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Abstract

We present the radio properties of 66 spectroscopically confirmed normal star-forming galaxies (SFGs) at
4.4 < 7<5.9 in the COSMOS field that were [C IT]-detected in the Atacama Large Millimeter /submillimeter Array
Large Program to INvestigate [C 1] at Early times (ALPINE). We separate these galaxies (“C II-detected-all”’) into
lower-redshift (“C II-detected-1z”; (z) =4.5) and higher-redshift (“C II-detected-hz”; (z) = 5.6) subsamples, and
stack multiwavelength imaging for each subsample from X-ray to radio bands. A radio signal is detected in the
stacked 3 GHz images of the C II-detected-all and 1z samples at >30. We find that the infrared—radio correlation of
our sample, quantified by grig, is lower than the local relation for normal SFGs at a ~3¢ significance level, and is
instead broadly consistent with that of bright submillimeter galaxies at 2 < z < 5. Neither of these samples show
evidence of dominant active galactic nucleus activity in their stacked spectral energy distributions (SEDs), UV
spectra, or stacked X-ray images. Although we cannot rule out the possible effects of the assumed spectral index
and applied infrared SED templates in causing these differences, at least partially, the lower obscured fraction of
star formation than at lower redshift can alleviate the tension between our stacked grrs and those of local normal
SFGs. It is possible that the dust buildup, which primarily governs the infrared emission, in addition to older stellar
populations, has not had enough time to occur fully in these galaxies, whereas the radio emission can respond on a
more rapid timescale. Therefore, we might expect a lower grr to be a general property of high-redshift SFGs.

Unified Astronomy Thesaurus concepts: Star formation (1569); Submillimeter astronomy (1647); High-redshift
galaxies (734); Galaxy evolution (734); Radio astronomy (594)

1. Introduction 1985; Helou et al. 1985; Condon 1992; Yun et al. 2001; Bell
et al. 2003). Early observations have concluded that the IR-
radio correlation (IRRC) does not appear to have evolved over
the past 10-12 Gyr of cosmic history (e.g., Garrett 2002;
Appleton et al. 2004; Ibar et al. 2008; Sajina et al. 2008; Garn
et al. 2009; Murphy 2009; Jarvis et al. 2010; Sargent et al.
2010; Bourne et al. 2011; Mao et al. 2011; Smith et al. 2014).

A tight correlation between the total infrared (IR) and radio
luminosity of star-forming galaxies (SFGs) has been known for
decades, and was initially found to hold over three orders of
magnitude for both IR and radio luminosity (e.g., de Jong et al.

Original content from this work may be used under the terms . . . . .
of the Creative Commons Attribution 4.0 licence. Any further The IRRC is commonly quantified by the loge.lrlthnnc ratio of
distribution of this work must maintain attribution to the author(s) and the title the total IR (8-1000 ym) and 1.4 GHz luminosities (grr)-
of the work, journal citation and DOIL. Based on this tight IRRC, radio luminosity is well calibrated
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and is used as a star formation rate (SFR) indicator (e.g.,
Condon 1992; Bell et al. 2003). Meanwhile, the excess of radio
luminosity as compared to the IRRC has been used to identify
active galactic nuclei (AGNs; e.g., Donley et al. 2005; Del
Moro et al. 2013; Lemaux et al. 2014; Shen et al. 2017).

Star formation activity is known to be responsible for the
existence of the IRRC, although the detailed physical
mechanism and process remain unclear (e.g., Voelk 1989;
Helou & Bicay 1993; Bell et al. 2003; Lacki & Thomp-
son 2010). The IR originates from young massive stars that
emit UV photons, which are absorbed by dust and reemitted in
the IR region. The process is more complicated for the radio
continuum emission, which originates from two components:
(1) thermal emission from free—free interactions of ionized
particles due to the H II regions surrounding recently formed
high-mass stars; and (2) nonthermal synchrotron emission due
to the supernovae of these stars after ~10 Myr (e.g.,
Condon 1992). The radio continuum emission is expected to
be modified at high redshift, due to the increasing typical
interstellar medium (ISM) density and stronger magnetic fields,
which in turn enhance the radio emission (Schleicher &
Beck 2013). In addition, the smaller dust attenuation factor
observed in high-redshift galaxies may affect the IRRC in
terms of decreasing the expected IR emission (e.g., Carilli et al.
2008). Nevertheless, the contributions of AGNs to IR emission
(e.g., Mor & Netzer 2012; Mullaney et al. 2012; Symeonidis
et al. 2016; Lyu et al. 2017; Lyu & Rieke 2017) and to radio
luminosity (e.g., Condon 1992; Del Moro et al. 2013) are
known to affect the IRRC, as shown by the lower grr value.

More recent studies have found a moderate, but statistically
significant, evolution of the IRRC (Ivison et al. 2010; Casey
et al. 2012; Magnelli et al. 2015; Calistro Rivera et al. 2017;
Delhaize et al. 2017). In particular, Delhaize et al. (2017) have
well quantified the evolution of grr out to z~3 for SFGs
using the deep 3 GHz data of Smolci¢ et al. (2017a) and
Herschel data (Lutz et al. 2011; Oliver et al. 2012) in the
Cosmic Evolution Survey (COSMOS) field. These results
agree with the expected evolution of the IRRC, with an
enhanced radio emission and/or a decreased IR emission at
z~ 3. However, studies have found that the grjr depends on
the radio luminosity (Molnar et al. 2021), the stellar mass
(Giirkan et al. 2018; Delvecchio et al. 2021; Smith et al. 2021),
and the observed radio frequency due to the different values of
radio slope (An et al. 2021), with the dependence of these being
stronger than that on redshift.

While attempts to quantify the IRRC for high-z SFGs (z > 3)
have been made, past studies have only investigated sub-
millimeter galaxies (SMGs; Murphy 2009; Michatowski et al.
2010; Thomson et al. 2014; Smolci¢ et al. 2015; Miettinen
et al. 2017; Algera et al. 2020). These studies have found that
SMGs at high redshift (z > 2) generally lie significantly below
the canonical g ratio of local normal SFGs (Murphy 2009;
Smolci¢ et al. 2015; Miettinen et al. 2017; Algera et al. 2020).
However, SMGs provide only a biased view of the intensely
star-forming population with SFR > 1000 M, yr '. Existing
observations of radio and IR for normal SFGs, lying on the
SFR-M, relation for SFGs at these redshifts (e.g., Speagle
et al. 2014; Tasca et al. 2015; Tomczak et al. 2016; Pearson
et al. 2018; Khusanova et al. 2020), have not been conducted
individually or statistically. The Atacama Large Millimeter/
submillimeter Array (ALMA) Large Program to INvestigate
C™* at Early Times (ALPINE) survey provides measurements of
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the rest-frame far-IR (FIR) continuum emission for a
representative sample of 118 normal SFGs at 4.4 <z <5.9.
Using this data set, combined with the available deep radio
observations for most of these galaxies, we here investigate the
IRRC of normal high-z SFGs via a stacking analysis. In this
paper, we present the ancillary data available for our sample
and the sample selection in Section 2. In Section 3, we describe
the stacking method and the spectral energy distribution (SED)
fitting, which estimates the AGN contribution to the total IR
luminosity (fagn). Our results for the radio detection, the gg,
and the fraction of the AGN component are presented in
Section 4. We discuss a possible explanation for the lower g1r
in Section 5. We conclude with a summary in Section 6. In this
paper, we assume the Chabrier (2003) initial mass function
(IMF) and a A cold dark matter cosmology, with Q, = 0.7,
Q= 0.3, and Hy = 70 km s ! Mpcfl.

2. Data and Sample Selection
2.1. ALPINE

ALPINE is a large ALMA program (Project ID: 2017.1.00428.
L; PI: O. Le Fevre; see also, e.g., Béthermin et al. 2020; Faisst
et al. 2020b; Le Fevre et al. 2020), which is aimed at measuring
[C 1] 158 um and rest-frame FIR continuum emissions from a
representative sample of 118 main-sequence galaxies at
44 <z7<5.9. All galaxies are selected to be spectroscopically
confirmed with rest-frame UV spectroscopy from the VIMOS
Ultra Deep Survey (VUDS; Le Fevre et al. 2015; Tasca et al.
2017) and the COSMOS 10K survey (Capak et al. 2004; Mallery
et al. 2012; Hasinger et al. 2018) in the redshift range of
4.3 < Zgpec <4.6 and 5.1 < zgpec < 5.9. The gap in the redshift
range is due to the presence of an atmospheric absorption feature.
Galaxies were selected to have SFRggp =10 M, yfl from
COSMOS (105 galaxies; Scoville et al. 2007) and the Extended
Chandra Deep Field South (ECDEFS, 13 galaxies; Giacconi et al.
2002). Broad-line AGNSs, identified by their rest-frame UV
spectra, were not selected as ALPINE targets. One galaxy in the
ALPINE sample was found to be detected at X-ray wavelengths,
indicating AGN activity, though it is not a type-1 AGN
(see Section 2.5 for more details). The construction and the
physical properties of the sample are described in Faisst et al.
(2020b) and Le Feévre et al. (2020). The ALMA observations and
the data reduction are fully described in Béthermin et al. (2020).

