-V<0.88x(V-J)+0.49.

star-forming

4. Radio-excess active galactic galaxies

The excess radio emission from AGNs makes these types of
sources deviate from the IRRC of SFGs. Therefore, AGN activ-
ities can be identified by these excess radio emission. Following
Helou et al. (1985), we define the logarithmic ratio between total
IR emission (8—1000 um; TIR) and radio emission as

Lmir
L1.4GHz,resl x 3.75 x 10!2 Hz ’

grr = log @

where Lt is the total IR luminosity and 3.75 X 10'2 Hz is the
frequency at the center of FIR band (1 = 80 wm). In this work we
consider a broad redshift range from 0.1 to 4, which we divided
into six redshift bins: 0.1 <z<0.5,05<z<1.0,1.0<z< 1.5,
1.5<272<20,20<z<3.0,and 3.0 < z < 4.0. In this section
we focus on the Radio Sources Sample and then use the grr
distribution to select AGNs with excess radio emission, hereafter
referred to as radio-excess AGNSs.
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Fig. 3. Distribution of IR-radio-ratio (¢grir) in SFGs (left column)
and QGs (right column) at different redshift bins. The grr distribu-
tions were obtained by merging the Radio Sources Sample from the
GOODS-N and COSMOS/UltraVISTA fields. Each yellow dotted curve
represents a single-Gaussian model, while the black solid curve repre-
sents the best-fit model to the entire gyr distribution. The vertical black
dashed line (corresponding to the grir value in the figure) represents
the peak position of the highest Gaussian component. The vertical red
dash-dotted line (corresponding to the gagn value in the figure) rep-
resents the cross point between the highest Gaussian component and
the second-highest Gaussian component, which is used as the thresh-
old to separate SFGs and radio-excess AGNs in this work. For QGs at
2.0 < z £ 4.0, it is difficult to find a best-fit model due to the low source
number, so here the threshold at 0.1 < z < 0.5 was used, which does not
have a significant effect on the results.

4.1. gnir distribution and radio-excess AGN selection

In this analysis we merge the radio sources in the GOODS-
N and COSMOS/UltraVISTA fields together for the follow-
ing reasons. First, source numbers in each redshift bin for the
GOODS-N field are small, which may result in a large uncer-
tainty in determining the AGN selection threshold. Second, in
each redshift bin, the GOODS-N and COSMOS fields have
similar gr distributions and grir values (see Fig. B.1). The
grir distribution consists of a Gaussian component peaked at
grir and an extended tail toward lower grir, Which is con-
sistent with previous works (e.g., Del Moro et al. 2013). The
Gaussian component is attributed to the IRRC of SFGs, while
the extended tail is thought to be associated with the extra
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radio emission from AGN. Therefore, to ensure the same selec-
tion criteria and reduce the uncertainty of the AGN selection
threshold, we combine the data from the two fields together.
The consistent radio luminosity functions for these two fields
also indicate that our selection method is plausible (see details
in Sect. 5). Next we analyze the grr distribution in SFGs
and QGs.

The entire gqg distribution can be described by multiple
Gaussian models (see the yellow dotted curves in Fig. 3). We
used f-test probability at >95% confidence level to decide how
many models were required. The final best-fit models are shown
in Fig. 3 with black solid curves. As we mentioned above, the
highest Gaussian peak and the extended low-gty tail are thought
to be contributed by SFGs and AGNs, respectively. Therefore,
here we define the cross point between the highest Gaussian and
the second-highest Gaussian components as the threshold to sep-
arate the SFGs and radio-excess AGNs (see the gagn values and
red dash-dotted lines in Fig. 3). It means that a radio source will
be selected as a radio-excess AGN if its gr value is lower than
this cross point (gagn)- It is worth noting that the grr distribu-
tions of QGs also show a highest peak similar to SFGs. However,
QGs are not expected to have this peak due to little or no star
formation. One possible reason may be that UVJ color selec-
tion might classify a part of the massive SFGs with relatively
low star formation rates (SFRs) as QGs (Popesso et al. 2023).
We also found that nearly half of UVJ-selected QGs (without
AGN:s) in the Radio Sources Sample are located very close
to the dividing line in the UVJ diagram, which indicates that
UVIJ selection might not accurately classify these sources. In
addition, it is worth noting that the QGs in the A11 Galaxies
Sample do not show such a distribution in the UVJ diagram.
Therefore, another possible reason may be that radio detection
favors sources with higher star formation, even among QGs.
Radio-excess AGNs hosted by QGs do not show a prominent
population close to the dividing line in the UVJ diagram, which
may be due to the radio-excess AGNs being selected by a thresh-
old (gagn) that is significantly lower than the mean gyr of SFGs.
This may explain why QGs show a highest gtr peak in Fig. 3.
In addition, the difference between the second-highest and the
third-highest Gaussian component in the gpr distribution might
be associated with different types of radio-AGNs, which is
beyond the scope of this work and will be studied in our future
works.

Finally, we selected 983 radio-excess AGNs at 0.1 < z <
4 as our Radio-excess AGN Sample. This sample contains
102 sources in the GOODS-N field and 881 sources in the
COSMOS/UltraVISTA field (see Fig. 2).

4.2. qTIR evolution

As Fig. 4 shows, grir presents a weak evolution with redshift,
which is in the form of

‘?TIR = (262 + 008) X (1 + Z)*0.08i0.03. (5)

Our result is almost consistent with previous works (see
Fig. 4; Bell 2003; Magnelli et al. 2015; Delhaize et al. 2017,
Novak et al. 2017; Enia et al. 2022). Bell (2003) obtained grir
value for SFGs in the local universe. Magnelli et al. (2015) com-
bined data from multiple fields of the GOODS-N, GOODS-S,
ECDFS, and COSMOS up to z ~ 2 with rms noise greater
than 3.9 uJy at 1.4 GHz. Delhaize et al. (2017) and Novak et al.
(2017) both used the VLA-COSMOS 3 GHz project, but used
different source selection criteria. Enia et al. (2022) focused on
SFGs in the GOODS-N field. Compared to their works, we use
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Fig. 4. Distribution of ¢pr with redshift. The gray points
show the Radio Sources Sample in the GOODS-N and
COSMOS/UltraVISTA fields (see details in Sect. 2). The blue
points represent the grir values of SFGs, which are shown in Fig. 3
and in Sect. 4.1. The blue dashed line represents the best-fit model
to the data of SFGs, while the shaded blue region is the associated
lo uncertainty of the best-fit model. The green dash-dotted line
represents the best-fit model from Magnelli et al. (2015) using data
in the GOODS-N, GOODS-S, ECDFS, and COSMOS fields. Both
the red dotted line (Delhaize et al. 2017) and the yellow dash-dotted
line (Novak et al. 2017) represent the best-fit model obtained with the
VLA-COSMOS 3 GHz project but using different source selection
criteria. The dark red dash-dotted line represents the best-fit model
from Enia et al. (2022) based on data from the GOODS-N field. The
black star represents the gpr value for SFGs in the local universe from
Bell (2003).

simultaneously deeper and larger radio surveys, and more pre-
cise IR luminosity based on de-blended IR photometry. The
slight difference between our results and previous works might
be due to the different selection method for sources. In addi-
tion, the averaged standard deviation (1o error of grr in Fig. 4)
of grr distribution for SFGs is around 0.18 which is consistent
with the previous works (e.g., Del Moro et al. 2013).

More recently, Delvecchio et al. (2021) found that the IRRC
of SFGs strongly depends on stellar mass (M, ), while An et al.
(2021) found a weak dependence. To examine whether con-
sidering M ,-dependence or not affects our results, we per-
formed some simple tests. For the Radio Sources Sample
in the COSMOS/UltraVISTA field, at 0.1 < z < 1, grr 1S
around 2.55 and 2.53 for low-mass (10'° < M, < 10'%° M,)
and high-mass (10'%° < M, < 10'! M,) SFGs, respectively.
For the Radio Sources Sample in the GOODS-N field, at
0.1 <z < 1, grr is around 2.56 and 2.51 for low-mass (10'0 <
M, < 10'95p1,) and high-mass (10'%° < M, < 10" M)
SFGs, respectively. These results indicate that for our samples,
the grir of SFGs shows no significant dependence on stellar
mass within the uncertainties of grr. Therefore, disregarding
the M.-dependent IRRC may have no significant effect on our
results.

