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ABSTRACT

We study the radio spectral properties of 2,094 star-forming galaxies (SFGs) by combining our early science data from the

MeerKAT International GHz Tiered Extragalactic Exploration (MIGHTEE) survey with VLA, GMRT radio data, and rich

ancillary data in the COSMOS field. These SFGs are selected at VLA 3 GHz, and their flux densities from MeerKAT 1.3 GHz

and GMRT 325 MHz imaging data are extracted using the “super-deblending” technique. The median radio spectral index is

U3GHz
1.3GHz

= −0.80 ± 0.01 without significant variation across the rest-frame frequencies ∼1.3–10GHz, indicating radio spectra

dominated by synchrotron radiation. On average, the radio spectrum at observer-frame 1.3–3GHz slightly steepens with increasing

stellar mass with a linear fitted slope of V = −0.08 ± 0.01, which could be explained by age-related synchrotron losses. Due to

the sensitivity of GMRT 325 MHz data, we apply a further flux density cut at 3 GHz ((3GHz > 50 `Jy) and obtain a sample of

166 SFGs with measured flux densities at 325 MHz, 1.3 GHz, and 3 GHz. On average, the radio spectrum of SFGs flattens at low

frequency with the median spectral indices of U1.3GHz
325MHz

= −0.59+0.02
−0.03

and U3.0GHz
1.3GHz

= −0.74+0.01
−0.02

. At low frequency, our stacking

analyses show that the radio spectrum also slightly steepens with increasing stellar mass. By comparing the far-infrared-radio

correlations of SFGs based on different radio spectral indices, we find that adopting U3GHz
1.3GHz

for :-corrections will significantly

underestimate the infrared-to-radio luminosity ratio (@IR) for >17% of the SFGs with measured flux density at the three radio

frequencies in our sample, because their radio spectra are significantly flatter at low frequency (0.33–1.3GHz).

Key words: radio continuum: galaxies – methods: observational – galaxies: formation –Galaxy: evolution

★ E-mail: fangxia@idia.ac.za, fangxiaan@gmail.com

1 INTRODUCTION

The radio emission from star-forming galaxies (SFGs) consists of

non-thermal synchrotron radiation from the cosmic-ray (CR) elec-© 2021 The Authors

http://arxiv.org/abs/2108.02778v1
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trons spiralling in the interstellar magnetic field, and thermal free-free

emission produced by the electrostatic interactions between charged

particles, mostly free electrons and ions, in Hii regions. In SFGs,

the CR electrons are primarily accelerated by shocks associated with

supernovae remnants. In addition, the radio continuum emission at

a . 30 GHz is unaffected by dust attenuation. These characteris-

tics make radio emission a key observable that provides information

about the CR electrons, magnetic fields, photoionization rate, dust-

obscured star-formation, etc., in galaxies (see Condon 1992, for a

review). Therefore, deep radio continuum surveys are essential for

our understanding of physical processes at work in SFGs from the

local to the distant Universe (e.g., Ibar et al. 2009; Murphy 2009;

Beswick et al. 2015; Prandoni & Seymour 2015; Jarvis et al. 2016;

Smolčić et al. 2017a; Ocran et al. 2020a).

In the last four decades, numerous studies have focused on

characterising the radio continuum spectra of SFGs to explore

the relative contributions of synchrotron and free-free emission,

components or structures corresponding to these two radiation

mechanisms, and their correlation with emission in other wave-

bands (e.g., Klein, Wielebinski, & Morsi 1988; Richards et al.

1998; Haarsma et al. 2000; Condon, Cotton, & Broderick

2002; Seymour et al. 2008; Williams & Bower 2010;

Marvil, Owen, & Eilek 2015; Tabatabaei et al. 2017;

Klein, Lisenfeld, & Verley 2018; Gim et al. 2019). Tradition-

ally, the radio spectrum of a SFG is assumed to be a superposition

of a steep synchrotron spectrum with spectral index U = −0.8

((a ∝ aU) and a flat free-free spectrum with U = −0.1, which

is also supported by observations of some nearby SFGs with a

star-formation rate (SFR) < 10 M⊙ year−1 (e.g., Condon 1992;

Niklas, Klein, & Wielebinski 1997; Tabatabaei et al. 2017). How-

ever, studies of luminous and ultraluminous infrared galaxies

(ULIRGs), starburst galaxies, dwarf galaxies, or even some normal

SFGs in the local Universe and at high redshift have shown

that the radio continuum spectral energy distributions (SEDs) of

SFGs are rarely characterised well by a single power-law (e.g.,

Clemens et al. 2010; Williams & Bower 2010; Murphy et al. 2013;

Marvil, Owen, & Eilek 2015; Klein, Lisenfeld, & Verley 2018;

Tisanić et al. 2019; Thomson et al. 2019).

A well-determined radio spectrum for SFG is critically impor-

tant for studies that are based on the rest-frame radio power,

especially those at high redshift, which are most sensitive to

the assumed :-corrections. These include studies of the cor-

relation observed between radio and far-infrared (FIR) emis-

sion of SFGs, which is widely adopted to calibrate the SFR

measured from radio continuum emission, and the definition

of the “radio excess” that is used to classify active galactic

nuclei (AGN) and SFGs (e.g., Helou, Soifer, & Rowan-Robinson

1985; Yun, Reddy, & Condon 2001; Bell 2003; Ivison et al. 2010;

Mao et al. 2011; Del Moro et al. 2013; Magnelli et al. 2015;

Hindson et al. 2018; Ocran et al. 2020a,b, 2021). The FIR-radio cor-

relation (FIRRC) has been well established for local SFGs at GHz

frequencies. However, for SFGs at high redshift, the radio emission

at rest-frame ∼1.4 GHz is shifted to low frequencies (aobs < 1 GHz

at I > 0.4). Therefore, the appropriate spectral index that is used to

:-correct the observed radio flux densities at ∼1.4 GHz for SFGs at

I > 0 should be drawn from lower frequency (aobs < 1.4 GHz) data.

For SFGs, previous work demonstrated that at a < 1 GHz, the Hii

region becomes optically thick and the relativistic bremsstrahlung,

synchrotron self-absorption, and Razin effects become more im-

portant than that at high frequency (e.g., Rybicki & Lightman 1979;

Condon 1992; Lacki 2013; Chyży et al. 2018). These effects can sup-

press the radio emission and hence flatten the radio spectrum at low

frequency, as has been observed in nearby SFGs (e.g., Condon 1992;

Clemens et al. 2010; Murphy et al. 2013; Marvil, Owen, & Eilek

2015; Kapińska et al. 2017; Chyży et al. 2018).

For the high-redshift Universe, although some recent studies also

found a flatter radio spectrum at low frequency, these works only

focus on the high-SFR (SFR> 100 M⊙ year−1, Tisanić et al. 2019)

or submillimeter bright galaxies (Thomson et al. 2019). In addition,

due to the lack of high-quality radio data at low frequency, most of

the studies based on rest-frame radio spectra of SFGs at high red-

shift have adopted a spectral index measured from high frequency

(aobs = 1–10 GHz), or even assumed a fixed spectral slope, when

:-correcting the observed flux densities (e.g., Appleton et al. 2004;

Ivison et al. 2010; Ibar et al. 2010; Sargent et al. 2010; Mao et al.