2.2. Radio Data

The ALPINE galaxies in the COSMOS field were covered
by the Very Large Array (VLA) at 3 GHz, in the VLA-
COSMOS 3 GHz Large Project (Smolcic¢ et al. 2017a), and at
1.4 GHz, in several campaigns (Bertoldi et al. 2007; Schinnerer
et al. 2007, 2010). The 3 GHz images were mapped with the
VLA S band in the A and C configurations. The final 3 GHz
images have a sensitivity of 2.3 pJy beam ', and the
synthesized beam is 0775. A total of 10,830 sources were
detected above 50, using the BLOBCAT software. The 1.4 GHz
images were observed with the VLA L band in the A and C
configurations, the synthesized beam being 1”5 x 174. The
final 1.4 GHz images have a sensitivity of ~8 ;Jy beam ' in
the central 30’ x 30’ and ~12 uJy beam ™' over the full area,
respectively (Karim et al. 2011). Using the AIPS task SAD, a
total of 2865 sources were identified at >S50 significance in the
final VLA-COSMOS mosaic (Schinnerer et al. 2010). The
ALPINE galaxies in the ECDFS field are only observed by the
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VLA at 1.4 GHz. The final image has a best sensitivity of
6 uJy/beam. Using the AIPS task SAD and JMFIT, a total of 883
sources are identified at >4 significance (Miller et al. 2013).

We cross-match the 3 GHz and 1.4 GHz sources to ALPINE
galaxies using the 2" search radius, separately. Only one
ALPINE galaxy (DEIMOS_COSMOS_842313) is matched to
a 3 GHz source (COSMOSVLA3 J100054.49+023436.2) in the
2" search. It is known that DEIMOS_COSMOS_842313 has an
extremely bright neighbor, identified as SC_2_DEIMOS_COS-
MOS_842313 in Béthermin et al. (2020), also known as J1000
+0234 (Schinnerer et al. 2008) or AZTEC/C17 (Brisbin et al.
2017). This 3 GHz source is closer to SC_2_DEIMOS_COS-
MOS_842313, with a separation of 0”12, as compared to 1717
to DEIMOS_COSMOS_842313, suggesting that the former is
the match to the radio source. Thus, none of the ALPINE
galaxies are individually detected in the 3 or 1.4 GHz images. In
the absence of individual detections, we apply a stacking method,
which is described in Section 3.1, to investigate the statistical
radio properties of ALPINE galaxies.

2.3. FIR Data

The ALMA observations were conducted between 2018
May 7 (Cycle 5) and 2019 January 10 (Cycle 6), using antenna
configurations C43-1 and C43-2. The integration times ranged
from 15 to 45 minutes, with an average time of 22 minutes. The
[C 1] intensity maps and FIR continuum maps at rest-frame
158 pm were produced using the line and line-free channels,
respectively (see the details in Béthermin et al. 2020). The
resulting median sensitivity of the continuum maps is 41 pJy/
beam, in the range of 16.8-72.1 uJy/beam. The average
synthesized beam is 1713 x 0”85.

2.4. Optical/IR Imaging

The existing imaging data for the ALPINE galaxies in the
COSMOS and ECDFS fields are summarized in Faisst et al.
(2020b). Briefly, these include B, V, g*, ", i*, and 7', as
well as 12 intermediate-band and two narrow-band filters from
the Suprime-Cam on Subaru, the g, 1, i, z, and y bands from the
Hyper Suprime-Cam on Subaru, as well as the near-IR (NIR)
bands Y, J, H, and Ks from VIRCAM on the VISTA telescope.
All the ALPINE galaxies except one are observed in Advanced
Camera for Surveys/Hubble Space Telescope F814W (Koe-
kemoer et al. 2007; Scoville et al. 2007). In addition, the
galaxies are covered by the four IRAC/Spitzer channels from
3.6 um to 8.0 um from the SPLASH survey> (Steinhardt et al.
2014; Laigle et al. 2016) and MIPS/Spitzer 24 ym from
S-COSMOS (Sanders et al. 2007; Le Floc’h et al. 2009).

Nine ALPINE galaxies are covered by the NB2071 and
NB2083 narrow-band imaging taken with the Multi-Object
Infrared Camera and Spectrograph (Ichikawa et al. 2006;
Suzuki et al. 2008) on the Subaru Telescope, as part of the
Charting Cluster Construction with the VUDS (Le Fevre et al.
2015) and ORELSE (Lubin et al. 2009) surveys (Lemaux et al.
2022; Shen et al. 2021). These observations are designed to
target the [O II] emission in the massive protocluster PC1 J1001
40220 at z ~4.57 and its surroundings in the COSMOS field
(Lemaux et al. 2018). For more details of the data reduction,
see Vanderhoof et al. (in preparation).

3 hitp: //splash.caltech.edu/
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2.5. X-Ray Data

The Chandra-COSMOS Legacy Survey (Civano et al. 2016;
Marchesi et al. 2016a) identified 4016 X-ray sources down to a
flux limit of fy~8.9 x 107'® erg s~' cm ™2 in the 0.5-10 keV
band. The Chandra-COSMOS Legacy catalog was matched with
the UltraVISTA catalog using the Likelihood Ratio technique
(Sutherland & Saunders 1992), which provides a more statistically
accurate result than a simple positional match (for more details,
see Laigle et al. 2016). One ALPINE galaxy (DEIMOS_COS-
MOS_845652) was found to be an AGN detected with
Ly jorey = 1074 erg s ! using flux measured in the 0.5-2 keV
band (corresponding to the rest frame of the 2-10keV band at
z ~5) and assuming I = 1.4, following Equation (4) in Marchesi
et al. (2016b). Such luminosity places it in the AGN regime, with
Ly 1okev = 10* erg s " being the typical threshold for separating
AGNs and SFGs (Marchesi et al. 2016c¢). Nevertheless, none of
our results are affected by this galaxy, since all of our results are
based on median stacking, which eliminates the possible effects of
a single galaxy.

2.6. Spectra

The rest-frame UV spectroscopic data from which the
ALPINE sample is selected are combined from various large
surveys. Of the 105 ALPINE galaxies in the COSMOS field,
84 spectra are obtained from DEIMOS at the Keck Observatory
in Hawaii (Capak et al. 2004; Mallery et al. 2012; Hasinger
et al. 2018), and the remaining spectra are obtained from
VIMOS at the VLT in Chile (Le Fevre et al. 2005; Tasca et al.
2017). Their spectral resolutions are different, with R ~230 for
VIMOS and R ~3200 for DEIMOS. See Faisst et al. (2020b)
for more details on the spectra of ALPINE galaxies.

2.7. Sample Selection

We select the ALPINE galaxies in the COSMOS field that have
[C 11] detections at a signal-to-noise ratio (S/N) >3.5 (Béthermin
et al. 2020). This [C 1] detection criterion selects galaxies that are
more likely to have usable radio and FIR fluxes, since the
presence of [C 1I] both guarantees the redshift to be correct and
increases the chance of appreciable FIR flux. Even so, this
criterion potentially introduces selection bias. Both the median of
the stellar mass and that of the SFR are increased by 0.1 dex
relative to the full ALPINE sample when imposing the [C II]
detection cut. In addition, this criterion might potentially bias
galaxies having AGN activity. However, we applied various tests
to our sample and did not find evidence of AGN activity, as
discussed in Section 4.3. Of the total 118 ALPINE galaxies, the
[C 1] line is detected in 75 of them. We select galaxies only in the
COSMOS field, due to the availability of the 3 GHz observation.
Our final sample contains 66 ALPINE galaxies, including 43
galaxies at z ~ 4.5 and 23 galaxies z ~ 5.6. We name the galaxies
in the full, lower-redshift, and higher-redshift samples as “C 1I-
detected-all,” “C H-detected-lz,” and “C I-detected-hz,” respec-
tively. The median properties of each subsample are summarized
in Table 1.