5. Radio luminosity functions and their cosmic
evolution

In this section we construct the radio luminosity function (RLF)

for SFGs and radio-excess AGNs, which are separated in Sect. 4.
First, we estimate the combined 1.4 GHz RLF from the GOODS-

N and COSMOS/UltraVISTA fields (Sect. 5.1). We then show
the fitting procedures and results for the evolution of SFG
RLFs (Sect. 5.2) and AGN RLFs (Sect. 5.3). In this work
we do not consider the star-formation contamination for the
1.4 GHz radio luminosity of AGN. We verified that for most
of our Radio-excess AGN Sample, radio luminosity from the

star formation is not significant compared to luminosity from
AGN.

5.1. Constructing radio luminosity functions out to z ~ 4

Using the 1/Vy.x method (Schmidt 1968), the RLF in each
1.4 GHz luminosity bin and each redshift bin is calculated by

1 1
O(L,z) = , 6
( ) AlOgL Z % X Vmax,i X Wi ( )

where Alog L is the size of the 1.4 GHz luminosity bin, Q is the
observed area (171 arcmin? for the GOODS-N field and 1.5 deg?
for the COSMOS/UltraVISTA field), Viax,; is the co-moving vol-
ume of the ith source that is defined as Vimaxi = V..., — Veuino
and w; is the completeness and bias correction factor of the ith
source. Further, V, . is the co-moving volume at the maximum
redshift where the ith source can be observed given the 1.4 GHz
flux detection limit (the maximum value of z. is equal to the
upper limit of each redshift bin) and V,__ is the co-moving vol-
ume at the lower boundary of each redshift bin. The parame-
ter w; is the flux density completeness of our catalogs, which
takes into account the effects of the sensitivity limit. The com-
pleteness and bias corrections of the COSMOS and GOODS-
N fields are derived from Smolci¢ et al. (2017b) and Enia et al.
(2022), respectively, which are estimated by Monte Carlo sim-
ulations where mock sources are inserted in and retrieved from
the mosaic. The uncertainty of RLF in each luminosity bin and
each redshift bin can be defined as

1 2
g _—. 7
i [%vaax,ixwi] 0

We used Egs. (6) and (7) to calculate RLFs and
their uncertainties for the sources in the GOODS-N and
COSMOS/UltraVISTA, respectively (see Fig. C.1). For both
SFGs and radio-excess AGNs, the RLFs in these fields present
generally consistent results. At the faintest end of the lowest red-
shift bin (0.1 < z < 0.5), SFG RLF of the COSMOS/UltraVISTA
field presents a slight decline compared to that of the GOODS-N
field (see Fig. C.1). This may be due to the higher spatial res-
olution of the radio survey in the COSMOS/UltraVISTA field
(see details in Sect. 2) resulting in more flux losses for the
extended sources, especially for the faint populations at low red-
shift. In order to well constrain the RLFs, in the following sec-
tions we use the averaged SFG RLFs in the GOODS-N and
COSMOS/UltraVISTA fields, and use the averaged AGN RLFs
in the two fields to make further analysis (see Fig. 5). In addi-
tion, we also correct the classification purity for the radio-excess
AGN in these three fields (see details in Appendix B).

1
va(l.2) = Alog L
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Fig. 5. 1.4 GHz radio luminosity function of SFGs (blue circles) and radio-excess AGNs (red squares) in different redshift bins. For SFGs, the
blue solid line represents the best-fit PLE model, which is the best model to describe the data in this work. For radio-excess AGNs, the red
solid line represents the best-fit PDE model, which is the best model to describe the data. The magenta vertical dash-dotted line represents the
turnover luminosity between the radio luminosity function of SFGs and radio-excess AGNs (see details in Sect. 5.4). The light blue circles show
the results for SFGs from the VLA-COSMOS 3 GHz project (Novak et al. 2017), while the gold squares show the results for radio-AGNs from
the VLA-COSMOS 3 GHz project (Smolci¢ et al. 2017a). The redshift bins in this work have different definitions than in Novak et al. (2017) and

SmolCic et al. (2017a).

5.2. Fitting the evolution of a star-forming galaxy’s radio
luminosity function

We assume a modified-Schechter function (Saunders et al. 1990;
Smolcic et al. 2009; Gruppioni et al. 2013; Novak et al. 2017) to
describe the SFG RLF. The local RLF of SFGs (Novak et al.
2017) is defined as

1-a
L 1 L
OSF(L) = Dy (m) exp [—ﬁ log? (1 + L*o)]’ 8)

where L, o = 1.85 x 10> WHz ! is the turnover position of the
local SFG RLF, @, = 3.55 x 1073 Mpc = dex™' is the local
turnover normalization, and @ = 1.22 and o = 0.63 are used to
fit the distribution in the faint and bright ends, respectively.

The RLFs of SFGs have been shown to evolve with red-
shift (e.g., Novak et al. 2017; Ocran et al. 2020; Cochrane et al.
2023). Given that it is difficult to simultaneously constrain the
evolutions of all the parameters, we fix the values of @ and o at
all cosmic times to those of the local RLF (Novak et al. 2017) in
the fit. This means that we assume an unchanged RLF shape at
all cosmic times, and only allow the turnover position (L) and
turnover normalization (®,) to change with redshift. In reality,
a and o might change with redshift.
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The L, evolution and @, evolution can be described by sim-
ple power laws:

Ly =1 +2)"™ X Lyo 9)
and

D, = (1 +2)" x Dy . (10)
Therefore, the redshift-evolved SFG RLF (luminosity and den-
sity evolution, LDE) is defined as

(11)

L

OYRE(L,z, ar, ap) = (1 +2)™ X OFFC (m)
where ap is the parameter of pure density evolution (PDE; ver-
tical shift of RLF), oy is the parameter of pure luminosity evo-
lution (PLE; horizontal shift of RLF), and ®3F9(L) is the local
SFG RLF given by Eq. (8). If we assume that there is no evo-
lution with redshift for @, and only L, evolves with redshift
(ap = 0), we can define a SFG PLE model as

L
R s =03 ) .
Similarly, the SFG PDE model only allows @, to evolve with
redshift (o, = 0), which is defined as

DS (L, 2, ap) = (1 +2)™ x DFFI(L). (13)
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Fig. 6. Evolution of the best-fit parameters for the 1.4 GHz radio radio luminosity function with redshift. Shown are the evolution parameter (ay)
of the pure luminosity evolution (PLE) for SFGs (Panel A); turnover position (L, ) of the PLE for SFGs, calculated by Eq. (9) (Panel B); evolution
parameter (ap) of the pure density evolution (PDE) for radio-excess AGN (Panel C); turnover normalization (®,) of the PDE for radio-excess
AGN, calculated by Eq. (10) (Panel D); and turnover luminosity (Lp) above which the number density of radio-AGNs surpasses that of SFGs (Lp)
(Panel E). The gray dash-dotted lines in Panels A and B represent the results for SFGs from Novak et al. (2017), while the gray regions represent
the corresponding 1o uncertainty. The gray dash-dotted lines in Panels C and D represent the results for radio-excess AGNs from Smolci¢ et al.
(2017a), while the gray regions represent the corresponding 1o~ uncertainty. The stars in Panels B and D represent the local values obtained by
Novak et al. (2017) and Mauch & Sadler (2007), respectively. The magenta star in Panel E represents the local Lp obtained by the cross point
between the local SFGs RLF from Novak et al. (2017) and the local AGN RLF from Mauch & Sadler (2007). The best-fit values for ay, ap, Ly,

®,, and Lp are summarized in Table 1.

Then we used the Markov chain Monte Carlo (MCMC) algo-
rithm in the Python package EMCEE (Foreman-Mackey et al.
2013) to fit the data (see Table D.1) with these three models.
The averaged reduced x* over all the redshift bins of the best-
fit LDE, PLE, and PDE models are 3.9, 4.8, and 526.4, respec-
tively. First, we ignored the PDE model because it has the worst
fit to the observational data. The best-fit LDE and PLE models
show significant differences at higher redshift (z > 1.5) where
our data points only sample the bright end of RLF. This results
in a degeneracy in estimation of ap and @, preventing a precise

calculation to the turnover position and turnover normalization.
Therefore, for simplicity, we only consider the PLE model (see
Eq. (12)) here.