2011; Delhaize et al. 2017; Algera et al. 2020; Delvecchio et al.

2021). However, some recent works suggest that these assumptions

will dramatically overestimate the radio flux density at low frequency

and thus strongly affect the FIRRC of SFGs (e.g., Schleicher & Beck

2013; Delhaize et al. 2017; Galvin et al. 2018; Gim et al. 2019).

Therefore, high-quality radio observations at both low and high

frequency from the Square Kilometre Array (SKA) 1 and its pre-

cursors, such as MeerKAT and ASKAP, will be extremely important

in accurately determining the radio spectra of SFGs at high redshift

and then shedding light on galaxy formation and evolution through

the radio window (Beswick et al. 2015; Prandoni & Seymour 2015;

Jarvis et al. 2016).

In this work, we use the early science data from the MeerKAT Inter-

national GHz Tiered Extragalactic Exploration (MIGHTEE) survey

and take advantage of existing radio data from Karl G. Jansky Very

large Array (VLA) and Giant Metrewave Radio Telescope (GMRT)

surveys, as well as the rich ancillary data in the COSMOS field to

select SFGs up to I ∼ 3 and study their radio spectral properties. By

studying the shape of radio spectra with the physical properties de-

rived from other bands, we discuss the mechanisms that characterise

the radio spectra at low and high frequencies and their impact on the

FIRRC of SFGs.

The radio and other ancillary data used in this work are described

in Section §2. We present our analyses of radio spectral properties

based on these data in Section §3. Our results are shown in Sec-

tion §4. We discuss and summarise our results in Section §5 and

§6 respectively. Throughout this paper, we adopt the AB magnitude

system (Oke 1974) and assume a flat ΛCDM cosmological model

with the Hubble constant �0 = 67.27 km s−1 Mpc−1, matter den-

sity parameter Ωm = 0.32, and cosmological constant ΩΛ = 0.68

(Planck Collaboration et al. 2016).

2 OBSERVATIONS AND DATA

2.1 MIGHTEE 1.3 GHz survey in the COSMOS field

The MIGHTEE survey is one of the MeerKAT large survey projects2.

The main purpose of MIGHTEE is to obtain deep GHz radio con-

tinuum, spectral line, and polarisation observations to study the cos-

mic evolution of galaxies and AGN. Details of the science goals

and observation plan of the MIGHTEE survey are described in

Jarvis et al. (2016). Taking advantage of existing multi-wavelength

data, the MIGHTEE project is surveying four well-studied extra-

galactic fields, i.e., COSMOS (1 deg2), ELAIS S1 (1.6 deg2), CDFS

1 https://www.skatelescope.org/
2 http://public.ska.ac.za/meerkat/meerkat-large-survey-projects

MNRAS 000, 1–15 (2021)
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(8.3 deg2) and XMM-LSS (6.7 deg2) fields, with a median sensitiv-

ity of 2 `Jy beam−1 at L-band (900–1670 MHz) and 1 `Jy beam−1

at S-band (1750–3500 MHz) with the latter only for the CDFS and

the COSMOS fields. We refer the reader to Jarvis et al. (2016) for

more details.

In this work, we use the early science data of the COSMOS field

(R.A.: 10:00:28.6, Decl.:+02:12:21), which were observed in 2018

and 2020 with the MeerKAT L-band receiver (ac = 1.3 GHz). Be-

cause of the frequency dependence of the primary beam as well as the

wide bandwidth, the effective frequency gradually decreases from the

centre outwards. However, the MIGHTEE-COSMOS early science

data were observed with a single pointing and the decrease of the

effective frequency is < 0.04 GHz within the primary beam (∼1 deg

FWHM). This variation is negligible in studying radio spectra using

MeerKAT, VLA 3 GHz, and GMRT 325 MHz data. Therefore, we

use ac = 1.3 GHz as the effective frequency of MeerKAT L-band

data in this work.

In total, the observations include 17.45 hours on source for the

central pointing in the COSMOS field. Details of the observations and

data reduction will be presented in I. Heywood et al. in preparation

but see also a summary in Delhaize et al. (2021). Here we provide a

brief overview of the final reduced early science data.

Because high-sensitivity and high-resolution cannot be achieved

at the same time, the MIGHTEE continuum data are imaged twice

with Briggs’ robust parameter 0.0 and −1.2. In this work, to obtain

a less-biased sample of SFGs for the study of their radio spectral

properties (Section §4), we only use the high-sensitivity imaging

data. The maximum-sensitivity image reaches a thermal noise of

1.7 `Jy beam−1 with an angular resolution of 8.′′6 × 8.′′6. In addi-

tion to the thermal noise, the contribution from the numerous faint

and unresolved astronomical sources, namely classical confusion,

increases the mean root-mean-square (RMS) to 4.5 `Jy beam−1.

2.2 Other radio data in the COSMOS field

2.2.1 VLA 3 GHz and 1.4 GHz data

The Karl G. Jansky VLA-Cosmic Evolution Survey (VLA-

COSMOS) 3 GHz Large Project mapped the entire 2 deg2 COSMOS

field with a median RMS of 2.3 `Jy beam−1 and an angular resolu-

tion of 0.′′75 (Smolčić et al. 2017a). In total, 10,830 radio sources

were detected at > 5f. We refer the reader to Smolčić et al. (2017a)

for more details.

The VLA 1.4 GHz data are from the VLA-COSMOS Large Project

(Schinnerer et al. 2007) and the VLA-COSMOS Deep Project

(Schinnerer et al. 2010). The former covered the entire 2 deg2 COS-

MOS field with a mean RMS noise of 15 `Jy beam−1. The latter com-

bined the existing data from the VLA-COSMOS Large Project and

an additional VLA L-band observations of the central 50′×50′ sub-

region in the COSMOS field to reach 1f sensitivity∼12 `Jy beam−1

and angular resolution 1.′′5 × 1.′′4. In total, 2,856 radio sources

with signal-to-noise ratio (SNR)> 5 (peak flux densities) were de-

tected from this combined imaging data. Details are presented in

Schinnerer et al. (2010).

2.2.2 GMRT 610 MHz and 325 MHz data

The GMRT 325 MHz data used in this work are from Tisanić et al.

(2019). Observations were carried out with GMRT under the project

07SCB01 (PI: C. Crof), which covered the entire ∼2 deg2 COSMOS

field and reached a median RMS of 97 `Jy beam−1 and an angular

resolution of 10.′′8×9.′′5. In total, 633 radio sources were detected at

> 5f. Details are presented in Tisanić et al. (2019).

Tisanić et al. (2019) also published GMRT 610 MHz data, which

has a median RMS of 39 `Jy beam−1. However, as described in

Tisanić et al. (2019), we find that for sources having measured flux

densities at GMRT 325 MHz and 610 MHz, MeerKAT 1.3 GHz, and

VLA 1.4 GHz and 3 GHz, there is a deficit in flux density computed

at GMRT 610 MHz when compared with flux densities at the other

four frequencies. However, it is not a systematic underestimation.

Therefore, a simple 20% correction for all sources as employed by

some previous work (e.g., Kolokythas et al. 2015) is not appropriate.