3. Methods

3.1. Image Stacking and Flux Measurements

Since none of the ALPINE galaxies are individually detected in
the 3 and 1.4 GHz images, we carry out a stacking analysis. In
order to systematically compare the radio luminosity with the IR
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Table 1
Properties of the Three Subsamples
Subsample Num. of (z) (log(My)) (SFRsED) (SFRyv) (SFRR) (SFRyqy)
(Galaxies) (log(M..)) M, yr™") M yr 10 M, yr™") My yr
@ (@) 3 “ (5 © @) ®
C D-detected-all 66 4.57 9.8 29.4 16.9 14.7 31.6
C I-detected-1z 43 4.54 9.8 31.9 16.6 24.6 41.2
C II-detected-hz 23 5.63 9.8 26.9 17.3 11.6 28.9

Note. Column (1): the name of the subsample. Column (2): the number of galaxies in each subsample. Column (3): the median of the spectroscopic redshift derived
from [C 11]. Columns (4)—(5): the median of the stellar mass and SFRggp for each subsample derived from LE PHARE (see Faisst et al. 2020b). Column (6): the median
of the SFRyy using the absolute rest-frame FUV luminosity provided by the ancillary ALPINE catalog (Faisst et al. 2020b) and calculated by SFRyy = kyvLruvy,
where kyy = 1.47 x 1071° M, yr’1 Lg]. Column (7): the median of the SFRgr using the L;z measured from the median-stacked FIR image and following the
method described in Section 4.2 (see also Béthermin et al. 2020). SFRgy is calculated by SFRg = kirLig, Where kig = 1.02 x 107'° M, yr' L', Column (8): the

median of the SFR,, by adding columns (6) and (7).

luminosity and perform SED fitting, we stack FIR continuum
maps from ALMA and available optical/NIR/mid-IR (MIR)
imaging. Two stacking methods that are commonly used are the
mean or median. The former method is preferred for a population
that exhibits an approximately Gaussian flux distribution, and
requires the absence of close neighbors that contribute appreciable
flux. On the other hand, median stacking is insensitive to the
presence of outliers, and has the advantage that all the data can be
used without qualifications from neighboring objects (e.g., Carilli
et al. 2008; Karim et al. 2011; Man et al. 2016; Leslie et al. 2020),
although it builds the S/N more slowly. As our data do not
present ideal conditions for mean stacking, we adopt the median
stacking method for all available bands.

We require accurate source positions in order to stack the
images at the locations of the galaxies. Faisst et al. (2020b)
measured the astrometric offset of the individual ALPINE
galaxies between the COSMOS2015 catalog and the Hubble
Space Telescope (HST) images that aligned to the Gaia reference
frame. We adopt these Gaia-corrected coordinates as the locations
of the galaxies for all images, except the 3 GHz images. A small
systematic astrometric offset has been identified by a positional
matching of the 3 GHz sources with the COSMOS2015 catalog,
using a search radius of 0”8 (Smol¢i¢ et al. 2017b). We use the
optical position in COSMOS2015 after correcting for the
systematic offset of the 3 GHz data using the best-fitting linear
relations reported in SmolCi¢ et al. (2017b).>* Note that no
astrometric offset has been found in the 1.4 GHz data. The
relative and absolute astrometry of the 1.4 GHz image are 130
and <55mas, respectively (Schinnerer et al. 2007). The
relative astrometry is tested by comparing the positions of the
sources extracted from each single pointing with those from the
combined mosaic, and with those from the VLA FIRST survey
catalog (Becker et al. 1995).

The stacking and detection are straightforward. For the galaxies
in each subsample and each band, we create a 40" x 40” cutout of
the image, centered on the applied coordinates of each galaxy. We
then calculate the median-stacked image of Ny To create
stacked images free from projected bright sources, we remove
sources detected above >5¢ significance, based on the 3 GHz
catalog (Smolci¢ et al. 2017b), the 1.4 GHz catalog (Schinnerer
et al. 2010), and the serendipitous detection catalog from
Béthermin et al. (2020) for FIR. These sources are removed by

24
R.A=R.Ais + (—0.041R. A6 + 6.1)/3600

decl.=decl..;6 + (0.058decl..;6 — 0.147)/3600.

fitting a 2D elliptical Gaussian within a 4” x 4" box, using the
astropy fitting tools (Astropy Collaboration et al. 2013, 2018).
These sources are found to be point sources in all radio and FIR
images, by visual examination. This box size was then chosen
based on the beam size of the radio/FIR images, so that it was
slightly larger than these point sources. Except for one of 3 GHz
sources, which was found to be 1717 away from an ALPINE
galaxy (DEIMOS_COSMOS_842313), the separations between
these point sources and our sample are larger than the beam sizes
of the corresponding images, excluding the cases where the fluxes
in the beam area of the ALPINE galaxies have been removed.

For the radio and FIR stacks, we adopt the CASA task imfit to
measure the peak and total fluxes, by fitting one Gaussian
component restricted to the central 3" x 3” box. The detection
threshold is set to a peak three times above the local rms noise.
For nondetections, we adopt 3¢ as the upper limit, where o is the
rms of the stacked image obtained by the CASA task imstat,
derived in the full 40” x 40" stacked image. For optical/NIR/
MIR stacks, we adopt SExtractor (Bertin & Arnouts 1996) and
measure the 3" aperture flux at the center of each stacked image.
The detection threshold is set to an aperture flux five times above
the associated aperture flux error. For nondetections, we adopt 3o
as the upper limit, where o is measured from the flux scatter of
randomly distributed 3" apertures. An additional flux correction is
applied to IRAC images to obtain the total fluxes, following Ilbert
et al. (2008). We show all of the stacked images for the C II-
detected-all sample in Figure 5 in Appendix A.

To estimate the uncertainties on the stacked fluxes that
represent the sample variance, we perform a bootstrap analysis
by randomly drawing, with replacement, Ny galaxy cutouts
(from our initial list of galaxies) and creating a new median
stack. We then measure the fluxes for each bootstrap stack
using the same method as was used for the original stack. We
repeat this process 100 times. When CASA imfit failed, such
that no Gaussian component was successfully fitted, we
adopted the 3” aperture flux. It has been found that the fluxes
obtained by 2D Gaussian fitting and aperture measurements are
in excellent agreement overall (Béthermin et al. 2020). We
adopt the 16th and 84th percentiles of the bootstrap fluxes as
our errors on the peak and total fluxes, to represent the sample
variance. Note that we do not apply a detection threshold for
the bootstrap fluxes.

Using ALPINE data, Romano et al. (2021) found that a large
fraction (~40%) of [C I]-detected ALPINE galaxies are
mergers. The majority of them have small projected distances
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between the centers of the merger components (7, < 10 kpc), as
found by inspecting their [C 1I] intensity maps. Thus, we expect
the majority of the components in these mergers to be covered
by the 3” box (corresponding to 19 kpc at z = 5) for radio/FIR
images or the 3” aperture for optical/NIR images. The
widespread presence of such merging activity may introduce
smearing and offsets in the radio images, which might be one
of the reasons that we observe offsets in our radio-stacked

images (see Section 4.1).

3.2. Estimating the AGN Contribution and SFR from SED
Fitting

We employed the SED fitting Code Investigating GALaxy
Emission (CIGALE; Boquien et al. 2019) in order to constrain
the AGN contribution to the IR luminosity of our stacked
samples, in a self-consistent framework that considers the
energy balance between the UV /optical and the IR. We set the
templates and parameters in CIGALE to be consistent with the
previous SED fitting for ALPINE galaxies that was done with
LE PHARE (Arnouts et al. 1999; Ilbert et al. 2006), as described
in Faisst et al. (2020b). In detail, we adopted a delayed
exponential star formation history (SFH; sthdelayed), allowing
the range of 7 and age to be similar to those used in Faisst et al.
(2020b). We assumed a Chabrier (2003) IMF and the stellar
population synthesis models presented by Bruzual & Charlot
(2003), with solar (Z:) and 0.2 Z. metallicity. The dust
attenuation follows the Calzetti et al. (2000) extinction law,
allowing the color excess Ey(B — V) to vary from 0 to 0.5. Note
that the absorption UV bump feature produced by dust at
2175 A is set to zero, because the stacked SEDs do not have
enough spectral resolution to meaningfully constrain it. For the
dust emission module, we adopted the dust templates of Draine
et al. (2014), to remain consistent with the best-fit IR SED
template found for ALPINE analogs in the COSMOS field,
which was used to derive the IR Iuminosity from the rest-frame
158 pm continuum fluxes (Béthermin et al. 2020). This best-fit
IR SED template has a mean intensity of the radiation field
(U) =50, with fixed values of the maximal radiation field
(Umax = 106), the fraction illuminated from Uy, to Upax
(y = 0.02), the power-law index (aw=2), and the polycyclic
aromatic hydrocarbons (PAH = 2.5%; Magdis et al. 2012;
Béthermin et al. 2015, 2017). Following this best-fit IR SED
template, we set the parameters in the dust model, only
allowing the the minimal radiation field U,y;, to vary from 30 to
40, corresponding to (U) = 37-50.

For the AGN module, we adopt the latest SKIRTOR
template that is implemented in CIGALE (Yang et al. 2020).
We retain the default parameters in the AGN module, other
than setting the viewing angle i to 30° and 70° for type-1 and
type-2 AGNS, respectively, and the full range of AGN fraction
(fagn) from 0 to 0.9, a fraction that denotes the contribution
from the AGN to the total IR luminosity (Ciesla et al. 2015).
We note that only two viewing angles are selected, in order to
obtain the most informative parameters. Ramos Padilla et al.
(2022) have tested the effect of the viewing angles in AGN
classification, and found that limiting the viewing angles
representing these two types of AGNs (30°/70°) does not
affect the estimated physical parameters (i.e., fagn) as
compared to using the full range of viewing angles.