The best-fit ay. of the PLE model in each redshift bin is sum-
marized in Table 1. The parameter ar, shows an evolution with
redshift, which can be described by a;, = Ay X z+ Br. We obtain
the best-fit results with Ap, = —0.34 +0.01 and By, = 3.57 +£ 0.01
(see Panel A of Fig. 6), which are also summarized in Table 1.
The turnover position L, is estimated by Eq. (9), which is also
listed in Table 1. Our results are generally consistent with those
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Table 1. Best-fit evolution parameters of the radio luminosity function for SFGs and radio-excess AGNS.

SFG (PLE) Radio-excess AGN (PDE)
Redshift bin aL log L, ap log ¢ log Lp
[WHz "] [Mpc~3 dex '] [WHz ™

0.1<z<05 337 +0.21 21.65 +0.02 1.88 £0.52 -4.89 + 0.06 23.29 +0.20
05<z<1.0 3.48 £0.06 22.11 £ 0.01 2.36 £ 0.15 -4.53 +0.04 23.68 +0.13
1.0<z<15 3.08 £0.04 22.35 £ 0.02 1.34 £0.11 -4.63 £0.04 24.11 +0.14
1.5<z<20 2.92 +0.04 22.55 +0.02 1.30+0.11 -4.53 +0.05 24.35+0.23
20<z<3.0 2.70 £0.02 22.74 + 0.01 0.83 = 0.09 -4.65 +0.05 24.73 £ 0.16
30<z<4.0 2.42 +0.03 22.85 +0.02 0.58 +£0.15 -4.73 £0.10 24.97 +0.28
Relation L,=L,oXx(1+2)™ Du = Py X (1 +2) Lp =Lpg x (1 +z)%P

ap = AL Xz+ B,

ap = Ap Xz + Bp ap=Cxz+D

Ap =-0.34+0.01
By, =3.57+0.01

Best-fit parameters

Ap =-0.77 £ 0.06
Bp =2.69 +0.09

C =0.06 +0.01
D =3.05+0.02

Notes. For SFGs, L, o = 1.85 x 10! WHz ™' represents the turnover position of the local SFG RLF (Novak et al. 2017). For radio-excess AGNs,
D, = (;—5 10755 Mpc~> dex™" represents the turnover normalization of the local AGN RLF (Mauch & Sadler 2007). The local turnover luminosity
Lpo = 1022 WHz™! is obtained by the cross point between the local SFG RLF (Novak et al. 2017) and the local AGN RLF (Mauch & Sadler

2007).

in Novak et al. (2017) with the VLA-COSMOS 3 GHz project
(see Figs. 5 and 6), although our results show a slightly larger
By, (see Panel A of Fig. 6) and a slightly larger L, (see Panel B
of Fig. 6), which may be due to the different selection criteria
adopted for radio SFGs. Novak et al. (2017) separated the entire
radio sources sample into SFGs and radio-excess AGNs subsets,
while we first separate our entire radio sources sample into SFGs
and QGs according to the UVJ selection criteria, and further dis-
tinguish the radio-excess AGNs from them.

5.3. Fitting the evolution of an AGN’s radio luminosity
function

The AGN RLF can be assumed as a double power-law

shape (Mauch & Sadler 2007). The local RLF of AGN

(Mauch & Sadler 2007) is defined as
(D*,O

(Lao/L)* + (Lao/ LY’

DN = (14)

where @, o = %10‘5‘5 Mpc_3 dex”! is the turnover normaliza-

tion of the local AGN RLF, L, = 10**%° W Hz™! is the local
turnover position, and @ = —1.27 and 8 = —0.49 are the indices
at the bright and faint end, respectively.

Similar to the SFG RLF, we assume that AGN RLF has an
unchanged shape at all cosmic times. Thus, similar to Egs. (11)—
(13), the LDE, PLE, and PDE models to describe AGN RLFs
can be respectively defined as

@ L
DPSR(L, z, a1, ap) = (1 +2)™ x OGN (m) (1)
DOAN(L 2 0y ) = HAON L 16)
PLE o \Tram
OAN(L, 7, ap) = (1 +2)™ x DAON(L). (17)

We also use the EEMCEE package to fit the observational data
for radio-excess AGNs (see Table D.2) with these three models.
The averaged reduced y? over all the redshift bins of the best-fit
LDE, PDE, and PLE models are 2.3, 2.2, and 2.5, respectively.
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Here we only consider the PDE model (see Eq. (16)), which has
the best fit to the data.

The best-fit ap of the PDE model in each redshift bin is
summarized in Table 1, which also shows a redshift evolution
in a form of ap = Ap X z + Bp. The best-fit Ap and Bp are
—0.77 £ 0.06 and 2.69 + 0.09, respectively (see Table 1). As we
assumed an unchanged AGN RLF shape and a pure density evo-
lution, the evolution of @, (calculated by Eq. (10)) with redshift
can simply represent the number density distribution of AGN,
which peaked at z ~ 1.5 (see Panel D of Fig. 6). Our result is
generally consistent with that in Smolcic et al. (2017a) based on
the VLA-COSMOS 3 GHz project (see Figs. 5 and 6), and is
consistent with the AGN accretion rate density history obtained
with X-ray surveys (Aird et al. 2010, and references therein).

We also study the RLF of the Radio-excess AGN Sample
hosted by different galaxy populations (SFGs and QGs; see
Fig. E.1). At z < 1 the radio-excess AGN population is mainly
dominated by the sources hosted by QGs, while radio-excess
AGNss hosted by SFGs only have a comparable space densities at
the faint end. At z > 1 the space densities of radio-excess AGNs
hosted by QGs decrease toward higher redshift, while radio-
excess AGNs hosted by SFGs show the opposite evolution trend.
In addition, radio-excess AGNs hosted by SFGs completely
dominate those hosted by QGs at z > 1.5. These trends are
consistent with those for low-excitation radio galaxies (LERGs)
in Kondapally et al. (2022). LERGs in Kondapally et al. (2022)
are defined as objects showing powerful radio emission from
AGN but not identified in other bands (e.g., IR and X-ray),
which represent 89% of their entire radio-excess AGNs (11%
for high-excitation radio galaxies). For our radio-excess AGNss,
nearly 80% of objects do not have X-ray detections or have
intrinsic 2-10keV X-ray luminosity lower than 10%?ergs.
Our radio-excess AGNs may be otherwise identified by IR or
other methods, so LERG fraction in our Radio-excess AGN
Sample is expected to be lower than 80%, while the fraction
of high-excitation radio galaxies (HERGs) will be higher than
20%. In this work our Radio-excess AGN Sample includes
both LERGs and HERGs subsets, while Kondapally et al. (2022)
mainly focused on LERGs. Even so, both their work and our
work found that radio-AGNs in SFGs and QGs have significantly
different cosmic evolutions. Given that SFGs and QGs may
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have different fuelling mechanisms toward central SMBHs (e.g.,
Kauffmann & Heckman 2009; Kondapally et al. 2022; Ni et al.
2023), these results indicate that the radio activities of central
engines may depend on the fuelling mechanisms of their host
galaxies. In Sect. 6, we further investigate this topic by studying
the probability of radio-excess AGNs hosted by different galaxy
populations.

5.4. Crossover luminosity between SFG RLF and AGN RLF

The comparison between the SFG RLF and AGN RLF shows
that AGNs dominate the radio populations beyond a certain
luminosity (hereafter turnover luminosity Lp; see the magenta
dash-dotted lines in Fig. 5). In the local universe this crossover
luminosity is around 102 W Hz™!, which is usually used to
select RL. AGNs (e.g., Bestetal. 2005; Kukreti et al. 2023).
Toward higher redshifts, given that both SFG RLFs and AGN
RLFs show evolutions with redshift, this crossover luminosity is
not expected to be constant at all cosmic time. Our results indi-
cate that the redshift evolution of this crossover luminosity can
be described by

Lp = Lpo X (1 +2)™, (18)
where Lp is the crossover luminosity in the local universe and
arp is the evolution index of the crossover luminosity. Here,
Lpo = 10%*° W Hz™!, is obtained by the cross point between
the local SFG RLF (Novak et al. 2017) and local AGN RLF
(Mauch & Sadler 2007). Further, a;p also shows a weak evo-
lution with redshift:

aLp = (0.06 £0.01) X z + (3.05 £ 0.02). (19)
These results provide us with another way to select power-
ful radio-AGNs at different redshifts solely through radio sur-
vey. This means that if IR data are not available, a radio
source at redshift z can be selected as a radio-AGN when its
1.4 GHz radio luminosity is higher than Lp = 10?*° x (1 +
7)000xz+3.05 W Hz~!. This crossover luminosity describes a lumi-
nosity threshold where radio-AGNs begin to dominate the entire
radio population. This result is consistent with those from previ-
ous works (e.g., McAlpine et al. 2013), and also consistent with
the radio luminosity threshold proposed for radio-AGN selection
in the past (e.g., Magliocchetti et al. 2017).