Tisanić et al. (2019) suggests that this flux density offset might be

positionally dependent, but they found that simple exclusion of point-

ings did not yield a specific pointing which produces these offsets.

Since this offset will dramatically affect the measurement of radio

spectral index, we exclude the GMRT 610 MHz data in the following

analyses.

2.3 Optical/NIR/FIR/submillimeter catalogues

The COSMOS field is one of the largest extragalactic fields with

deep multi-wavelength data. Previous work have described in de-

tail the available dataset in the COSMOS field from X-ray to ul-

traviolet (UV), optical, near-infrared (NIR), mid-infrared (MIR),

FIR, (sub)millimeter and radio bands (e.g., Scoville et al. 2007;

Capak et al. 2007; Sanders et al. 2007; Ilbert et al. 2009; Brusa et al.

2010; Civano et al. 2012, 2016; Laigle et al. 2016; Liu et al. 2019;

Simpson et al. 2019, 2020). In this work, except the radio data, we do

not use these multi-wavelength data directly but utilise the published

multi-wavelength catalogues in the COSMOS field. Here we give a

short introduction of these catalogues.

The optical/NIR photometric catalogue used in this work is

the COSMOS2015 catalogue, which is primarily based on the

UltraVISTA-DR2 surveys (Laigle et al. 2016). The COSMOS2015

catalogue includes 1,182,108 sources detected from a j2 sum of

.�� s and I++ imaging data. To match the photometry from Near-

UV (NUV) to MIR, Laigle et al. (2016) computed the total fluxes

estimated from the corrected 3′′ aperture flux, at 31 photometric

bands from NUV to MIR, including 12 medium bands. Using the

photometrically matched data, Laigle et al. (2016) fitted the SEDs

from NUV to MIR for these sources and estimated their photometric

redshift, stellar mass, SFR, rest-frame luminosities, and so on. For

more details, see Laigle et al. (2016).

The FIR catalogue used in this work is a “super-deblended”

FIR to (sub)millimeter photometric catalogue from Jin et al. (2018).

They utilised the positions of UltraVISTA  s- and/or VLA 3 GHz-

detected sources (Laigle et al. 2016; Smolčić et al. 2017a) to obtain

the point spread function (PSF) fitted flux densities from MIPS 24 `m

images (Le Floc’h et al. 2009) and VLA 1.4 GHz and 3 GHz im-

ages (Schinnerer et al. 2010; Smolčić et al. 2017a). They then select

sources with SNR> 3 at radio or 24 `m as priors. With an additional

“mass-selected” sample, Jin et al. (2018) adopt a “super-deblending”

technique developed by Liu et al. (2018) to “deblend” the FIR to

(sub)millimeter photometry from Spitzer (Le Floc’h et al. 2009),

Herschel (Oliver et al. 2010; Lutz et al. 2011; Béthermin et al.

2012), SCUBA2 (Cowie et al. 2017; Geach et al. 2017), AzTEC

(Aretxaga et al. 2011), and MAMBO (Bertoldi et al. 2007) images

in the COSMOS field for a total 221,428 sources. Using the “super-

deblended” photometry, Jin et al. (2018) fitted FIR to millimeter

SEDs for these sources and estimated their SFR by integrating 8–

1000 `m infrared luminosities (!IR) derived from the best-fit SEDs.

In this work, we also use the stellar mass from the “super-deblended"

MNRAS 000, 1–15 (2021)
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catalogue in our analyses (Section §4), which are from Laigle et al.

(2016) and Muzzin et al. (2013), and was estimated by using the

best-fit optical to NIR SED with a Chabrier IMF (Chabrier 2003).

The two catalogues of ALMA-detected submillimeter galax-

ies (SMGs) in the COSMOS field from Liu et al. (2019) and

Simpson et al. (2020) are not used in the main analyses of this

work but are used in marking this extreme population in our sam-

ple of SFGs to compare with previous studies (Tisanić et al. 2019;

Thomson et al. 2019). The A3COSMOS3 catalogue includes 1,134

ALMA sources with SNR> 5.4 extracted from all publicly avail-

able ALMA archive data in the COSMOS field (Liu et al. 2019). The

AS2COSMOS catalogue published in Simpson et al. (2020) includes

260 ALMA SMGs detected in observations of an essentially com-

plete sample of 184 SCUBA-2 sources brighter than (850 = 6.2 mJy

(Simpson et al. 2019).

3 ANALYSIS

To investigate the spectral properties of radio-detected sources, we

first measure the radio flux densities at different frequencies from

VLA, MeerKAT, and GMRT surveys in the COSMOS field. We also

describe the selection of SFGs in this section.

3.1 The “super-deblended” flux densities

As described in Section §2.3, Jin et al. (2018) adopted a “super-

deblending” technique developed by Liu et al. (2018) to “deblend”

FIR to (sub)millimeter photometries of sources selected from NIR

or radio. The purpose of the “super-deblending” technique is to deal

with source confusion caused by the low angular resolution of FIR

and single-dish (sub)millimeter imaging data when cross-matching

them with optical/NIR data. Since the “super-deblended” catalogue

we use in this work is from Jin et al. (2018), we take it as an exam-

ple to shortly describe the basic steps of “super-deblending” tech-

nique. Firstly, Jin et al. (2018) used the position of high-resolution

 s-band- or VLA 3 GHz-detected sources to perform PSF fitting

in MIPS 24 `m images from Le Floc’h et al. (2009) and VLA 1.4

and 3 GHz images from Schinnerer et al. (2010) and Smolčić et al.

(2017a) respectively by using the GALFIT (Peng et al. 2002, 2010).

For high SNR sources (SNR>10 at 24 `m and SNR>20 at VLA

1.4 GHz and 3 GHz), they run a second pass fitting allowing for

up to one and two pixel variations of prior source positions for

24 `m and radio images respectively. This returns a cleaner residual

image compared to the results of first-pass fitting. Secondly, they

performed a Monte Carlo simulation in MIPS 24 `m, 1.4 GHz, and

3 GHz maps respectively to verify potential flux biases and calibrate

the uncertainties of photometric measurements. Liu et al. (2018) and

Jin et al. (2018) compared the “super-deblended” flux densities with

directly measured ones from previous works (e.g., Le Floc’h et al.

2009; Schinnerer et al. 2010; Smolčić et al. 2017a) and confirmed

the reliability of “super-deblending” technique. We refer readers to

Liu et al. (2018) and Jin et al. (2018) for more details.