For radio synchrotron emission, either from star formation or
AGNSs, we allow the g to vary in the range of 1.5 to 3.0, to
cover the gr of local normal SFGs (Bell et al. 2003) and those
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Table 2
Parameter Ranges Used in the SED Fitting with CIGALE

Parameter Values

SFH sfhdelayed

7 [Myr] 100, 500, 1000, 3000
Age [Myr] 50-1100

Simple Stellar Populations (Bruzual & Charlot 2003)
IMF Chabrier (2003)
Metallicity (Z.,) 1, 0.02

Dust Attenuation (Calzetti et al. 2000)
EB - V), 0.0-1.1
E(B - V)fm:mr 0.44
Slope of the power law —0.5,-0.25,0
Dust Emission (Draine et al. 2014)
Mass fraction of PAH 2.5%
Minimum radiation field 30, 35, 40
Power slope dU/dM < U™ “ 2.0
Dust fraction in photodissociation regions 0.02
AGN Emission
0 30, 70
JaoN 0-0.9
Radio Emission

R 1.5, 1.75, 2.0, 2.25, 2.5, 3.0
« 0.7

expected for SFGs and/or AGNs at z~5 (Delhaize et al.
2017). We adopt a single spectral slope of power-law
synchrotron emission Q.qi, = 0.7, since we do not have
detections in enough radio bands to constrain the radio spectral
slope (see the discussion of the selection of « in 4.1).

Finally, we adopt the “pdf analysis” method in CIGALE to
compute the likelihood (x*) for all the possible combinations of
parameters, and generate the marginalized probability distribu-
tion function for each parameter and each galaxy stack. More
details of the parameter settings are shown in Table 2. In
addition, we adopt a mock analysis in CIGALE to derive the
uncertainty of the estimated parameters, based on the
photometric errors. The mocks are built based on the best fit
for each object, and are modified by sampling from a Gaussian
distribution with the same standard deviation as the uncertainty
on the observation. For further discussion of this method, see
the Appendix of Shen et al. (2020). We generate 100 mocks for
each stacked SED and adopt the 16th/84th percentiles as the
uncertainty on each parameter.

We run CIGALE on the photometry measured from the stacked
ground-based observations in u, B, V, it zt Y, Yase Jusc
Hysc, Husc, Ks, the intermediate bands 1A427, 1A464, 1A484,
IA505, 1AS527, 1A574, 1A624, 1A679, IA709, 1A738, IA767, and
1A827, as well as from the space-based observations in F§14W/
HST, all four IRAC/Spitzer channels, and MIPS/Spitzer at
24 pm. The best-fitting models of the three stacked SEDs are
shown in Figure 3. The reduced x> of the best-fitting SEDs are
1.5, 0.71, and 0.70 for the C II-detected-all, C II-detected-1z, and C
II-detected-hz stacks, respectively. We note that the redshift of C
II-detected-all is set to its median spectroscopic redshift z = 4.57,
but the stacked SED includes galaxies from z = 5.5, which might
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be the reason for the larger reduced y>. We note that, with our
current photometry data set, we are not able to constrain the AGN
and dust emission at the same time. Therefore, we only allow a
small variation on the dust module, to remain consistent with the
best-fit IR SED template from Béthermin et al. (2020), so that the
CIGALE fitting was performed mainly to estimate two parameters
(fagn and viewing angle) associated with the AGN module. The
former is defined as the AGN contribution to IR luminosity
(Lagny =fagn X Lig; Ciesla et al. 2015). The later separates the
typical AGN templates for type-1 and type-2 AGNs. As a sanity
check, we compare the stellar mass and SFR from the stacked
SEDs using CIGALE and the median of them from the ancillary
ALPINE catalog derived from LE PHARE. Though we observe
some differences in the recovered parameters from the stacked
CIGALE fitting and the median parameters of the LE PHARE fitting
for various stacked samples, none of the differences are
statistically significant.

4. Results
4.1. Radio Detection and Luminosity

In Figure 1, we show the 10” x 10” median-stacked 3 GHz
images of C II-detected-all, C TI-detected-lz, and C II-detected-
hz, from left to right, respectively, and the corresponding
histograms of the bootstrap total fluxes in the bottom panels.
We successfully detect a signal in the stacked 3 GHz images of
C II-detected-all and C II-detected-1z, with their peak fluxes at
3.20 and 3.90, respectively, where o is the associated error on
the peak fluxes. No significant detection (>30) is obtained in
the stacked 3 GHz image of C II-detected-hz, which is most
likely due to the smaller number of galaxies in the C II-
detected-hz sample. To test this, we randomly select 23
galaxies from the C II-detected-all sample, the same number of
galaxies in the C II-detected-hz sample, without replacement,
and apply the same median stacking and flux measurement. We
do not recover any significant detection in the majority (73%)
of the iterations. In addition, none of these subsamples are
significantly detected in their stacked 1.4 GHz image. The
fluxes and uncertainties from the bootstraps are shown in
Table 3. We also test using mean stacking, which directly
increases the S/N of an image as </7, where 7 is the number of
galaxies. We obtain higher significant detections for C II-
detected-all and C II-detected-lz, with their peak fluxes at 4.7¢
and 60, respectively. We note these increased S/Ns only for
statistical argument, as they are likely to be contaminated by
neighbors at much higher significance levels. In addition, we
recover stacked 3 GHz fluxes that are statistically identical
using the position of [C II] emission (see Table C.1 in
Béthermin et al. 2020), done without the coordinate correction
described in Section 3.1. It should be noted that we do not
detect a signal in the stacked 3 GHz image when including all
the ALPINE galaxies, which is most likely due to the fainter
sources diluting the signal in the stacks.

Though we use the peak flux for detection significance, the
total fluxes are adopted because we see an elongated shape in our
stacked image. The elongated shape might be due to various
astrophysical and astrometric effects that cause an effective
blurring of the stacked image. The astrophysical effects might be
the dominant causes, due to the presence of mergers in our
sample, the physical extent of the SFGs, and a possible offset
between optical and radio sources. In fact, it has previously been
found that the physical extent of SFGs at 3 GHz is 1-2 kpc out to

Shen et al.

z~2.25 (Jiménez-Andrade et al. 2019), which corresponds to
0715-0"3 at z=4.6. In addition, it could also be affected by
subpixel variations between images. For example, a small (0”1)
astrometric offset persists between the optical catalog and the true
3 GHz source position after correcting for the systemic offset
(Smol¢i¢ et al. 2017b). Therefore, we use the total flux densities as
our final radio fluxes.

The measured 3 GHz flux densities (S3guz,tota) are converted
to rest-frame 1.4 GHz luminosities via

ey

4nD} (1.4GHZ )
L1 acH, = 3GHz»

(1 + 2)!*t>\ 3GHz

where D; is the luminosity distance to the galaxy and « is the
spectral index. Because all three subsamples were not detected at
1.4 GHz, we calculate the lower limit on the spectral index, as
listed in Table 3. SmolCi¢ et al. (2017a) cross-matched the 3 GHz
catalog with the 1.4 GHz catalog in COSMOS, with a maximum
separation of 173, and obtained a spectral index of, on average,
a=—0.73 £0.35. Smolci¢ et al. (2017c) showed that the spectral
index tends to be steeper with increasing redshift. However, such
a trend might not be robust at high redshift, due to the small
sample of galaxies at z>3, the flux limitations on these
observations, and, at higher rest-frame frequency with increasing
redshift, the spectral index becoming flatter due to free—free
emission dominating the radio emission. Delhaize et al. (2017)
further selected SFGs in the combined 3 GHz and 1.4 GHz
catalogs, and quantified the median spectral index of the SFGs to
be —0.7 at z<2 and —0.8 at z>2. These two spectral index
values are the typical values used for radio sources. This « value
is consistent with that found in the sub-mJy radio population (Ibar
et al. 2009), submillimeter galaxies at z ~ 2 (Ibar et al. 2010), and
the lower limits of « from the ALPINE subsamples. Therefore,
we adopt a simple o = —0.7 in the calculation of the rest-frame
1.4 GHz luminosity. We examine the possible effect on gpir using
a steeper and flatter spectral index (o= —0.8, a=—0.6) in
Section 5.