6. The probability of hosting radio-excess AGNSs in
SFGs and QGs

In this section we study the probability of different galaxy pop-
ulations hosting a radio-excess AGN. Here we use the com-
bined A11 Galaxies Sample (see Sect. 2 and Fig. 1) and com-
bined Radio-excess AGN Sample (see Sect. 4 and Fig. 1)
in the GOODS-N and COSMOS/UltraVISTA fields. The A1l
Galaxies Sample and the host galaxies of the Radio-excess
AGN Sample had been divided into SFGs and QGs according to
the UV]J selection method (see Sect. 3.4). In Sects. 6.1 and 6.2,
we use the observational data to calculate the probability of a
SFG or a QG with the stellar mass M, and at redshift z hosting a
radio-excess AGN with the 1.4 GHz luminosity Lg in each red-
shift bin. In Sect. 6.3 we use the method of Aird et al. (2012) to
quantitatively calculate the probability of a SFG or a QG hosting
a radio-excess AGN as a function of stellar mass, radio lumi-
nosity, and redshift. This method is based on the maximum-
likelihood approach, which does not require data binning for

stellar mass, luminosity, and redshift (Aird et al. 2012). Here we
do not consider the star-formation contamination for the AGN
radio luminosity, while for most of our Radio-excess AGN
Sample the contributions from star formation to the radio lumi-
nosity have been verified as not significant compared to that from
AGN.

6.1. Calculating the probability for observational data

In order to conveniently compare the data and the best-fit model,
we divided our A1l Galaxies Sample and Radio-excess
AGN Sample into six redshift bins (the same as the redshift bins
in Sect. 4). Within each redshift bin we subdivided our A1l
Galaxies Sample and Radio-excess AGN Sample into dif-
ferent stellar mass bins. The conditional probability density
function p(Lg | M4, z) describes the probability of a galaxy with
stellar mass M, and at redshift z hosting a radio-excess AGN
with 1.4 GHz luminosity Lg. Following Aird et al. (2012), here
p(Lr | My, 7) is defined as the probability density per logarith-
mic luminosity interval (units are dex™'). Thus, p(Lg | My, z)
can be converted to AGN fraction (fagn) according to

00

faon(My, 2) = f (20)

log Liim

p(Lr | M, z) dlog Lg.

Here fagn is defined as the fraction of galaxies with stellar mass
M, and at redshift z that host a radio-excess AGN, and Ly, is
the lower limit of the radio luminosity. For the combined obser-
vational data from the GOODS-N and COSMOS/UltraVISTA
fields, in each redshift bin, p(Lgr | M, z) in the mth stellar mass
bin and the nth luminosity bin is defined by

NAGN mn _ facn(My, 2)
NgamAlog L, Alog L,

p(Ln | My, 2) = ; 2

where Nagnmn 1S the number of the Radio-excess AGN
Sample in the mth stellar mass bin and the nth luminosity bin,
Ngal,m is the number of the A11 Galaxies Sample in the mth
stellar mass bin, and Alog L, is the width of the nth luminosity
bin. It is worth noting that when calculating the probability of
SFGs (or QGs, or all galaxies) hosting a radio-excess AGN, here
NaGN,mn refers to all the radio-excess AGNs hosted by SFGs (or
QGs, or all galaxies) and Ng, refers to all the SFGs (or QGs,
or all galaxies) in the A11 Galaxies Sample. The estimates of
p(Lr | My, z) for SFGs in the six redshift bins are shown as
colored symbols in Figs. F.1 and F.2. The radio-excess AGNs
in both QGs and all galaxies exhibit similar trends to SFGs, so
we do not show their details here. The probability of a galaxy
hosting a radio-excess AGN with a given Ly increases with M,
at all redshift bins (see Fig. F.1), which is consistent with the
previous works (e.g., Best et al. 2005; Sabater et al. 2019). The
probability of a galaxy with a given M, hosting a radio-excess
AGN decreases with Lg, which is also consistent with previ-
ous works (e.g., Best et al. 2005). These trends of radio-excess
AGNSs in this work are consistent with those of X-ray AGNs
(e.g., Haggard et al. 2010; Aird et al. 2012; Wang et al. 2017).

6.2. Simple x* fits in each redshift bin

To quantitatively study the trends of p(Lgr | M., z), we apply
x* fits to the results calculated by Eq. (21) (see the data points
in Figs. F.1 and F.2). Next we take the analysis for SFGs as an
example to show the detailed analysis procedures. At each fixed
Ly, we assume a simple power-law relation for p(Lgr | My, z) as
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a function of M,,

log[p(Lr | My, 2)] = a + blog [ (22)

M,
10" My |’
where a and b are the intercept and slope of the relation, respec-
tively. The best-fit values for a and b in each Lr bin and each
redshift bin are presented in the right column of Fig. F.1. The
averaged best-fit reduced-y? over all the redshift bins and all the
Lg bins is 1.22. In all redshift bins, the intercept a decreases with
higher Lg, while the slope b does not show significant changes.
Similarly, for each fixed M, p(Lg | My, z) as a function of Ly
can be defined as
Lr ]

1023 W Hz!

where ¢ and d are the intercept and slope of the relation, respec-
tively. The best-fit parameters in each M, bin and each redshift
bin are shown in the right column of Fig. F.2. The averaged best-
fit reduced-/\{2 over all the redshift bins and all the M, bins is
1.76. In all redshift bins, the intercept ¢ decreases with higher
M, while the slope d nearly keeps constant. These results indi-
cate that the slope b (or the slope d) of p(Lgr | M, z) as a func-
tion of M, (or Lg) is independent of Ly (or M,). The QGs and
all galaxies show similar trends but different best-fit parameters
compared to SFGs. Given that we mainly focus on the trends in
this section, for brevity we do not discuss their results in details
here. The main differences among different galaxy populations
are discussed in Sect. 6.3.4 and shown in Fig. 7.

log[p(Lx | My, )] = ¢ +dlog [ 23)

6.3. Redshift evolution

The above analysis starts by dividing sources into different red-
shift bins, then binning the sources according to their M, and
Lr within each redshift bin, and finally fitting the binned data.
Therefore, the best-fit result may be significantly affected by
the bin size of redshift, M,, and Ly, and the information of
each individual galaxy cannot be fully utilized due to the bin-
ning. Therefore, next we utilize the maximum-likelihood fit-
ting approach in Aird et al. (2012) to measure the dependence
of p(Lg | My, z) on both M, and Lg. First, in Sect. 6.3.1, we
introduce the fitting approach applied to our samples. Then we
test this approach in each redshift bin in Sect. 6.3.2. Finally,
in Sect. 6.3.3 we apply this approach incorporating the redshift
evolution in order to remove the effects brought by the redshift
binning.

6.3.1. Maximum-likelihood fitting

According to the results in Sect. 6.2, the slope b (or d) in Eq. (22)
(or (23)) of p(Lr | M, z) as a function of M, (or Lg) is inde-
pendent of Lg (or M,). It means that p(Lg | M,, z) at a fixed
redshift can be expressed as a separable function of M, and Ly
in the form of

™ YL
M*) (LR (24)

Lr | My, 2)dloglg = K| — — | dlogLg,
p(Lr | My, z) dlog Ly (Mo Lo) og Lr
where the scaling factor My is set to 10" M, the scaling factor
Lo is set to 102 W Hz™!, K is the normalization, yMm and yy, are
indices. The best-fit parameters are found through maximizing
the log-likelihood function,

AGN
Nl

InL=-N+ Z In py, (25)
k=1
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where N®N is the number of radio-excess AGNs in the
GOODS-N and COSMOS/UltraVISTA fields in the ith redshift
bin, py is the probability of a galaxy with stellar mass M, hosting
a radio-excess AGN with 1.4 GHz luminosity Ly:

Mk paY Lk YL
e = pLe | M 20) =K(—) (—) .