In this work, we aim to match the photometry of the MeerKAT

data at 1.3 GHz with those of VLA 1.4 GHz and 3 GHz, and

GMRT 325 MHz data. Because of the low resolution of GMRT and

MeerKAT data as well as ∼ 10× difference in the angular resolu-

tions between them and VLA 3 GHz data, we also adopt the “super-

deblending” technique to measure flux densities at these radio fre-

3 https://sites.google.com/view/a3cosmos

Figure 1. Ratio of “super-deblended” flux densities at MeerKAT 1.3 GHz and

VLA 1.4 GHz as a function of 1.4 GHz flux density for the 1,599 sources with

SNR> 3 at both frequencies. We mark the sources that have SNR> 5 at both

frequencies by blue solid points. The red crosses are the median ((1.3/(1.4)

for sources within each 1.4 GHz flux density bin. The inset plot shows the

distribution of normalized difference of “super-deblended” flux densities at

these two frequencies for sources with SNR> 3 and SNR> 5 at both fre-

quencies respectively. Overall, despite the scatter, the “super-deblended” flux

densities extracted from the VLA 1.4 GHz and MeerKAT 1.3 GHz data are

consistent with each other within the uncertainties for sources with SNR> 5

if we consider their slightly different effective frequencies.

quencies. To “deblend” the MeerKAT image, we adopt the same

 s+ 3 GHz prior sample in Jin et al. (2018) and obtain their “super-

deblended” flux densities at 1.3 GHz. However, because of the low

sensitivity of GMRT data, we only use 3 GHz detection as priors in

“deblending” 325 MHz images. This will not affect the sample size

of this study as it is based on a radio-selected sample.

To test the self-consistency of the “super-deblending” technique,

we compare the “super-deblended” flux densities at 1.3 GHz ((1.3)

from MIGHTEE survey and at 1.4 GHz ((1.4) from VLA-COSMOS

survey for the 1,599 sources with SNR> 3 at both frequencies as

shown in Figure 1. We limit our analyses within the area of the

MeerKAT primary beam (1 deg diameter) to avoid low sensitivity

regions at the edges of MIGHTEE survey. The relatively lower me-

dian value of ((1.3/(1.4) within the lowest 1.4 GHz flux-density bin

(Figure 1) is caused by the very different sensitivities of the two

datasets (Section §2). For the cut of SNR> 3, the low sensitivity of

VLA 1.4 GHz data results in a relatively larger uncertainty of mea-

sured flux density at 1.4 GHz (Figure 1), which, in return, leads to

a relatively higher flux density cut at VLA 1.4 GHz. In contrast, the

higher SNR cut (SNR> 5) is less affected by this effect, as shown

in Figure 1. We therefore mainly rely on the sample with SNR> 5

at both frequencies in verifying the self-consistency of the “super-

deblending” technique.

The inset plot in Figure 1 shows the distributions of normalized dif-

ference between the two flux densities for the sources with SNR> 3

and > 5 respectively. The normalized difference is defined as:

X = ((1.4 − (1.3)/

√

(f2
1.4

+ f2
1.3

), (1)

where f refers to the uncertainty of “super-deblended” flux density.
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The mean differences are X = 0.02 and −0.18 with the scatters of

fX = 0.94 and 0.96 for the two subsamples respectively. The negative

X and the median ((1.3/(1.4) = 1.04+0.02
−0.01

for sources with SNR> 5

might be indicative of the slightly different effective frequencies of

the two datasets, which results in ((1.3/(1.4) = 1.06 if we assume

the spectral index U = −0.8 between 1.3 and 1.4 GHz. Therefor,

although some of the sources appear to be outliers, the flux densities

at these two frequencies are consistent with each other for the sources

with SNR> 5.

3.2 SFGs selection

Due to the high resolution and the high sensitivity of VLA 3 GHz

data, we select sources with SNR> 5 at 3 GHz from the “super-

deblended” catalogue (Jin et al. 2018) to study the radio spectral

properties in this work. The 3 GHz is also the highest observer-

frame frequency we use in studying radio spectrum in this work.

Compared with selecting sources at low frequency, which bias the

sample to the sources with a relatively steeper radio spectrum, the

choice of 3 GHz as the selection frequency provides a less-biased

sample for studying the radio spectrum of SFGs in this work. In

addition, the high sensitivity of MeerKAT 1.3 GHz data guarantees

a high completeness of studying radio spectrum at 1.3–3 GHz for

3 GHz-selected SFGs. We will come back to this in Section §4.

Within the area of the MeerKAT primary beam (1 deg diameter),

there are 4,509 VLA 3 GHz sources with SNR> 5. We first select the

star formation dominated galaxies by removing previously classified

AGN or red galaxies from these radio sources.

For X-ray AGN in the COSMOS field, Marchesi et al. (2016)

cross-correlated the Chandra X-ray detected sources from the Chan-

dra COSMOS legacy Survey (Civano et al. 2016) with optical/NIR

sources in the literature and identified optical/NIR counterparts for

97% of 4,016 Chandra X-ray sources. We first cross-match VLA

3 GHz radio sources with optical/NIR counterparts of X-ray sources

from Marchesi et al. (2016) by using a matching radius of 1′′. We

find that 566/4,509 radio sources have Chandra X-ray detections and

519 of them are classified as AGN in Marchesi et al. (2016) accord-

ing to their rest-frame X-ray luminosity (!X > 1042 erg s−1). We also

cross correlate these 3 GHz radio sources with optical/NIR counter-

parts of 2,012 X-ray sources from the XMM-Newton X-ray survey

(Cappelluti et al. 2009; Brusa et al. 2010) and find an additional six

X-ray detected AGN.

The X-ray AGN-selection tends to miss low-luminosity AGN at

high redshift, as they typically do not have accretion-related X-

ray emission (Marchesi et al. 2016). Therefore we also adopt the

MIR color-color selection criteria in Donley et al. (2012) for I 6 3

sources. Since the “super-deblended” catalogue includes all VLA

3 GHz sources with SNR> 5 (Jin et al. 2018), we use the matched

photometry from this catalogue and find that 2,760 sources in our

sample have SNR> 3 in all four IRAC bands. Among these, 240

meet the selection criteria of MIR AGN (Donley et al. 2012).

In the “super-deblended" catalogue, Jin et al. (2018) clas-

sified 726/4,509 radio-excess sources as radio-loud AGN.

The criteria for radio excess are defined as ((OBS,radio −

(SED,radio)/
√

(f2
OBS,radio

+ f2
SED,radio

) > 3 and (OBS,radio > 2 ×

(SED,radio (Liu et al. 2018), where (OBS,radio is the observed radio

flux density and (SED,radio is the flux density predicted by the best-fit

FIR to millimeter SEDs (Section §2.3). For the 566 and 311 VLA

3 GHz radio sources that are cross-matched with the optical/NIR

counterparts of X-ray sources from Marchesi et al. (2016) and from

Brusa et al. (2010), 160 of them are identified as AGN according

to their best-fit optical to NIR SED in Marchesi et al. (2016), and

392 and 183 are spectroscopically identified AGN in Marchesi et al.

(2016) and Brusa et al. (2010) respectively. In addition, 3,958/4,509

radio sources are also included in the 5-f 3 GHz catalogue pre-

sented in Smolčić et al. (2017b). Among them, 501, 271, 578, and

793 are classified as X-ray, MIR, SED, and radio excess AGN in

Smolčić et al. (2017b). By integrating these classifications from the

literature, in total we remove 1,916 AGN from the 4,509 VLA 3 GHz

radio sources.