Radio luminosity can be used as an SFR indicator for SFGs.
We estimated the radio-derived SFR (SFR,.4i,) by using the SFR
formula for 1.4 GHz from Bell et al. (2003) and converting the
Salpeter IMF to the Chabrier IMF by multiplying by a factor of
0.6. The SFR ;o are 1477136, 193721} "and <200 M, yr' for C
[-detected-all, 1z, and hz, respectively. The uncertainties are
derived from the average of the 16th/84th percentiles of bootstrap
radio fluxes. These values are considerably larger than the average
total SFR measured by combining ALPINE continuum stacking
and ancillary UV data, as shown in Table 1. Specifically, using the
stacked FIR fluxes and the median far-UV (FUV) luminosity,
Lgyy, provided by the ancillary ALPINE catalog (Faisst et al.
2020b), and following Equation (9) in Béthermin et al. (2020), we
calculate full SFRs (SFR,) of 32 &= 14, 41 £ 18, and 29 £ 21 M,
yr*1 for C D-detected-all, 1z, and hz, respectively. The
uncertainties are the average of the 16th/84th percentiles of the
bootstrap FIR fluxes and the 16th/84th percentiles of Lgyy-
Although the differences between the radio- and UV+IR-derived
SFRs are not statistically significant, mostly due to the extremely
large errors of the former estimate, such differences may suggest
that either an appreciable AGN component exists, which
contributes to the radio luminosity, or that the SFR.q;, formula,
which is calibrated based on the local IRRC, might not be
appropriate for these galaxies, or some combination thereof.
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Figure 1. Top: the 10” x 10” median-stacked 3 GHz images of the C II-detected-all, C II-detected-lz, and C II-detected-hz samples (see the text for the meanings of
these samples), from left to right. In each panel, the black contours show 1.5, 2, and 2.5 x rms obtained by the CASA task IMSTAT in the full stack image. The central
3" x 3" box used for detection is marked in red, and the 0”75 beam is shown in the bottom left corner. Bottom: the corresponding histograms of the bootstrap total
fluxes obtained from 100 bootstrap stacks for the C II-detected-all and C II-detected-1z samples. In each panel, the measured total flux and 16th/84th percentiles of the
bootstrap fluxes are shown as the solid red and dotted green lines, respectively. The histogram of C II-detected-hz is not shown, since no detection is obtained in the

original stacking and in the most of the bootstrap stacking realizations.

Table 3
Radio Flux Densities at 3 and 1.4 GHz
Subsample S3GHz.peak S3GHztotal IMS3GHy IMS| 4GHz Q1.4-3 GHz Ly 4cHz
(uJy/beam) (1Iy) (uJy/beam) (uJy/beam) (10** W Hz 1)

(eY] 2 (3) 4) %) (6) )]

C I-detected-all 1084039 20745 0.36 1.94 >-135 0.443041

C I-detected-1z 1217958 27545381 0.44 2.38 >-125 0.58+0%2

C I-detected-hz 0.61 3.02 >-2.11 <0.60

Note. Column (1): the name of the subsample. Columns (2) and (3): the peak and total fluxes measured in the 3 GHz stack images; the associated errors are the 16th
and 84th percentiles of the bootstrap fluxes. Columns (4) and (5): the rms of the 3 and 1.4 GHz stack images. Column (6): 30 lower limit of the spectral index. Column
(7): rest-frame 1.4 GHz luminosity for C II-detected-all/l1z and 30 upper limit for C II-detected-hz.

Therefore, we further investigate the IRRC of our sample as
compared to other studies in the literature, in Section 4.2, and
possible AGN contamination, in Section 4.3.

4.2. The IRRC

The IRRC can be quantified by the parameter gy, defined
as the logarithmic ratio of the total IR (8-1000 pym) and
1.4 GHz luminosities:

Lir /W

L 46H: )
= log| —— | — log| ——— |, 2
TR g(3.75 X 1012Hz) g(w Hz ! @

where Lrr is the rest-frame total IR (8§—1000 pm) luminosity
and L 4Gu, 1S the rest-frame radio luminosity at 1.4 GHz
(Condon 1992; Bell et al. 2003). We use the same method as
Béthermin et al. (2020) to convert the rest-frame 158 um stack
flux to Lrr. Béthermin et al. (2020) identified the best-fit IR
SED template by fitting to a mean-stacked continuum FIR SED
for ALPINE galaxy analogs in terms of redshift, stellar mass,
and SFR in the COSMOS field.

The grir are 1.52033 and 1.63104} for C 1-detected-all and 1z,
respectively, with a lower limit of 1.29 for C II-detected-hz. The
lower/upper uncertainties of the grr are the difference between
the 16th/84th percentiles and the median of the grr distribution,
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Figure 2. Left: the stacked gyr vs. median redshift for the three ALPINE subsamples, as compared to the literature. The measured g of C II-detected-all/1z are
shown as the red dot and square, with error bars. The 30 lower limit of C II-detected-hz is shown as the triangle. The grr errors include the spread of the IR and radio
fluxes obtained from bootstrapping. The redshift error bars represent the redshift range in each subsample. The blue dots are the median gpig for SFGs, binned by the
redshift adopted from Delhaize et al. (2017). The blue solid line is the power-law fit and error, shown as the shaded region. The green and orange lines and shaded
regions are the best power-law fits and associated errors for all galaxies (labeled as “SFGs+AGNs”) and for HLAGNs only (Delhaize et al. 2017). The dotted black
line and shaded region are the local value of Bell et al. (2003; g1r (z ~ 0) = 2.64 & 0.02) and the associated spread of 0.26, respectively. The brown and pink lines
show the median gy measured for SMGs at z = 1.6-5.3 (Miettinen et al. 2017) and at z = 1.5-4 (Algera et al. 2020), respectively. The purple markers are adopted
from Smol&ié et al. (2015), with the triangles representing the lower limits. Right: the fiducial g for the three ALPINE subsamples. The measured/lower limit g
are shown as the solid red markers with error bars. The fiducial gr are shown as: blue open markers for using « = —0.6; blue shaded markers for using a = —0.8;
orange open markers for increasing the Lz by 0.2 dex, due to different IR SED templates; orange shaded markers for decreasing the Lz by 0.5 dex, due to different IR
SED templates; and green open markers for applying a correction on the obscured fraction of star formation (see Section 5). The points are offset in redshift for clarity.
The shaded regions are the same as those shown in the right panel, for direct comparison.

as calculated from the IR and radio bootstrapping fluxes, which moderate-to-high radiative luminosity AGN (HLAGN) samples.
represents the sample variance. Note that the systematic The grr of the ALPINE subsamples are consistent with this trend,
uncertainty of assuming a single FIR SED is not accounted for though our values tend toward the lower end of the grr range of
here (this is done in Section 5). Figure 2 shows the stacked grr models, where some AGN contribution exists.

and associated uncertainties versus the median redshift of the three It has also been found that the grir of SMGs at high redshift
ALPINE subsamples. For clarity, the redshift of C 1I-detected-all (z>1.5) are in general lower than the local values for normal
is offset from its median value (z = 4.57). The error bar on the x- SFGs (Murphy 2009; Michatowski et al. 2010; Thomson et al.
axis represents the redshift range of each subsample. Note that we 2014; Smolci¢ et al. 2015; Miettinen et al. 2017; Algera et al.

do not consider AGNSs in the calculation of grr. Although the 2020). Miettinen et al. (2017) studied the physical properties of 16
data are not sufficient to confirm whether AGNs contribute to the SMG:s in the redshift range of z=1.6-5.3 in the COSMOS field.

radio band, either through spectral index or SFR estimates, we do They found a median gpg of 2.277037, shown as the brown line,
not find evidence of dominant AGN activity in the optical-to-FIR with the 16th—84th quantiles as the shaded region, using a radio
SED, X-ray, and UV spectra. See the further discussion related to luminosity derived from 325 MHz (corresponding to the rest-
AGNSs in Section 4.3.1. frame 1.4 GHz at z = 3.3) and an IR luminosity derived from the

We compare our results for grg to several other studies in the SED fitting by the MAGPHYS code. Recently, Algera et al.
literature. First, a grr = 2.64 + 0.02 with a scatter of 0.26 dex was (2020) measured the grr of 273 SMGs that have 1.4 GHz
measured by Bell et al. (2003) in 162 local normal SFGs . Our detections, and found a median gtr = 2.20 £ 0.03 independent of

measured g are clearly offset from the grr of local SFGs, even redshift, shown as the pink line and shaded region. In addition,
considering their large error bars. More specifically, the grr of the SmolCic€ et al. (2015) measured the grr of six spectroscopically
C II-detected-all and C II-detected-1z subsamples are offset from the confirmed SMGs at z >4 in the COSMOS field. Using survival
local grr value by 320 and 2.50, where o includes the analysis, they found a mean and standard derivative grr =
uncertainties on the grr of the ALPINE subsamples and that of 1.95 £ 0.2. The gr of SmolCic et al. (2015) are shown as purple
the local SFGs. More recently, Delhaize et al. (2017) quantified dots with error bars, and their upper limits are shown as triangles.
grr out to 7~ 3, using the same 3 GHz image as this paper and We see that our stacked grr are consistent with the values from

Herschel data (Lutz et al. 2011; Oliver et al. 2012) in the COSMOS Smol¢i¢ et al. (2015) and broadly in line with the trend of
field. They employed a doubly censored survival analysis to Miettinen et al. (2017) and Algera et al. (2020), within the errors.
include both lower and upper limits, and quantified the evolution of However, we point out that the physical properties of these SMGs,
grr for SFGs, all galaxies (including SFGs and AGNs), and only such as stellar mass and SFR, are extremely different from the
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galaxies in ALPINE. The average stellar mass and the range of the
SFR of the SMGs in Smolci¢ et al. (2015) are 1.4 x 10! M., and
6002000 M., yr', respectively, both well in excess of those
values of the ALPINE galaxies studied here. That our stacked gr
is lower than the gr values for normal SFGs potentially indicates
an AGN contribution and/or that lower gr values are a general
property of high-redshift (z > 4) SFGs.