Mo To (26)

The expected number of radio-excess AGNs, N, is defined as

Nigal,gn -
N = p(Lr | M, zj) dlog Ly

j=1 10g Liim,gn, j
Nga],cs -

+ Z f p(Lr | M;, z;) dlog Ly 27)

j=1 1og Liim,cs Jj
Ngal,gn
L M ™ 00 L YL
- Z K(_]) f (_R) dlog Ly,

=1 Mo 10g Liimgn; \ L0

Ngal«,s

+Z ( ) f (L—R)ndlo L
]Ongllncsj LO g e

where N®#" and N® are the numbers of galaxies in the
ith redshlft bin for the GOODS-N and COSMOS/UltraVISTA
fields, respectively. The Ly, of the GOODS-N field (Liim,gn, ;)
corresponds to the 50 detection limit of the radio survey at
redshift z; (see Fig. 2), while for the COSMOS (Liim.s,;) field,
it corresponds to the L; 4gy, threshold for correcting the AGN
classification purity (see details in Appendix B). The 1o error of
each model parameter is estimated by the maximum projection
of AS = 1.0 where S = —21n £ according to Aird et al. (2012).

6.3.2. Results in each redshift bin

In each redshift bin we use the above maximum-likelihood fit-
ting approach to constrain p(Lg | M., z) for SFGs, QGs, and
all galaxies. The best-fit values for yy;, y1, and K in each red-
shift bin are shown in the form of colored symbols in Fig. 7.
For both SFGs and QGs, we find that vy and 7y, almost keep
constant at all redshift bins except at z < 0.5 (see detailed dis-
cussions in Sect. 6.3.3). For all galaxies, yy and yr, do not show
any significant changes with redshift (0.1 < z < 4.0), which is
consistent with the trends of X-ray AGNs in Aird et al. (2012)
at 0.2 < z < 1.0. For SFGs, QGs, and all galaxies, the nor-
malization K significantly increases with redshift. In addition,
SFGs and QGs show significantly different values of yu, v,
and K, which will be discussed in detail in Sect. 6.3.4. Over-
all, the probability of a galaxy with a given stellar mass host-
ing a radio-excess AGN with a given radio luminosity increases
toward higher redshift. This indicates higher AGN activities
and potentially more significant AGN feedbacks toward higher
redshift.

6.3.3. Incorporating redshift evolution into the
maximum-likelihood fitting

According to the results of Sect. 6.3.2, both yy; and 7y, are nearly
constant over the entire redshift range, which indicates that the
redshift evolution of p(Lg | M, z) can be assumed to be inde-
pendent of Lg and M,.. Only the normalization K shows an evi-
dent evolution with redshift, so p(Lg | My, z) incorporating the
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Fig. 7. Best-fit parameters of the maximum-likelihood fitting for
p(Lr | My, z) of SFGs (blue circles and blue dashed lines), QGs (red
squares and red dash-dotted lines), and all galaxies (black stars and
black solid lines). The colored symbols represent the best-fit param-
eters obtained by Egs. (24)—(27) in each redshift bin (see details in
Sects. 6.3.1 and 6.3.2). The colored lines show the best-fit results over
the entire redshift range obtained by Egs. (28)-(29) and (25)—(27) (see
details in Sect. 6.3.3). The dotted gray lines represent the results for the
X-ray AGNs in Aird et al. (2012).

redshift evolution for K with a simple power law can be rewritten
as

1+Z Yz M* ™ LR YL
Ir | My, 2)dlogly = A = — | dloglLg,
P(Lr | My, z) dlog Ly (1+Zo) (Mo L, og Lr

(28)

Table 2. Best-fit parameters from maximum-likelihood fitting with red-
shift evolution.

Type log A ™M YL Yz

SFG -0.79 £0.07 1.06 +£0.03 —0.77 £0.03 3.08 + 0.20
QG -0.70+0.08 1.41 +0.05 -0.60 +£0.03 2.47 +0.28
All -0.88+0.05 1.10+0.02 -0.67 +0.02 2.24 +0.14

where the scaling factor zj is set to be 2.0 (median of the redshift
range for our sample), A is the overall normalization. Thus,

1 Yz
K:A( ”) .
1+Z()

Then we modify p(Lg | My, z) in Egs. (25)—(27) with Eq. (28)
to perform maximum-likelihood fitting over the entire redshift
range (0.1 < z < 4.0). The best-fit parameters are listed in
Table 2 and plotted in Fig. 7 as the colored lines. The redshift
evolution model over the entire redshift range is almost consis-
tent with the result obtained in each redshift bin (colored sym-
bols in Fig. 7).

To compare the model with the observational data, we use
the Nops/Nmai method of Aird et al. (2012; see Eq. (14) in their
paper) to scale the observed radio-excess AGN number (Ngps)
by the expected number estimated by the model (Npq;) in each
redshift bin (see Eq. (28)). Overall, the binned estimates for
the observational data in each redshift bin are well described
by the best-fit model obtained with maximum-likelihood fitting
over the entire redshift range (see results for SFGs in Fig. 8§,
for QGs in Fig. G.1, for all galaxies in Fig. G.2). However,
the best-fit model cannot fully explain the data in the follow-
ing cases: low-luminosity radio-excess AGNs in SFGs at 0.1 <
z < 1.0 (Liagu, < 102 W Hz™'; see Panel Al in Fig. 8) and
at 2 < z < 4 (Ljagu, < 1033 W Hz™!; see Panel DI in
Fig. 8); radio-excess AGNs in massive SFGs (M, > 10'!3 M)
at 0.1 < z < 1.0 (see Panel A2 in Fig. 8); radio-excess AGNs
in low-mass QGs (M, < 10'9 M) at 0.1 < z < 1.0 (see Panel
A2 in Fig. G.1). The following reasons might explain the slight
differences between the observational data and model predic-
tions. In the analysis we assume that yy (or yp) is independent
of Lg (or M,) and redshift (see Sects. 6.2 and 6.3.2). On the
one hand, a mild dependence of yy; (or y) on L (or M,) can-
not be fully ruled out. In addition, yy may be different between
low-mass and high-mass galaxies (Williams & Rottgering 2015;
Zhu et al. 2023), while y;, may also change from low-luminosity
to high-luminosity populations (Best et al. 2005). On the other
hand, a weak evolution of both yy and ;. with redshift might
exist (see colored symbols in Fig. 7 and discussion in Sect. 7).
Some works had found that vy decreases from the local universe
to z ~ 2 (Williams & Réttgering 2015; Zhu et al. 2023), while
Kondapally et al. (2022) found a weak positive evolution with
redshift (for SFGs only). Even so, on the whole our model can
still well describe the redshift evolution of radio-excess AGN
fraction across the entire redshift range.

(29)

6.3.4. Quantitative relation of radio-excess AGN fraction in
SFGs and QGs

To sum up, we obtain quantitative relations for the probability
of SFGs, QGs, or all galaxies hosting a radio-excess AGN as a
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Fig. 8. Estimates of p(Lg | M, z) as a function of M, and Lg based on our maximum-likelihood fitting results for SFGs. The colored dashed
lines in the top and bottom rows represent our best-fit model from the unbinned maximum-likelihood fitting (see Eq. (28) and Table 2) through
combining data in the GOODS-N and COSMOS/UltraVISTA fields over the entire redshift range (0.1 < z < 4) evaluated at the center of each
redshift bin. The binned data points are scaled with the probability estimated by the model (see Eq. (28)) using the Nops/Nmai method of Aird et al.
(2012) (see details in Sect. 6.3.3). In the top panel, the different colors represent different M, bins. In the bottom panel, the different colors show

different Ly bins.

function of M,, Lg, and redshift, respectively:
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(30)

Here M, is set to 10'! M, L is set to 102 WHz ™!, and z is set
to 2.0. These best-fit parameters and their uncertainties are sum-
marized in Table 2. The SFGs and QGs have significantly differ-
ent evolution trends for radio-excess AGN fraction (see Fig. 7).
The QGs have larger yy and yy than the SFGs, which indicates
that radio-excess AGNs in QGs are most often found to reside in
more massive galaxies with higher radio luminosity compared
to those in SFGs. Both SFGs and QGs have an increasing radio-
excess AGN fraction with redshift (see Fig. 7). SFGs show a
larger y, than QGs (see Table 2), which implies that radio-excess
AGN fractions in SFGs increase more rapidly toward higher red-
shifts than those in QGs.