To further ensure a clean sample of SFGs, we also remove red

galaxies with both ("NUV − "A ) > 3.5 and non-detection in the

Herschel bands (100 `m, 160 `m, 250 `m, 350 `m, and 500 `m)

from our sample, since previous work proved that this popula-

tion shows typical properties that are consistent with those of ra-

dio AGN host galaxies (e.g., Best et al. 2006; Sadler et al. 2014;

Smolčić et al. 2017b). The absolute rest-frame GALEX NUV and

Subaru A-band magnitudes are taken from the COSMOS2015 cat-

alogue (Laigle et al. 2016), while the non-detection by Herschel is

defined as sources without > 3f detection at any Herschel band.

There are 761 galaxies which meet these selection criteria and 573

of them overlap with our AGN sample. Therefore, after removing

2,104 AGN and/or red galaxies, we obtain a sample of 2,405 SFGs

with SNR> 5 at VLA 3 GHz. Among these, 2,094 have a photometric

redshift or spectroscopic redshift in the “super-deblended” catalogue,

in which the photometric redshift is from the COSMOS2015 cata-

logue (Laigle et al. 2016) while the spectroscopic redshift is from a

new COSMOS master spectroscopic catalogue (M. Salvato et al. in

preparation; Jin et al. 2018).

4 RESULTS

To study the radio spectral properties of SFGs, we first extract their

flux densities from MeerKAT 1.3 GHz, and GMRT 325 MHz maps at

their 3 GHz positions by applying the “super-deblending” technique

(Jin et al. 2018).

4.1 Spectral index of SFGs between the observer-frame

frequencies of 1.3–3 GHz

For the 2,094 VLA 3 GHz-selected SFGs, 96% (2,012/2,094) of

them have measured “super-deblended” flux densities with SNR> 1

at MeerKAT 1.3 GHz. Among them, 1,851 (92%) have SNR> 3

while the rest 161 have 1 < SNR6 3. However, because of the low

sensitivity of VLA 1.4 GHz data, although 85% (1,783/2,094) of

these 3 GHz-selected SFGs have the measured flux densities at VLA

1.4 GHz, only a further 42% (756/1,783) have SNR> 3. Therefore, in

this work, we use the “super-deblended" flux densities at MeerKAT

1.3 GHz and VLA 3 GHz to measure the radio spectral index between

the observer-frame frequencies of 1.3–3 GHz for our selected SFGs.

The radio spectral index, U3GHz
1.3GHz

, is measured by performing a

linear fit in logarithmic space, and its uncertainty is inherited from

the uncertainties of the flux densities. The flux densities at VLA

1.4 GHz are included in the fit if the SFGs also have SNR> 3 at

VLA 1.4 GHz.

There are 712 VLA 3 GHz-selected SFGs with SNR> 3 at both

MeerKAT 1.3 GHz and VLA 1.4 GHz. We measure their radio spec-

tral index between the observer-frame frequencies of 1.3–3 GHz and

obtain a median radio spectral index of U3GHz
1.3GHz

= −0.80 ± 0.01 and

U3GHz
1.3GHz

= −0.79 ± 0.01 if we include or exclude the VLA 1.4 GHz

data in the measurement respectively. Here the error of the median

spectral index is estimated from bootstrap resampling. The scatters
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Figure 2. Spectral index between the observer-frame frequencies of 1.3–3 GHz, U3.0GHz
1.3GHz

, as a function of rest-frame frequency corresponding to observed

3 GHz, redshift (a1), stellar mass (b1), SFR (c1), and sSFR (d1) for the 2,012 VLA 3 GHz-selected SFGs. The upward arrows show the lower limit of U3.0GHz
1.3GHz

for the 161 SFGs with 1< SNR6 3 at MeerKAT 1.3 GHz. The black dashed line represents the median radio spectral index of U3.0GHz
1.3GHz

= −0.80 ± 0.01 for the

remaining 1,851 SFGs with SNR> 3 at MeerKAT 1.3 GHz. The blue cross or green square represents the median U3.0GHz
1.3GHz

of SFGs in each bin while the error

bar shows the standard deviation. The slightly steeper spectrum at the lowest redshift (rest-frame), sSFR, and the two lowest SFR bins might be biased by the

missing flux of high-resolution VLA 3 GHz observations for extended sources at low redshift. We therefore exclude galaxies with I < 0.5 in the linear fits of the

correlation between U3.0GHz
1.3GHz

and a physical property of the galaxies (red solid lines) to avoid the effect from missing flux of VLA 3 GHz observations, although

not all of low-redshift SFGs are affected. The linear fit is performed by minimizing the j2 and using the uncertainties of U3.0GHz
1.3GHz

as the inverse weights. The

slopes of these linear fits, V, are given on the right-bottom corner of each panel. We also mark the SFGs with ALMA detection (yellow circles) and find that they

show the statistic properties consistent with the entire sample. For the SFGs with SNR> 3 at MeerKAT 1.3 GHz, we show the correlation between U3.0GHz
1.3GHz

and

a physical property of the galaxies within stellar mass (a2), redshift (b2, c2, and d2) or SFR (b3, and d3) bins. The plot c2 suggests that the trend between SFR

and U3.0GHz
1.3GHz

is caused by the redshift-dependent selection effect of our radio flux-limited sample. Therefore, the trend between radio spectral index and sSFR

(d1) might be an another manifestation of the correlation between the radio spectrum and the stellar mass of SFGs. The plots in the first and second columns

suggest that the trends between U3.0GHz
1.3GHz

and redshift or stellar mass are very unlikely to be caused by selection effect. Overall, on average, the radio spectral

slope at observer-frame 1.3–3 GHz is not strongly correlated with redshift/rest-frame frequency, but slightly steepens with increasing stellar mass and flattens

with sSFR for radio-selected SFGs, although the scatter is large.

of both measurements are f = 0.31. These results further suggest

the self-consistency of “super-deblending" technique (Section §3.1).

For the 2,012 SFGs that have measured flux densities at MeerKAT

1.3 GHz (SNR> 1), their median spectral index is U3.0GHz
1.3GHz

= −0.78±

0.01 with a scatter of f = 0.37. However, if we limit our sample to

the SFGs with SNR> 3 at MeerKAT 1.3 GHz, we obtain a median

spectral index of U3.0GHz
1.3GHz

= −0.80 ± 0.01 and a scatter of f = 0.35.

Therefore, a higher SNR cut at MeerKAT 1.3 GHz will bias our

sample towards SFGs with a relatively steeper radio spectrum at

observer-frame 1.3–3 GHz, but we find that this effect is negligible

because of the high sensitivity of MeerKAT 1.3 GHz data. We thus

study the correlations between U3.0GHz
1.3GHz

and physical properties of

SFGs based on the sample of SFGs with SNR> 3 at MeerKAT

1.3 GHz as shown in Figure 2. For the 161 SFGs with 1 < SNR6 3

at MeerKAT 1.3 GHz, because of the relatively larger uncertainties

of their 1.3 GHz flux densities, we use the 5f limit of MeerKAT data

to estimate the lower limit of their radio spectral indices (Figure 2).

In Figure 2, we show the measured spectral index between the

observer-frame frequencies of 1.3–3 GHz as a function of corre-

sponding rest-frame frequency of VLA 3 GHz, redshift, stellar mass,
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SFR, and specific star formation rate (sSFR) for the 2,012 SFGs. The

sSFR is defined as the ratio of SFR and stellar mass. The relatively

steeper spectrum at the lowest redshift, sSFR, and the two lowest

SFR bins is likely to be caused by missing flux in the high-resolution

VLA 3 GHz observations. This results from the fact that for extended

galaxies at low redshift, only part of their flux densities have been

recovered in the high-resolution 3 GHz observations. Therefore, we

simply exclude the SFGs with I < 0.5 in the linear fits shown in

Figure 2.