4.3. Possible AGN Contribution

While powerful broad-line AGNs were selected against
when constructing the ALPINE sample, the prevalence of
AGNs was previously unknown. To address the possible AGN
contribution to the grir, we apply three approaches: SED fitting
using stacked multiwavelength photometry, stacking X-ray
data, and rest-frame UV spectra.

4.3.1. AGN Fraction

First, we quantify the fraction of AGN contribution to IR
luminosity using CIGALE for the stacked SEDs of the three
ALPINE subsamples. The best-fitting fagn are 0.001018,
0.157032, and 0.18793% for the C I-detected-all/Iz/hz subsam-
ples, where the uncertainties of fygn are the 16th/84th percentiles
of 100 mocks, regardless of AGN type. The stacked SEDs for C
II-detected-1z and C I-detected-hz are best fitted to type-2 AGNs,
with a viewing angle of 70°, and type-1 AGNs, with a viewing
angle of 30°, respectively. The corresponding bolometric Lagn
from the best-fitting models of C II-detected-1z and hz subsamples
are both 10% erg /s, though their fygn are statistically consistent
with no AGN activiltg/. The upper limits of Lagn from the type-1/
2 mocks are 10%7/10%° erg/s, 10™7/10"° erg/s, and
1047 / 104 erg/s for the C I-detected-all, 1z, and hz subsamples,
respectively.

In the bottom right panel of Figure 3, we show histograms of the
Jfacn mocks separated into type-1 and type-2 AGNS, based on their
fitted viewing angles, as well as the best-fitting fagn for the three
subsamples. The stacked SEDs of all three subsamples are best
fitted to little to no AGN activity, and their mocks almost
exclusively populate the lower-fagn (fagn <0.2) regions. The
statistical mode of all fagy is zero for the mocks of all three
subsamples, suggesting that these subsamples on average have little
to no AGN activity. In addition, the C II-detected-1z/hz subsamples
are best fitted to slightly higher fagn, but consistent with that of the
C TII-detected-all sample within lo. Although we note that the
mocks of C I-detected-lz/hz span the full fagn range, which
indicates that larger fagn values are possible, though still unlikely.

We note a caveat that the estimated fagn might be limited
and potentially biased low, due to the lack of NIR/MIR
constraint and the wavelength range (i.e., total IR) chosen by
CIGALE to estimate the AGN fraction, where the contribution
from the galaxy might dilute any AGN contribution. Never-
theless, we find that, with the current photometry data, CIGALE
can effectively recover the full fogn range for type-1 AGNs and
high fagn values for type-2 AGNs, while underestimating the
values of low-to-moderate type-2 AGNs by a factor of 2 (for
more discussion, see Appendix B). Furthermore, the best-fitting
fagn do not change significantly if the X-ray-detected galaxies
are excised from the C II-detected-all and hz subsamples.

4.3.2. Test on X-Ray Observations

Second, we stack the X-ray observations, which might provide
a more direct signal if AGNs exist, especially for type-1 AGNs,

Shen et al.

where the X-ray emission is not obscured by a dusty AGN torus
(Padovani et al. 2017). We use the publicly available CSTACK4*
tool to stack Chandra soft-band ([0.5-2] keV) and hard-band
([2-8] keV) X-ray images of the galaxies in each subsample
(Miyaji & Griffiths 2008). We exclude the X-ray-detected
galaxy in the C II-detected-all and hz subsamples. In order to
diagnose the X-ray luminosity of the nondetections by
stacking, none of subsamples show a >30 detection in either
band. Our stacked X-ray observations for C II-detected-all are
down to uncertainties of fy=2.1 x107"7 erg s™' cm™? in
[0.5-2] keV, assuming a power-law X-ray spectrum with a
slope of 1.4 and a galactic Ny value of 2.6 x 10*°cm 2. The
corresponding 30 upper limit of the rest-frame X-ray
luminosity is L jpkev = 10%3! erg s~!. These values are
comparable to a moderate Seyfert, where L gy =
10* erg s~' and 10* erg s~' are the typical thresholds for
separating between SFGs/AGNs and Seyferts/quasars, respec-
tively (Marchesi et al. 2016c). Adopting the bolometric
correction of X-ray luminosity for radio-quiet AGNs from
Runnoe et al. (2012), we obtain a 3¢ upper limit of bolometric
luminosity ~10*° erg s~'. However, we note that this
bolometric correction may not be well quantified at L, gy <
10%- erg s™', since only a few sources in this range were
included when deriving this bolometric correction. Thus, we
are not able to make a conclusion based on X-ray data.

4.3.3. Test on Coadded Spectra

Here, we attempt another approach to probing the possibility of
AGN activity in the sample, by utilizing the available rest-frame
UV spectra of the ALPINE galaxies from DEIMOS and VIMOS.
In a study of similar redshift galaxies drawn from the VUDS
survey, Nakajima et al. (2018) proposed diagnostic diagrams for
classifying the ionizing radiation field (star formation or AGN) of
distant galaxies, using a combination of C III, C Iv, and He 1I lines
(also see Feltre et al. 2016; Le Fevre et al. 2019). They tested a
large grid of photoionization models and showed that these
diagnostic diagrams could separate AGNs and SFGs, using a
sample of C I-emitting galaxies at z =2 ~ 4 detected in VUDS
at high level of purity and completeness. Unfortunately, however,
none of the spectra of the galaxies in the ALPINE sample cover
the wavelength of the C TII feature, and only the galaxies in our
lower-redshift bin (z ~ 4.5) have spectra that cover the C IV and
He 11 lines. Therefore, we combine the spectra of the C II-
detected-1z subsample and measure the equivalent widths (EWs)
of C Iv and He 11

The spectra are combined (hereafter, “coadded”) through an
inverse variance-weighted average, after shifting each individual
spectrum to the rest frame, interpolating onto a standard grid with
a constant plate scale of A = Ay /(1 + zZmin), Where )y is the
intrinsic plate scale specific to the instrument/setup and z, is the
minimum Ze,. for each sample. Each spectrum is normalized to
the average flux density in the rest-frame wavelength range
A = 1350-1400. The intrinsic plate scales were set to 0.47 A for
DEIMOS and 7.3 A for VIMOS. Due to the differences of
spectral resolution, the DEIMOS and VUDS spectra are coadded
separately. Note that we use [C 1I] as the systemic redshift z,.. for
each galaxy, as measurements with Lya or ISM lines in the rest-
frame UV do not necessarily probe the systemic redshift. For a
total of 43 galaxies in the C II-detected-1z subsample, 42 galaxies

25 CSTACK was developed by Takamitsu Miyaji and is available at http://
lambic.astrosen.unam.mx /cstack /.
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Figure 3. Top and bottom left: the best-fitting SED model from CIGALE for the C II-detected-all, C II-detected-1z, and C II-detected-hz stacks, from top to bottom,
respectively. In each panel, the top shows the observed photometric fluxes with errors (purple), the 30 upper limit fluxes (green triangles), the CIGALE-derived best
model photometry (red dots), and the best-fitting CIGALE model (black). The best-fitting CIGALE model is the sum of the contributions from an AGN (orange), dust-
attenuated stellar emission (yellow; the intrinsic stellar emission is indicated in blue), nebular emission (green), dust emission (red), and nonthermal radio emission
(brown). The bottom shows the fractional discrepancies between the model and the photometry. The reduced x? of the best-fitting models are indicated in the top
labels. Bottom right: Histogram of the fagn of the C II-detected-all (top), C II-detected-lz (middle), and C II-detected-hz (bottom) subsamples, derived from 100
mocks, separated into type-1 (solid histograms) and type-2 (dashed histograms with hatching) AGNSs, based on their fitted viewing angles. The best-fitting fagn are
shown as the solid/dashed vertical orange lines for type-1/2 AGNs, respectively. The best-fitting AGN viewing angles are 70° and 30° for C II-detected-1z and C II-
detected-hz, corresponding to type-2 and type-1 AGNSs, respectively. The blue dashed lines mark the statistical mode of the mocks.

have spectra with rest-frame wavelength coverage of
A =1200-1700, including 27 DEIMOS and 15 VIMOS spectra,
while one galaxy has DEIMOS spectra up to rest-frame A = 1450,
which is excluded from this exercise. We measure the EWs of C
IV and He 1 following the method described in Le Fevre et al.
(2019). Given the P Cygni profile of C Iv, we use a double-
Gaussian distribution to simultaneously fit the absorption and
emission components. We measure the EW of He 1 using a
single-Gaussian model. The coadded spectra of DEIMOS are
shown in Figure 4, with zoom ins of C IV and He 1I shown to the
right. The best-fitting line profiles are shown as red lines, with
their EW values marked in the bottom of panels. No strong C IV
and He II are observed. We derive EW(C 1v) = —2.23 4= —0.38,
with the convention of negative EW indicating emission, and
EW(C 1v)/EW(He 1) of 1.27 +0.27. These values and their
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uncertainties fall into the SFG region of the diagnostic diagrams
(see Figure 11 in Nakajima et al. 2018). In addition, no other
AGN features are shown in the coadded spectra, such as the N v
1240 emission. For the VUDS coadded spectra, C IV and He II are
not detected, and thus we can draw no conclusions from these
spectra, other than these features being very weak, which indicates
little to no AGN activity.