7. Discussion: Comparison with previous works

As Eq. (30) shows, we obtain a smaller yy (~1) than that in
Best et al. (2005) (ym ~ 2.5; 0.03 < z < 0.3). Our result is con-
sistent with that in Williams & Rottgering (2015) at 1.5 <z <2
(ym ~ 1.0), while their results showed a decreasing yy trend
from the local universe (ym ~ 2.7) to z ~ 2. Zhu et al. (2023)
also found a decreasing stellar-mass dependence from z ~ 0.3
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to z ~ 2.3. In addition, the dependence of radio-AGN frac-
tion on the stellar mass may change when M, > 10'! M,
(Williams & Réttgering 2015; Zhu et al. 2023). The differences
between our results and theirs may be due to the different
radio-AGN selections and different calculation methods. Previ-
ous works usually focused on powerful radio-AGNSs (L 4gn, >
10% or 10** WHz™!), while our sample additionally includes
some faint radio-AGNs with L; 4gn, < 102 W Hz™!. Moreover,
the different evolution trends of radio-AGN in SFGs and QGs
indicate that disregarding the galaxy types may have a nonneg-
ligible effect on statistical results. Kondapally et al. (2022) pro-
posed for the first time a radio-AGNs study for QGs and SFGs
separately. They found that low-excitation radio galaxies in QGs
have a larger yy (~2.5) than those in SFGs (yy ~ 1.37). We
found a similar trend but lower yy; values than their results
(ym ~ 1.4 for QGs and yy ~ 1.0 for SFGs in our work). One
possible reason for this difference may be that we focus on differ-
ent radio-AGNs samples compared to Kondapally et al. (2022)
(see details in Sect. 5.3). Our results show that yy has no signif-
icant evolution with redshift at 0.1 < z < 4.0, while for LERGs
in Kondapally et al. (2022) at 0.3 < z < 1.5, ym shows no signif-
icant evolution for QGs and a positive evolution for SFGs.
Given that we use the same calculation method as Aird et al.
(2012) (see details in Sect. 6.3), we also compare the results for
radio-excess AGNs with those for X-ray AGNs from Aird et al.
(2012), which are plotted as gray dotted lines in Fig. 7. Com-
pared to X-ray AGNs (Aird et al. 2012), the evolutions of radio-
excess AGN fraction (see black solid lines in Fig. 7) have a larger
ym, which indicates that radio-excess AGNs tend to reside in
more massive galaxies (see Fig. 7). X-ray AGN fractions in red
sequence galaxies exhibit a more rapid redshift evolution than
those in blue cloud galaxies (Aird et al. 2012; Wang et al. 2017),
while the radio-excess AGN fraction in SFGs increases more
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rapidly toward higher redshift than those in QGs. These different
evolution trends between radio-excess AGNs and X-ray AGNs
suggest that black holes with different accretion states may influ-
ence their host galaxies in different modes.

In addition, we also examine whether M,-dependent IRRC
(Delvecchio et al. 2021) affects the results about the probability
of hosting a radio-excess AGN. Following van der Vlugt et al.
(2022), we select radio-excess AGNs with g deviating more
than 30 from the M,-dependent IRRC of Delvecchio et al.
(2021). Then we recalculate the probability of a radio-excess
AGN hosted by SFGs using Eq. (28) (see the dark blue region in
Fig. H.1), which is consistent with the results based on the radio-
excess-AGN selection method in Sect. 4 (see the green region
in Fig. H.1). This result indicates that using the M.-dependent
IRRC (Delvecchio et al. 2021) does not alter the results in this
work.

8. Summary

We used the optical to MIR surveys to select an A11 Galaxies
Sample with ~400 000 sources at 0.1 < z < 4 in GOODS-N and
COSMOS/UltraVISTA fields (totaling 1.6 degz; Sect. 2). After
cross-matching with the deep—large radio surveys (1.4 GHz or
3GHz) in these fields, we selected 7494 radio sources with
S/N of radio flux >5 at 0.1 < z < 4 as our Radio Sources
Sample (Sect. 2). Combining this sample with the de-blended
IR photometry in these fields, we calculated the infrared-to-
radio ratio (grr) distributions of these radio sources to select a
Radio-excess AGN Sample with 983 sources (Sect. 4.1). Next
we subdivided all our samples into SFGs and QGs using the UVJ
method. Based on the Radio Sources Sample, we constructed
1.4 GHz radio luminosity functions (RLFs) for SFGs and radio-
excess AGNs at 0.1 < z < 4 (Sect. 5.1), respectively, and stud-
ied their evolutions with redshift. Based on the A11 Galaxies
Sample and Radio-excess AGN Sample, we further investi-
gated the probability of different galaxies populations (SFGs and
QGs) hosting a radio-excess AGN as a function of stellar mass,
radio luminosity, and redshift. The main conclusions we obtain
are shown as follows:

1. The grr value of SFGs shows a weak evolution with red-
shift: grr = 2.62x (1 + 2)7%98 (Sect. 4.2), which is generally
consistent with previous works.

2. The evolution of RLFs with redshift for SFGs can be well
described by the pure luminosity evolution model of L, oc
(1 + z)703%xe+3.57 (Sect. 5.2). The evolution of AGN RLFs
follows the pure density evolution model of @, o« (1 +
1)70'77XZ+2‘69 (SCCt. 53)

3. The evolution of crossover luminosity between SFG RLFs
and AGN RLFs is shown as Lp = 10%2° x (1 +
7)0002+3.05 W Hz~! | which can be used to select powerful
radio-AGNs at different redshifts solely through radio sur-
veys (Sect. 5.4). This result also indicates a decreasing con-
tribution of AGNss to entire radio populations toward higher
redshift.

4. The probability of a galaxy hosting a radio-excess AGN is
shown as a function of stellar mass, radio luminosity, and

redshift: p(Lg | My, z) = 10707 ( %_O )1.()6 ( i_'; )70.77 (11 < )3.08

02070 (M \MAT [ 1\ 060 1

for SFGs, p(Lg | My, 7) = 107070 (§£) (22) 77 (L
for QGs (Sect. 6.3). It indicates that radio-excess AGNs in
QGs reside in more massive galaxies with higher radio lumi-
nosity than those in SFGs. The fractions of radio-excess

AGNSs in both SFGs and QGs are increasing from the local

)2,47

universe to the higher redshift. In addition, this increasing
trend in SFGs is more significant than in QGs.

The above studies can lay the foundation for further investi-
gations with the upcoming revolutionary radio facilities, such
as the Square Kilometer Array (SKA; Dewdney et al. 2009;
Norris et al. 2013; McAlpine et al. 2015) and the Next Gener-
ation Very Large Array (ngVLA; Hughes et al. 2015).
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Appendix A: Spectral energy distribution fitting

CIGALE uses a series of AGN and galaxies templates to effi-
ciently model the observed multi-wavelength data from the
X-rays and far-ultraviolet (FUV) to the far-infrared (FIR) and
radio bands. Through a Bayesian-like approach, this code esti-
mates many fundamental physical properties, such as star for-
mation rate, stellar mass, dust luminosity, AGN contribution,

Table A.1. Model parameters for SED fitting with CIGALE

and other quantities. In the fitting process the galaxy templates
used in this work include the following six modules: star forma-
tion history, single stellar population (Bruzual & Charlot 2003),
dust attenuation (Calzetti et al. 2000), dust emission (Dale et al.
2014), and AGN module (Stalevski et al. 2012, 2016). These
modules and their parameters are summarized in Table A.1. In
Fig. A.1 we present the best-fit SEDs of four radio sources in the
GOODS-N field as examples.