As shown in the first panel (a1) of Figure 2, on average, the spec-

tral index at observer-frame 1.3–3 GHz is not strongly correlated

with rest-frame frequency (therefore also redshift) of SFGs. The

slope of the linear fit between U3.0GHz
1.3GHz

and rest-frame frequency

(arest,3GHz) is V(U,arest,3GHz) = 0.002 ± 0.002. We also show the

trends between U3.0GHz
1.3GHz

and rest-frame frequency for SFGs with

10.3 6 log ("∗/M⊙) < 10.6 and 10.6 6 log ("∗/M⊙) < 10.9

respectively (plot a2 of Figure 2) and confirm that this trend is in-

dependent from the stellar mass of SFGs. Galaxies with I < 0.5 are

excluded in the plot a2 of Figure 2 to avoid the effect from missing

flux of VLA 3 GHz observations.

The second panel (b1) of Figure 2 shows that the radio spectral

slope at observer-frame 1.3–3 GHz steepens slightly with increasing

stellar mass with a linear fitted slope of V = −0.08 ± 0.01. We find

that this trend can be observed within different redshift or SFR bins

as shown in the plot b2 and b3 of Figure 2.

The third panel (c1) of Figure 2 shows that, on average, the ra-

dio spectral slope first slightly flattens with increasing SFR but re-

verses from SFR&200 M⊙ yr−1. The slopes of the linear fits are

V(U,SFR.200 M⊙ yr−1) = 0.07 ± 0.02 and V(U,SFR&200 M⊙ yr−1) =

−0.10 ± 0.04 respectively. However, the plot c2 of Figure 2 sug-

gests that this is caused by redshift-dependent selection effect of

our radio flux-limited sample. These analyses suggest that the trend

between U3.0GHz
1.3GHz

and sSFR ( V(U,sSFR) = 0.06 ± 0.01, plot d1 of

Figure 2) is to a large extent another manifestation of the correlation

between U3.0GHz
1.3GHz

and stellar mass (b1 of Figure 2).

We also include SFGs with I < 0.5 in the linear fits of the correla-

tions between U3.0GHz
1.3GHz

and the physical properties shown in Figure 2.

The slopes of these linear fits change to V(U,arest,3GHz ) = 0.005±0.002,

V(U,log(M∗/M⊙)) = −0.06 ± 0.01, V(U,SFR.200 M⊙ yr−1) = 0.05 ±

0.01, and V(U,sSFR) = 0.07 ± 0.01 respectively. These results sug-

gest that the missing flux of high-resolution VLA 3 GHz observations

for extended sources at low redshift slightly affects the study of the

correlation between U3.0GHz
1.3GHz

and a physical property of the SFGs in

this work.

We mark the 187 SFGs with ALMA detection from AS2COSMOS

(Simpson et al. 2020) or A3COSMOS surveys (Liu et al. 2019) in

Figure 2 and find that their radio spectra at observer-frame 1.3–3 GHz

show the statistical properties consistent with the entire sample.

Overall, out of the five physical properties shown in Figure 2, only

the stellar mass and sSFR show robust correlations with the radio

spectral index at observer-frame 1.3–3 GHz of SFGs, although the

scatter is large. We will discuss the physical mechanisms responsi-

ble for the trends between radio spectral index and these physical

properties in Section §5.1.

4.2 Spectral indices of SFGs between the observer-frame

frequencies of 0.33–3 GHz

To study the radio spectral properties at low frequency, we include the

GMRT 325 MHz data to measure the radio spectral index between

Figure 3. Difference between radio spectral indices at low and high frequen-

cies (U1.3GHz
325MHz

−U3.0GHz
1.3GHz

) as a function of their combined uncertainties for the

166 SFGs with (3GHz > 50 `Jy and measured flux densities at the three radio

frequencies. The upward arrows show the lower limit of (U1.3GHz
325MHz

− U3.0GHz
1.3GHz

)

for the 76 SFGs with 1 < SNR6 3 at GMRT 325 MHz. The blue symbols

are the 30 SFGs, which have a low-frequency radio spectrum significantly

flatter than that at high frequency. We also mark the 72 SFGs with I < 0.5

(purple points), the 30 ALMA SMGs (yellow circles), and ten SFGs with

U3.0GHz
1.3GHz

< −1.0 (red rhombs) respectively.

the observer-frame frequencies of 0.33–3 GHz for selected SFGs in

the COSMOS field.

4.2.1 Comparison of radio spectrum at high and low frequencies

For the 2,094 VLA 3 GHz-selected SFGs, we have measured the

spectral index at observer-frame 1.3–3 GHz for 96% (2,012/2,094)

of them (Section §4.1). However, because of the low sensitivity of

the GMRT 325 MHz data, only half of these 3 GHz-selected SFGs

have a measured “super-deblended" flux density with SNR> 1 at

GMRT 325 MHz. Therefore, we apply an additional flux density cut

of (3GHz > 50 `Jy to obtain a less-biased sample of SFGs for study-

ing the radio spectral properties at observer-frame 0.33–3 GHz. The

criterion (3GHz > 50 `Jy is chosen in order to balance the complete-

ness of the SFGs with measured flux density at GMRT 325 MHz and

the sample size. Within the region for our analyses, there are 220

SFGs with (3GHz > 50 `Jy. Among them, 91% (201/220) and 84%

(184/220) have SNR> 1 at MeerKAT 1.3 GHz and GMRT 325 MHz

respectively. For the 19 sources that are brighter than 50 `Jy at

VLA 3 GHz but lack a measured “super-deblended" flux density

at MeerKAT 1.3 GHz, we visually inspect the MeerKAT 1.3 GHz

image and the residual map. We find that their residual maps are not

clean after two rounds of GALFIT PSF fitting (Jin et al. 2018), which

indicates that their flux density profiles cannot be well-approximated

by the Gaussian distribution. For this reason, their MeerKAT 1.3 GHz

flux densities cannot be accurately derived by the “super-deblending"

technique. Likewise, of the 36 sources that lack the measured flux

density with SNR> 1 at GMRT 325 MHz, four of them are also

caused by the inability to fit with a Gaussian profile. In addition, the

other 32 simply have SNR< 1 at GMRT 325 MHz.