To test whether one galaxy or a small set of galaxies might be
dominating the results, despite the use of a normalization for all
input spectra, we adopted a bootstrap analysis by randomly
sampling the same number of galaxies as in our sample, with
replacements, for the subset of galaxies with DEIMOS spectra,
and measuring the EWs of C Iv and He 1. The bootstrap results
are consistent with our measurements that these galaxies are not in
the AGN region.
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Figure 4. Left: inverse variance, unit-weighted coadded DEIMOS spectra of 27 ALPINE galaxies in the C II-detected-1z subsample. The variances of the coadded
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the AGN/SFG diagnostic diagrams of Nakajima et al. (2018).

Overall, we do not find evidence of dominant AGN activity
in any of our tests. Nevertheless, we note a caveat that we are
not able to quantify the AGN contamination in the radio band,
since AGNs could contribute in the radio band range over a
factor of 10° among different AGN types (e.g., Panessa et al.
2019). However, the main contribution to the radio emission in
radio-quiet AGNs, at least up to z~ 1.5-2, is associated with
star formation activity in the host, rather than with radio jets
(Bonzini et al. 2015).

5. Discussion

We recover lower gpir values of our sample than the local grr
relation for normal SFGs at the ~3¢ significance level. However,
our grir values are consistent with a variety of grr for high-
redshift galaxies, including pure normal SFGs, SFGs plus AGNs,
pure AGNs, and SMGs. In Section 4.3.1, we did not find evidence
of dominant AGN activity with current multiwavelength photo-
metry in any of our subsamples, and thus we dismiss the
possibility of an AGN contribution as the dominant factor in
lowering the grr. These results suggest that lower grr values
might be an intrinsic property of high-redshift (z > 4) SFGs. In
this section, we discuss the possible genesis of recovering grr
values that are lower than measured in local counterparts, in terms
of the effects of different assumptions on the radio spectral index
(Section 5.1), the IR SED templates (Section 5.2), and
astrophysical causes (Section 5.3).

5.1. The Effect of the Radio Spectral Index

The radio emission of SFGs consists of thermal and
nonthermal emission (see Section 1 for further discussion).
The thermal radio emission has a typical power-law spectrum
with o= —0.1, and the nonthermal emission has a much
steeper spectrum with a = —0.8. The relative contributions of
the two emissions vary with frequency. The nonthermal
emission dominates the lower frequency (<5 GHz) and thermal
emission may dominate at frequencies >10 GHz (see also Price
& Duric 1992). The fraction of thermal emission is found to be
fin.1caz ~ 10% at 1.4 GHz (Condon 1992; Niklas et al. 1997;
Tabatabaei et al. 2017) and fy, jocu, ~ 40% at 10 GHz (Gioia
et al. 1982; Klein et al. 1988, 2018). Our observation at 3 GHz
corresponds to rest-frame 18 GHz at z = 5. Thus, the observed
3 GHz flux might be dominated by thermal emission, rather
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than nonthermal emission, at rest-frame 1.4 GHz. If we assume
a fraction of thermal emission of 10% at 1 GHz and typical
a = —0.1 for thermal and o = —0.8 for nonthermal spectra, the
spectral index between the rest-frame 18 and 1.4 GHz is —0.60.

As mentioned in Section 4.1, the median « is found to be —0.8
for galaxies at z > 2 (Delhaize et al. 2017). Using o = —0.6 and
a = —0.8, we recalculate grrs for the three subsamples, shown as
the open and shaded blue markers in the right panels of Figure 2.
Employing these spectral indices would slightly increase/decrease
the grr by 0.1 dex. Nevertheless, this relatively small change is
not enough to explain our lower grr.

5.2. The Effect of the IR SED Templates

Since only a single monochromatic FIR data point is available
from our observations, our estimated IR luminosity depends
largely on the choice of IR SED template. Thus, we test whether a
different IR SED template would change the IR luminosity enough
to dramatically alter the recovered grr. As mentioned in
Béthermin et al. (2020), several works have constructed IR SED
empirical templates up to z ~4 (Béthermin et al. 2015, Alvarez-
Marquez et al. 2016; 2017; Schreiber et al. 2018; Alvarez—Mérquez
et al. 2019). Here, we consider several other SED templates that
might be representative of the average IR SED of our ALPINE
galaxies, and calculate the difference between the fiducial Lz and
the Lig using our primary IR SED template. As a reminder, the
primary IR SED template is adopted from Béthermin et al. (2015),
with (U) =50 corresponding to the dust temperature Ty~ 41K
(see Sections 3.2 and 4.2). This is consistent with the Ty measured
for four normal SFGs at z = 5.5 using observations in three
ALMA bands (Faisst et al. 2020a). The changes in grir When
using the different templates are summarized in Table 4.

First, we consider other possible SED templates from
Béthermin et al. (2015). In detail, Béthermin et al. (2015)
measured the evolution of the average SED by Varying the (U)
parameter and using a sample of massive (>3 x 10") main-
sequence SFGs and starbursts in the COSMOS field. They
found that the stacked SED for main-sequence SFGs in the
redshift range of 3.5 <z<4.0 was best fitted to the SED
template with (U) =72.98. Such a template yields a slightly
larger fiducial Ly, increasing the primary Lig by 0.07 dex.

Second, we consider six possible SED templates constructed
by Schreiber et al. (2018). They presented an SED library
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Table 4
Possible IR SED Templates and the Change in the Recovered grir

Template Criteria A grr [dex]
(1) (@) ©)]
Béthermin et al. (2015) (U) =50

Béthermin et al. (2015) (U) =172.98 +0.07

Schreiber et al. (2018)
Schreiber et al. (2018)
De Rossi et al. (2018)
Alvarez—MzirqueZ et al. (2019)

Tq=41.8 K, 444 K, 49.0 K, and a fixed IR8 = 7.37
Tq=41.8 K, 44.4 K, 49.0 K, and a fixed IR8 = 10.7
Haro 11
Unmin = 30.9 and 36.9

+0.12, +0.19, and +0.34
-+0.07, +0.15, and +0.30
—0.4
—0.59 and —0.52

characterized by the dust mass and the mid-to-total IR color (IR8).
Applying this library to SFGs at 0.5<z<4 in the deep
CANDELS fields, using both individual detections and stacks
of Herschel and ALMA imaging, they found trends of increasing
T4 and IR8 with redshift and distance from the main sequence.
We include the best-fitting SED template of the SFGs in their
highest-redshift bin (3.5 < z < 5.0), which is characterized by Ty
of 41.8 K and IRS8 of 7.37. Following the T4 and IRS8 relation
(Equations (15) and (16) in Schreiber et al. 2018), the T, are
found to be 44.4 K and 49.0 K at z=4.5 and z = 5.5, with a fixed
IR8 =7.37. In addition, Schreiber et al. (2018) found in general
higher IR8 values for low-mass galaxies (M, < 10'°M..) up to
z ~ 2, which is comparable with the median stellar mass of the C
T-detected-all subsample (10°7® M_.). Thus, we also include
templates with a higher IR8 (IR8 = 10.7) that are best fitted to
low-mass galaxies at 1.2 <z < 1.8. Using the combination of
three T4 and two IR8 values, we recalculate the grir and obtain an
average increase of 0.2 dex in IR luminosity (see the changes
using each template in Table 4). Thus, we add an additional 0.2
dex in our Lig values and plot the corresponding fiducial grr as
the open orange markers in the right panel of Figure 2.

Third, we consider the SED library constructed by Alvarez-
Mairquez et al. (2019), using the CIGALE SED fitting code and
fitted to a large sample of Lyman-break galaxies at redshift
2.5 <z< 3.5 in the COSMOS field, binned in terms of stellar
mass, UV luminosity (Lryy), and UV continuum slope (3). We
use the bestfitting SED template for their lower-mass
galaxies (LBG-M1: log(M,./M.)=9.75-10.00 and LBG-M2:
logM,./M) 10.00-10.25). We calculate a smaller fiducial L,
decreasing the primary Lig by 0.59 dex and 0.52 dex. This might
be due to these templates having lower U, (U, = 30.9 and
36.9 for the two lower-mass bins), which corresponds to a lower
T, as compared to the templates in Schreiber et al. (2018) and
Béthermin et al. (2015). To show the change in gt When using
these IR SED templates, we reduce our Lz values by 0.5 dex and
plot the corresponding fiducial grr as the shaded orange markers
in the right panel of Figure 2.