Module Parameter Symbol Values
Star formation history  Stellar e-folding time Tar (10° yr) 50, 100, 250, 500, 1000, 2500, 5000, 10000
[SFR o« texp(—t/7)] Stellar age tytar (108 yr) 100, 250, 500, 1000, 2500, 5000, 10000
Single stellar population Initial mass function - Chabrier (2003)
(Bruzual & Charlot 2003) Metallicity Z 0.02

Dust attenuation Color excess of the nebular lines
(Calzetti et al. 2000)

E(B - V) (mag) 0.005,0.05,0.1-0.7 (step 0.1), 0.9, 1.1, 1.3, 1.5

Galactic dust emission  Slope in dMg,y &« U™*dU a 1.25,1.5,1.75,2.0,2.25,2.5,2.75
(Dale et al. 2014)
AGN (UV-to-IR) AGN contribution to IR luminosity fracagn 0.0, 0.01, 0.1, 0.3, 0.5, 0.7, 0.9, 0.99
Viewing angle 0 30°, 70°
Polar-dust color excess E(B - V)pp (mag) 0.0,0.2,04
Radio SF radio-IR correlation parameter gIr 2.58
Radio-loudness parameter Ragn 0.0, 0.01, 0.1, 1, 10, 100, 1000, 10000
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Fig. A.1. Best-fit SED model from CIGALE fitting for four radio sources as examples. Panels (A), (B), (C), and (D) show radio sources from the
GOODS-N field with redshift z of 0.504, 1.76, 2.33, and 3.48, respectively.
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Appendix B: Correcting the classification purity for
the radio-excess AGNs

We use the cross point between the highest and the second-
highest Gaussian components of grr distribution as the thresh-
old to select radio-excess AGNs (see details in Section 4.1).

model for the highest grir peak (see the highest dotted curves in
Fig. B.1), and Ntor represents the best-fit model for the entire
grir distribution (see the purple solid curves in Fig. B.1). At
the threshold gagn (see the black dash-dotted line in Fig. B.1),
facn is usually below 50% for samples in the COSMOS field,
while fagn is around 100% for the GOODS-N field. It indicates

that the Radio-excess AGN Sample in the GOODS-N have a
nearly 100% AGN purity under the selection threshold used in
this work. Therefore, we only make AGN purity corrections for
the objects in the COSMOS fields. Following Delvecchio et al.
(2022), we use the L 4Gu, threshold converted from the median
IR Iuminosity in each redshift bin to make the purity corrections.

Radio-excess AGNs with gr around the selection threshold
(which corresponds to the gagn in Fig. 3 and the vertical black
dash-dotted lines in Fig. B.1) are partially contaminated by
the SFGs. To correct the classification purity for radio-excess
AGN, we follow Delvecchio et al. (2022) to define fygn as the
1 — Nspg/Nrtor, where Nsgg represents the best-fit Gaussian
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Fig. B.1. Distribution of IR-to-radio ratio (gqir) for SFGs in the Radio Sources Sample (upper row) and fractions of radio-excess AGNs (hosted
by SFGs) in all the SFGs of the Radio Sources Sample (bortom row). Upper row: At each redshift bin (from left to right) the grr distributions
of the GOODS-N field and the COSMOS/UltraVISTA field are shown as the yellow histogram and the violet histogram, respectively. Each dotted
curve represents each single-Gaussian model, while the solid curve represents the best-fit model to the entire grjr distribution. The vertical dashed
line corresponds to the peak position of the highest Gaussian component. The vertical black dash-dotted line represents the threshold used in this
work to separate SFGs and radio-excess AGNs (which corresponds to gagn in Fig. 3; see details in Section 4.1). Bottom row: At each redshift
bin (from left to right) fractions of the radio-excess AGNs for the GOODS-N field and the COSMOS/UltraVISTA field are shown as the yellow
dashed curve and the violet dotted curve, respectively. The parameter fagn is defined as 1 — Nsgg/Nrtor, Where Nggg represents the height of the
highest Gaussian model (the highest dotted curve) at a certain grir value, and Nyor represents the height of the entire best-fit model (entire solid
curve) at a certain gmg value. The vertical black dash-dotted line represents the threshold used in this work to separate SFGs and radio-excess
AGNs (as in the upper panels).
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Appendix C: Radio luminosity function in the radio-excess AGNs, RLFs in these three fields present generally
GOODS-N and COSMOS/UItraVISTA fields consistent results (see detailed discussions in Section 5).

We obtain the radio luminosity function in each field following
the same procedure described in Section 5. For both SFGs and
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Fig. C.1. 1.4 GHz radio luminosity function of SFGs (fop row) and radio-excess AGNs (bottom row) in each field (green circles: GOODS-N; blue
triangles: COSMOS/UltraVISTA). The black solid curves in the top row represent the best-fit model (PLE) for SFGs. The black solid curves in
the bottom row represent the best-fit model (PDE) for radio-excess AGNs.
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Appendix D: Tables of radio luminosity functions for
SFGs and radio-excess AGNs

Table D.1. Radio luminosity function of SFGs obtained with the 1/V,,,x method.

log L] 4GHz lOg () N log L] 4AGHz IOg () N log L] 4GHz IOg () N
[WHz '] [Mpc dex™] [WHz '] [Mpc dex™] [WHz™ '] [Mpc dex™]
0.1<z<05 05<z<10 1.0<z<15
21.07 £0.05 -2.68 +£0.28 4 22.12+0.03 -242+0.26 4 22.88 +0.03 -2.26+0.17 16
21.22+0.02 -1.81+0.27 12 | 2227 +0.04 -2.57+0.15 14 | 23.02+0.03 -3.08+0.14 43
21.38+0.02 -3.18 +0.16 9 2243 +0.02 -2.66+0.10 54 | 23.18+0.02 -3.10+0.11 162
21.52+£0.04 -2.58 +£0.15 28 | 22.57+0.03 -255+0.14 135 | 23.32+0.02 -3.30+0.09 282
21.68 £0.04 -2.65+0.10 48 | 22.72+0.03 -2.84+0.06 213 | 23.47+0.03 -340+0.07 297
21.82+0.03 -2.79+0.13 45 | 22.88+0.02 -292+0.06 332 | 23.62+0.02 -3.70+0.08 222
21.97+0.02 -2.60+0.13 82 | 23.02+0.02 -3.09+0.06 377 | 23.77+0.02 -399+0.09 157
22.12+0.03 -2.67+0.11 124 | 23.18 £0.02 -3.25+0.07 299 | 2393 +0.04 -4.15+0.05 79
2227 +0.03 -3.01+0.13 133 | 23.32+£0.03 -3.54+0.09 204 | 24.07+0.03 —-431+0.19 46
2243 +0.03 -296+0.16 125 | 2347+0.04 -3.79+0.04 115 | 2422+0.05 -5.03=+0.13 11
22.57+0.03 -3.11+0.12 111 | 23.62+0.04 —-4.18+0.06 47 | 2438 +0.04 -5.78 +£0.31 2
22.72+0.03 -3.02+0.13 80 | 23.77+0.03 -4.41+0.08 29
22.88+0.04 —-3.62+0.07 39 | 23.93+£0.03 —-492+0.14 9
23.02+0.02 -3.51+0.21 35 | 24.07+0.05 -527+0.22 4
23.18+£0.04 —-426+0.14 9
2332+0.05 —-4.63+0.22 4
2347 +0.05 -4.63+0.22 4
1.5<z<20 20<z<30 30<z<4.0

23.18+£0.06 -3.09 +0.31 2 23.62+0.05 -3.11+0.13 13 | 23.93+0.04 -3.80+0.31 2
2332+0.05 -3.34+0.18 6 23.77+£0.02 -3.48 +0.07 96 | 24.07+0.03 —-4.11+0.17 12
2347 +0.03 -3.10+0.24 73 | 23.93+£0.03 -3.62+0.08 211 | 24.22+0.03 -3.80+0.16 81
23.62+0.02 -3.41+0.10 230 | 24.07+0.03 -3.83+0.06 317 | 2438+0.04 -3.89+022 120
23.77+£0.03 -3.63+0.07 283 | 2422+0.03 —-4.12+0.07 226 | 24.52+0.03 —-4.40+0.05 81
2393 +0.03 -3.88+0.08 208 | 24.38+0.03 —-4.19+0.09 176 | 24.68 +0.04 -4.63 +0.06 58
24.07£0.03 —-4.06+0.09 162 | 2452+0.04 —4.48+0.05 91 | 24.82+0.04 -5.07+0.09 22
2422 +0.04 —-4.28 £0.05 70 | 24.68 £+0.04 -4.99 +0.08 30 | 2497 +0.03 -558+0.16 7
2438 £0.03 -4.70 +0.08 27 | 24.82+0.03 -545+0.14 10
2452 +0.03 —4.99 +0.12 14 | 2497 +0.03 -5.86+0.22 4

A79, page 20 of 25

Notes. N is the source number in each luminosity bin.