We first measure the radio spectral indices between the observer-
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Figure 4. Averaged U1.3GHz
325MHz

, which is estimated by stacking MeerKAT and GMRT images for all of the 2,094 VLA 3 GHz-selected SFGs, as functions of rest-

frame frequency corresponding to observed GMRT 325 MHz, redshift, stellar mass, SFR, and sSFR. We divide the sample into the massive (log("∗ /M⊙) > 10.6)

and less-massive (log("∗/M⊙) < 10.6) subsamples when stacking SFGs within different redshift bins and find that, on average, the massive SFGs have a

relatively steeper radio spectrum. We also divide our sample into high-redshift (I > 1) and low-redshift (I < 1) subsamples when stacking SFGs within different

stellar mass, SFR, and sSFR bins. The results show that the averaged radio spectral slope at low frequency also steepens with increasing stellar mass, and flattens

with increasing sSFR despite some fluctuations at high redshift (I > 1).

frame frequencies of 0.33–1.3 GHz, 0.33–3 GHz, and 1.3–3 GHz for

a sample of 166, 184, and 201 SFGs respectively, using the two flux

densities at the endpoints of each frequency range. The median radio

spectral indices are U1.3GHz
325MHz

= −0.59+0.02
−0.03

, U3GHz
325MHz

= −0.65+0.02
−0.03

,

and U3.0GHz
1.3GHz

= −0.73+0.01
−0.02

with a scatter of f = 0.29, 0.19, and

0.22 respectively. Therefore, on average, the radio spectrum of SFGs

flattens at low frequency.

For the SFGs with (3GHz > 50 `Jy and measured flux densi-

ties at MeerKAT 1.3 GHz, 99% (198/201) of them have SNR> 3

at MeerKAT 1.3 GHz. However, for the 184 SFGs with measured

flux density at GMRT 325 MHz, only 58% (107/184) of them

have SNR> 3 at GMRT 325 MHz. The measured radio spectral

indices for a sample of 89, 107, and 198 SFGs with SNR> 3

at the two corresponding frequencies are U1.3GHz
325MHz

= −0.69+0.03
−0.06

,

U3GHz
325MHz

= −0.74+0.01
−0.03

, and U3.0GHz
1.3GHz

= −0.73+0.01
−0.02

with a scatter of

f = 0.19, 0.13, and 0.22 respectively. Therefore, a higher SNR cut at

GMRT 325 MHz will bias our sample towards the SFGs with a rela-

tively steeper radio spectrum at observer-frame 0.33–3 GHz, as one

would expect. These suggest that high-sensitivity multi-frequency

data are necessary for a complete study of radio spectrum of SFGs.

We also compare the measured radio spectral index at high and

low frequencies for the 166 SFGs with measured flux densities at

the three radio frequencies individually (Figure 3). For the 76 SFGs

that have 1 < SNR6 3 at GMRT 325 MHz, we use the 5f limit of

GMRT 325 MHz data to estimate the lower limit of their U1.3GHz
325MHz

.

In addition, for the 90 SFGs that have SNR> 3 at GMRT 325 MHz,

one of them has SNR= 2 at MeerKAT 1.3 GHz. Therefore, in total,

there are 89 SFGs with SNR> 3 at both MeerKAT 1.3 GHz and

GMRT 325 MHz. We find that 33% (29/89) of them have the dif-

ference between radio spectral indices at low and high frequencies

(U1.3GHz
325MHz

− U3.0GHz
1.3GHz

) larger than the combined uncertainty, which is

estimated as

fcombined =

√

(f2

U1.3GHz
325MHz

+ f2

U3.0GHz
1.3GHz

). (2)

In addition, one SFG has the estimated lower limit of (U1.3GHz
325MHz

−

U3.0GHz
1.3GHz

) larger than its fcombined. We also mark the ten SFGs that

have U3.0GHz
1.3GHz

< −1 in Figure 3. We find that five out of these ten

have I < 0.5, while four have I = 0.7–0.8. Therefore, some of these

sources’ 3 GHz flux densities are very likely affected by the missing

flux of VLA observations. For SFGs brighter than 50 `Jy at 3 GHz,

we thus estimate that > 15% of them have a significantly flatter radio

spectrum at low frequency.

4.2.2 Stacking all of the 3 GHz-selected SFGs

For all of the 2,094 VLA 3 GHz selected SFGs in our sample, only

195 of them have SNR> 3 at GMRT 325 MHz. In addition, the

cut of SNR> 3 at GMRT 325 MHz biases our sample towards the

SFGs with relatively steeper radio spectrum observed at 0.33–3 GHz

as described in Section § 4.2.1. We therefore perform a stacking

analysis to study the radio spectral properties at observer-frame 0.33–

1.3 GHz.

For these 2,094 SFGs, we stack both GMRT 325 MHz and

MeerKAT 1.3 GHz imaging data at their 3 GHz positions to measure

the averaged radio spectral index at observer-frame 0.33–1.3 GHz.

We use the peak flux densities of the average-stacked images to esti-

mate the radio spectral index at low frequency and show the results

in Figure 4 and Table 1. To compare the correlations of radio spectral

index and physical properties of galaxies shown in Figure 2, we stack

the 3 GHz-selected SFGs by redshift, stellar mass, SFR, and sSFR

bins respectively.

As shown in Figure 4 and Table 1, when stacking the SFGs within

different redshift bins, we further divide the sample into massive

(log("∗/M⊙) > 10.6) and less-massive (log("∗/M⊙) < 10.6)

subsamples. We find that the averaged radio spectral slope at low-

frequency slightly steepens at arest,325MHz & 1.0 GHz (plot a of

Figure 4). However, as shown in Figure 4, our sample at I > 2 are

dominated by massive SFGs. Therefore, the results suggest that, on

average, massive SFGs have a relatively steeper radio spectrum at

observer-frame 0.33–1.3 GHz.

For the 2,094 SFGs, 2,090 of them have estimated stellar mass from

the “super-deblended" catalogue (Jin et al. 2018). We further divide

them into high-redshift (I > 1) and low-redshift (I < 1) subsets

to investigate the selection effect of our radio flux-limited sample.

Except the lowest stellar mass bin, which is affected the most by the

incompleteness of our flux-limited sample, the results from stacking

show that the averaged radio spectral slope at low frequency also

steepens with increasing stellar mass (Figure 4).

We also divide our sample into high-redshift (I > 1) and low-
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Table 1. Results from stacking the 3 GHz-selected SFGs

Redshift (I) I < 0.5 0.5–1.0 1.0–2.0 >2.0

Number 373 668 703 350

(325MHz
∗ 203 ± 9 125 ± 5 109 ± 4 109 ± 7

(1.3GHz
∗ 99 ± 4 62 ± 2 56 ± 1 50 ± 1

U1.3GHz
325MHz

−0.51 ± 0.04 −0.51 ± 0.03 −0.48 ± 0.03 −0.56 ± 0.05

log("∗/M⊙) <10.6 log("∗/M⊙ ) >10.6

I < 0.5 0.5–1.0 1.0–2.0 I < 1.0 1.0–2.0 >2.0

279 395 284 364 418 265

172 ± 9 106 ± 4 84 ± 4 191 ± 10 126 ± 7 121 ± 9

88 ± 4 54 ± 2 46 ± 1 90 ± 3 63 ± 2 53 ± 2

−0.49 ± 0.05 −0.49 ± 0.04 −0.44 ± 0.04 −0.55 ± 0.04 −0.50 ± 0.05 −0.60 ± 0.06

log("∗/M⊙ ) <10.3 10.3–10.6 10.6–10.9 >10.9

Number 493 550 578 469

(325MHz
∗ 112 ± 5 116 ± 4 141 ± 6 152 ± 8

(1.3GHz
∗ 57 ± 2 62 ± 2 69 ± 2 70 ± 2

U1.3GHz
325MHz

−0.49 ± 0.03 −0.46 ± 0.03 −0.52 ± 0.04 −0.56 ± 0.04

I <1 I > 1

log("∗/M⊙ ) <10.3 10.3–10.6 10.6–10.9 >10.9 log("∗/M⊙ ) <10.3 10.3–10.6 10.6–10.9 >10.9