Finally, we consider the SED template constructed by De Rossi
et al. (2018), based on the SED of Haro 11, a local moderately
low-metallicity galaxy undergoing a very young and vigorous
starburst that could be similar to the conditions of high-redshift
galaxies. They showed a high level of consistency with the Haro
11 SED template and the measurements of individual galaxies at
z>5, with adequate FIR observations. We obtain a smaller
fiducial Lig by decreasing the primary Lig by 0.4 dex.

We find that the estimated Lz depends on the adopted IR
SED template and the assumption of dust temperature.
Applying different IR templates can change the grr more
significantly and place a tension between our stacked grirs and
those of local SFGs at the <1 significance level.
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5.3. Astrophysical Causes

As mentioned previously, the radio emission in the SFGs
directly originates from the star formation process, and is
expected to reflect the SFR on a relatively short timescale.
However, the IR emission is due to the energy from star
formation that is absorbed and reemitted by dust, which
depends on the amount of dust, quantified as the dust
attenuation. Thus, if the IR and radio emission originate purely
from star formation, the IRRC should be proportional to the
dust attenuation. If the dust attenuation of ALPINE galaxies is
lower than that of local SFGs, it would depress the IR emission
and result in a lower gir when compared to that of local SFGs.

Indeed, Fudamoto et al. (2020) have studied the dust attenuation
of ALPINE galaxies, in terms of the UV spectral slope (3), M,
and IR excess (IRX = Lir/Lyv). They found lower IRX values for
individual ALPINE galaxies and also for stacks, implying a lower
obscured fraction of star formation than at lower redshift. Fudamoto
et al. (2020) measured the obscured fraction of star formation
(fobs = SFRr /SFRo1) by stacking ALPINE galaxies in different
stellar mass and redshift bins. For M, > 10'°M_, the stacked f, is
0.67700 at z~4.5 and 044 +0.11 at z~5.5, as compared to
Jfobs > 0.80 at z=0-2.5 at the same stellar mass. At lower mass,
M, < 10'°M_., the f,, is much lower, with 0.367013 at z ~ 4.5 and
a 30 upper limit of fi,s < 0.43 at z~ 5.5, similar to fi,, at z=2.5,
but lower than ~0.6 at z=0. It is possible that the dust buildup,
which primarily governs the IR emission, in addition to older stellar
populations, does not have enough time to occur fully in these
galaxies, whereas the radio emission can occur on a more rapid
timescale. For simplicity, we assume fy,s = 0.5 for our ALPINE
galaxies and fy,;=0.8 at z=0. We find that, under these
assumptions, the grr values increase by 0.2 dex, as shown by
the open green markers in the right panel of Figure 2, which places
a tension between our stacked grrs and those of local SFGs at the
<lo significance level.

Nevertheless, slightly brighter normal SFGs at high redshift
might have similar obscured fractions as local SFGs. Bowler
et al. (2022) measured the dust continuum of five normal SFGs
at z~ 7, and found that the IRX—3 relations in these galaxies
were consistent with the IRX-( relations of local starburst
galaxies. However, these galaxies are three times brighter in
rest-frame UV than our ALPINE galaxies, on average. Thus,
their obscured fraction might be different from our sample.

There are some other possible explanations for the lower grig.
Recently, Algera et al. (2020) have shown that either increasing the
magnetic field or decreasing the density of the ISM by a factor of 5
could decrease the gt by 0.2 dex up to z~4. In addition,
Bressan et al. (2002) found that the grr is dependent on the stage
of evolution of the stellar populations in the galaxy. They
suggested that, in the poststarburst phase, nonthermal synchrotron
emission dominates, thus increasing the apparent radio flux. By



THE ASTROPHYSICAL JOURNAL, 935:177 (16pp), 2022 August 20

modeling different star formation histories with e-folding time-
scales in the range of 10-50 Myr, they found that, in all models,
the grs decrease with time and reach gpr < 2 after ~25 Myr,
then remain at grr < 2 for another ~20 Myr. Although, we are
not able to quantitatively test these hypotheses with our data, due
to a lack of information, such as ISM density, magnetic field, and
stellar age, it is plausible that the ISM densities are higher in
ALPINE galaxies, since galaxies are found to be more compact at
high z (van Dokkum et al. 2010; van der Wel et al. 2014) and
contain a larger ISM gas content at high z (Santini et al. 2014).

6. Summary

We have studied the radio properties of 66 galaxies in the
COSMOS field that have [C 1I] detections from the ALPINE
survey, by exploiting the stacking technique. We separated
them into three subsamples, depending on their spectroscopic
redshift, named C II-detected-all, 1z, and hz. We detected radio
signals for C II-detected-all and 1z in their median-stacked
3 GHz images, and placed meaningful limits on the C II-
detected-hz subsample. Our main conclusions are as follows.

1. We recovered lower grir values of our stacked samples at
z ~ 4.6 than the local grr relation for normal SFGs at the
~30 significance level. However, our grg values are
broadly consistent with those of SMGs at 2 < z <5 and
all galaxies, including SFGs plus AGNs and pure AGNs,
at z~3.

2. While powerful broad-line AGNs were selected against
when constructing the ALPINE sample, the prevalence of
lower-luminosity and/or obscured AGNs was previously
unknown. Although the data are not sufficient to confirm
whether AGNs contribute to the radio band, either through
spectral index or SFR estimates, our samples do not exhibit
evidence of dominant AGN activity in the stacked optical-
to-FIR SED, X-ray, and UV spectra, which rules out the
possibility of the AGN component being the main
contributor to the observed deviation. The stacked SEDs
of all three subsamples best fit little to no AGN activity, and
their fagny mocks dominate the lower-fagn (fagn < 0.2)
regions. The coadded UV spectra of C II-detected-1z show
no evidence of AGN activity. The upfer limits of Lagn
from stacked SEDs and X-ray are <10"° erg s~

3. We explore various effects that might reduce the tension
between our stacked grr values and those of local SFGs,
including changing the fiducial radio spectral index and
applying different IR templates. Either of these can
reduce the tension to the <lo level.

4. In addition, such a tension can be alleviated, based on the
fact that a lower obscured fraction of star formation has
been found in ALPINE galaxies than in local galaxies and
even in galaxies at z~ 2 (Fudamoto et al. 2020). It is
possible that the dust buildup, which primarily governs
the IR emission, in addition to older stellar populations,
has not had enough time to occur fully in these galaxies,
whereas the radio emission can respond on a more rapid
timescale. Thus, we might expect the IRRC to be
modified at high redshift.

Future observations of a large sample of normal high-redshift
SFGs will be essential for testing whether the lower grr are
ubiquitous in these galaxies. Indeed, we expect that future JWST
projects with observations at MIR, such as CEERS and PRIMER,
could provide stronger constraints on the dust-obscured star
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formation and AGN activities of high-redshift galaxies. In
addition, we expect that combined deeper radio and FIR
observations in more than one band will provide a robust way
of calculating the gg and studying the evolution of the IRRC.
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Appendix A
Optical/IR/Radio Stacks

To illustrate the data quality of the stacks, in Figure 5 we
show the stack cutouts of all the available bands for the C II-
detected-all sample.
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Appendix B
Test on CIGALE SED Fitting with Current Photometry Set

We use the CIGALE SED fitting to rule out the possibility of
considerable obscured and unobscured AGN activity among the
ALPINE sample. We apply a mock analysis in CIGALE in order to
check the reliability of the estimated parameters. However, due to
the upper limits given at 5.8 um, 8 um, and 24 um, the SED
constraint on AGN activity is limited, especially for type-2 AGNs,
which is also indicated by the large uncertainties on fagn:.

To further test the efficacy of the CIGALE SED fitting in
constraining AGN activity with the current photometry set, a grid
of synthetic models is created by CIGALE using the best-fitting
parameters for the stacked SED of the C II-detected-all sample.
For this test, the fagn is allowed to vary between 0-0.9, and the
viewing angle is set to = 30° for type-1 and 6 = 70° for type-2
AGN:Ss. For each synthetic model, we generate 100 mock sources,
by assigning mock fluxes based on the fluxes from the model and
using an S/N equivalent to that of the corresponding stacked
photometry. In detail, the mock flux densities in a given band are
assigned by initially randomly sampling a Gaussian distribution
with a mean equal to the model flux and an error appropriate for
the S/N of a given data point in the stacked photometry,
effectively reproducing a photometric measurement of the model
spectrum. For those bands where only upper limits are available
(e.g., IRAC channels 3, 4, and MIPS 24 ym), we set the mock
flux densities in these bands by multiplying the model flux density
by 40-90, in order to match the ratio of the 30 upper limits and
best-fitting model values (~86, 87, and 47 for IRAC channels 3,
4, and MIPS 24 pm, respectively). The fagn of type-1 AGNs are
well recovered in the full fagny range, with small uncertainty
(~0.1), while those of type-2 AGNs have larger uncertainties and
are slightly offset to lower fagn values for fagny < =0.5. These
results suggest that, with the current photometry set, CIGALE can
robustly recover fagn for type-1 AGNs in the full fogn range and
type-2 AGNs in the high-fagn range, while for type-2 sources
with low-to-moderate fagn, fagn could be underestimated by a
factor of 2.
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