Wang, Y., et al.: A&A, 685, A79 (2024)

Table D.2. Radio luminosity function of radio-excess AGNs obtained with the 1/V},.x method.

log Ly 461, log ® N | logLy4cH, log @ N | logLi4cH, log @ N
[WHz']  [Mpc™ dex™'] [WHz']  [Mpc™ dex™'] [WHz']  [Mpc™ dex™']
0.1<z<05 05<z<1.0 10<z<15

2205+0.05 —328+027 3 |2205+0.11 —315+031 2 |2325+007 —410x029 3
2295+0.06 —4.18+0.09 12 |2235+0.12 -2.87+030 3 |2355+005 -382+020 19
2325+0.08 —427+0.10 24 |2265+0.03 -353+029 3 |2385+0.09 -435+025 53
23.55+0.08 —4.53+0.14 22 |2295+0.09 -3.83+0.18 15 |24.15+0.05 -438+0.15 62
23.85+0.06 —4.83+0.19 18 |23.25+0.06 -3.85+0.18 45 |2445+0.08 -4.74+0.07 43
24.15+0.06 —493+022 11 |23.55+0.05 -4.01+0.13 81 | 2475+0.07 -520+0.11 16
2445+0.03 -483+0.19 6 |23.85+0.05 -417+0.15 65| 2505+006 -517+0.11 16
2475005 —523+031 4 | 2415+0.06 -448+0.06 49 | 2535+0.13 -560+0.18 6

2505+0.07 -523+031 5 |2445+0.07 -476+0.09 26

2475+0.05 -5.17+0.14 10

25.05+006 -527+0.15 8

2535+0.07 -570+025 3

15<z<20 20<2z<30 30<z<40

2325+0.12 —354+034 3 | 2355+0.08 —383+040 2 |2445+007 —-460+022 4
23.55+0.08 —429+027 3 |2385+0.07 -384+020 9 [2505+0.10 -589+0.16 4
24.15+0.01 -435+026 8 |24.15+0.04 -475+025 8 |2535+0.08 -628+025 7
24.45+0.08 —470+0.19 30 | 2445+0.07 -4.63+022 23 |2565+006 -6.06+0.19 3
2475004 —475+£022 42| 2475+0.09 -539+0.09 23 |2595+0.03 -6.15+022 5
2505+0.11 -534+0.12 33 |2505+0.06 -545+0.09 21 |2625+005 -645+031 4

2535+0.07 -545+0.14 13 | 2535+0.05 -578+0.14 10

25.65+0.07 -585+022 10| 2565+0.10 -630+025 3

2625+0.07 —6.15+031 4 |2595+0.11 -630+025 3

2625+0.07 -6.08+0.19 5

2685+0.13 —630+025 3

Notes. N is the source number in each luminosity bin.
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Appendix E: Radio luminosity function for same procedure described in Section 5. We found a similar evo-
radio-excess AGNSs split into the subsets hosted lution trend for radio-excess AGNs hosted by different popula-
by SFGs and QGs tions to that for low-excitation radio galaxies in Kondapally et al.

(2022) (see detailed discussions in Section 5.3).
We obtain the radio luminosity function for radio-excess AGNs
hosted by different populations (SFGs and QGs) following the
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Fig. E.1. 1.4 GHz radio luminosity function of all the radio-excess AGNs (black squares) split into the subsets hosted by SFGs (blue triangles)
and QGs (red circles). The grey solid curves represent the best-fit PDE model for all the radio-excess AGNs and the gray regions represent the 1o
uncertainty of the best-fit model.
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Appendix F: Simple y? fits to the probability of
hosting a radio-excess AGN in each redshift bin

As Equations 22 and 23 show, at each fixed Lg (or M,), we
assume a simple power-law relation for p(Lgr | M, z) as a func-
tion of M, (or Lg). Then we apply y? fits to the data (see colored
symbols in Fig. F.1 and Fig. F.2). The best-fit model in each Lg
(or M, ) bin is shown as the colored line in the left column of
Fig. F.1 (or Fig. F.2). The best-fit parameters in each Lg (or M,.)
bin are shown as colored points in the right column of Fig. F.1
(or Fig. F.2). For more details about analysis and discussion, we
refer to Section 6.3.3.
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Fig. F.1. Probability density function p(Lg | My, z) of a SFG hosting a
radio-excess AGN with a given 1.4 GHz luminosity Ly as a function of
stellar mass M, (left column) and the corresponding best-fit parameters
(right column). Left column: At each redshift bin (from top to bottom)
the different colors represent different Lr bins. Each dashed line rep-
resents the best-fit power-law relation for p(Lr | M., z) as a function
of M, in each Ly bin (defined by Equation 22). Right column: Best-fit
slope b (upper panel at each redshift bin) and intercept a (bottom panel
at each redshift bin) of the above power-law relation. The different col-
ors represent different Ly bins (same as those in the left column). In
the upper right panel of each redshift bin, the gray dashed line shows
the mean of slopes over all the Ly bins (b), while the gray region rep-
resents b + 0.1. In the bottom right panel of each redshift bin, the pink
dashed line shows the mean of intercepts over all the Ly bins (@), while
the pink region represents & + 0.1. The region scale (+0.1) is just a ref-
erence value to show the difference between each data point with the
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Fig. F.2. Probability density function p(Lg | M,, z) of a SFG with a
given stellar mass M, hosting a radio-excess AGN as a function of 1.4
GHz luminosity L (left column) and the corresponding best-fit param-
eters (right column). Left column: At each redshift bin (from top to bot-
tom) the different colors represent different M, bins. Each dashed line
represents the best-fit power-law relation for p(Lg | M, z) as a function
of Lg in each M, bin (defined by Equation 23). Right column: Best-fit
slope d (upper panel at each redshift bin) and intercept ¢ (bottom panel
at each redshift bin) of the above power-law relation. The different col-
ors represent different M, bins (same as the left column). In the upper
right panel of each redshift bin, the gray dashed line shows the mean of
slopes over all the M, bins (d), while the gray region represents d +0.1.
In the bottom right panel of each redshift bin, the pink dashed line shows
the mean of intercepts over all the M, bins (¢), while the pink region
represents ¢ = 0.1. The region scale (+0.1) is just a reference value to

show the difference between each data point with the mean value.
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Appendix G: Probability of hosting radio-excess ies based on maximum-likelihood fitting over the entire redshift
AGNs in QGs and all the galaxies range.

Similar to Section 6.3 (mainly for SFGs), here we show the prob-
ability of hosting a radio-excess AGN in QGs and all the galax-
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Fig. G.1. Estimates of p(Lgr | M,, z) as a function of M, and Ly based on our maximum-likelihood fitting results for QGs. The colored dashed
lines in the top and bottom rows represent our best-fit model from the unbinned maximum-likelihood fitting (see Equation 28 and Table 2) through
combining data in the three fields (GOODS-N and COSMOS/UltraVISTA) over the entire redshift range (0.1 < z < 4) evaluated at the center of
each redshift bin. The binned data points are scaled with the probability estimated by the model (see Equation 28) using the Nyps/Nmg method of
Aird et al. (2012) (see details in Section 6.3.3). In the top panel, the different colors represent different M, bins. In the bottom panel, the different
colors indicate different Ly bins.
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Fig. G.2. Same as Fig. 8 and Fig. G.1, but for all galaxies.
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Appendix H: Evolution of p(Lgr | M4, z) in SFGs
considering the M, -dependent IRRC

In order to examine whether the M, -dependent IRRC will affect
our results, we follow van der Vlugt et al. (2022) to select radio-
excess AGNs with grr deviating more than 30 from the M-
dependent IRRC of Delvecchio et al. (2021). To compare with
the results shown in Section 6.3 (green region in Fig. H.1),
we also use Equation 28 to recalculate the probability of SFGs
hosting a radio-excess AGN (see the dark blue region in Fig.
H.1). Figure H.1 shows that using the M,-dependent IRRC
(Delvecchio et al. 2021) does not alter the results in this work.
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Fig. H.1. Best-fit parameters of the maximum-likelihood fitting for
p(Lr | M, z) in SFGs over the entire redshift range. The green regions
correspond to the best-fit parameters based on the sample selected by
the method in Section 4 (same as the blue region in Fig. 7). The dark
blue regions correspond to the best-fit parameters based on the sample
selected by the M,-dependent IRRC (Delvecchio et al. 2021, see details
in Section 7).
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