353 321 242 122 140 229 336 347

125 ± 6 142 ± 6 188 ± 13 196 ± 14 78 ± 6 83 ± 4 111 ± 6 137 ± 8

64 ± 2 72 ± 3 90 ± 5 90 ± 4 39 ± 2 47 ± 2 55 ± 2 63 ± 2

−0.48 ± 0.04 −0.49 ± 0.05 −0.54 ± 0.06 −0.55 ± 0.05 −0.51 ± 0.06 −0.41 ± 0.05 −0.51 ± 0.04 −0.56 ± 0.05

SFR (M⊙ yr−1) I <1 I > 1

SFR<10 10–30 30–50 >50 SFR<100 100–200 200–400 >400

Number 239 348 251 203 254 301 297 201

(325MHz
∗ 159 ± 9 146 ± 7 138 ± 12 176 ± 8 85 ± 8 90 ± 4 110 ± 5 167 ± 13

(1.3GHz
∗ 79 ± 4 69 ± 3 65 ± 4 93 ± 4 38 ± 2 49 ± 1 59 ± 2 74 ± 3

U1.3GHz
325MHz

−0.50 ± 0.05 −0.54 ± 0.04 −0.55 ± 0.08 −0.46 ± 0.04 −0.58 ± 0.07 −0.44 ± 0.04 −0.46 ± 0.04 −0.58 ± 0.06

sSFR I <1 I > 1

sSFR< 5.0 × 10−10 (0.5–1.0)×10−9 (1.0–2.0)×10−9 > 2.0 × 10−9 sSFR< 1.5 × 10−9 (1.5–3.0)×10−9 (3.0–6.0)×10−9 > 6.0 × 10−9

Number 331 278 245 184 194 282 288 288

(325MHz
∗ 172 ± 9 157 ± 12 137 ± 6 135 ± 9 117 ± 11 89 ± 6 120 ± 7 112 ± 6

(1.3GHz
∗ 82 ± 4 76 ± 4 69 ± 3 69 ± 4 51 ± 2 47 ± 2 56 ± 2 59 ± 2

U1.3GHz
325MHz

−0.53 ± 0.05 −0.52 ± 0.07 −0.49 ± 0.04 −0.48 ± 0.06 −0.59 ± 0.07 −0.46 ± 0.05 −0.54 ± 0.05 −0.46 ± 0.05

U3GHz
1.3GHz

< −1.0 (−1.0)–(−0.8) (−0.8)–(−0.65) (−0.65)–(−0.4) > −0.4

Number 469 472 396 413 262

(325MHz
∗ 129 ± 4 139 ± 5 138 ± 5 114 ± 5 65 ± 4

(1.3GHz
∗ 61 ± 2 68 ± 2 71 ± 2 59 ± 2 37 ± 1

U1.3GHz
325MHz

−0.54 ± 0.03 −0.52 ± 0.03 −0.48 ± 0.03 −0.48 ± 0.04 −0.40 ± 0.05

I <1 I > 1

U3GHz
1.3GHz

< −1.0 (−1.0)–(−0.8) (−0.8)–(−0.65) (−0.65)–(−0.4) > −0.4 U3GHz
1.3GHz

< −1.0 (−1.0)–(−0.8) (−0.8)–(−0.65) (−0.65)–(−0.4) > −0.4

258 233 215 186 106 211 239 181 227 156

137 ± 6 159 ± 8 160 ± 8 125 ± 8 73 ± 7 118 ± 7 120 ± 6 113 ± 6 105 ± 6 59 ± 5

65 ± 2 77 ± 3 81 ± 3 65 ± 3 41 ± 2 56 ± 2 59 ± 2 60 ± 2 53 ± 2 34 ± 2

−0.54 ± 0.04 −0.52 ± 0.04 −0.50 ± 0.05 −0.47 ± 0.06 −0.42 ± 0.07 −0.54 ± 0.05 −0.51 ± 0.04 −0.45 ± 0.05 −0.49 ± 0.05 −0.39 ± 0.07
∗Flux density in `Jy.

redshift (I < 1) subsets when stacking SFGs within different SFR

bins and confirm that the trend between the averaged radio spectral

index and SFR is caused by the redshift-dependent selection effect of

our radio flux-limited sample (plot c of Figure 4). As shown in the plot

d of Figure 4, the averaged radio spectral slope at low frequency also

flattens with increasing sSFR in general, although the high-redshift

subsample exhibits the greater fluctuation in the trend.

For the 2,012 SFGs with measured radio spectral index at high

frequency (U3GHz
1.3GHz

), we stack them by high-frequency radio spectral

index bins and show the results in Table 1. We find that the averaged

radio spectral index at low frequency is positively correlated with

that at high frequency, i.e., the SFGs within the lowest U3GHz
1.3GHz

bin

also have the steepest averaged radio spectrum at low frequency,

and vice versa. We further divide the 2,012 SFGs into high-redshift

(I > 1) and low-redshift (I < 1) subsamples and find that the positive

correlation between the averaged radio spectral indices at low and

high frequencies is present in both redshift subsamples despite some

fluctuations.

Overall, the stacking analyses of all the 3 GHz-selected SFGs sug-

gest that the trends between radio spectral index and physical proper-

ties of SFGs are consistent at low and high frequencies. In addition,

the averaged radio spectral index at low and high frequencies show a

positive correlation.

4.3 FIR-Radio correlation

With the measured radio spectral indices of SFGs, we study the

correlation between the infrared and radio emission of SFGs and in-

vestigate how different assumptions of :-correction affect this. In this

work we use rest-frame radio luminosities at 1.3 GHz (!1.3GHz) in

the FIRRC of SFGs to be consistent with the observational frequency

of our MIGHTEE survey.

4.3.1 FIR-Radio correlation for bright 3 GHz SFGs

To measure !1.3GHz, the spectral index at low frequency (U1.3GHz
325MHz

)

is essential because the emission at rest-frame 1.3 GHz from a galaxy

with I > 0 is shifted into aobs < 1.3 GHz. Therefore, the appropri-

ate spectral index to use in :-correction should be U1.3GHz
325MHz

. How-

ever, as we described in Section §4.2, because of the low sensitiv-

ity of the GMRT data, only the sample of the SFGs brighter than

50 `Jy at 3 GHz has a relatively complete (> 80%) measurement

of flux densities at GMRT 325 MHz. We thus first use U1.3GHz
325MHz
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Figure 5. Comparison of @IR based on radio spectral indices at low and

high frequencies for the 166 SFGs with (3GHz > 50 `Jy and measured

flux densities at the three radio frequencies. The @1.3GHz
325MHz

is measured by

adopting U1.3GHz
325MHz

to :-correct the observed flux density, while @3GHz
1.3GHz

is

based on U3GHz
1.3GHz

-derived :-correction. The circles are the 89 SFGs with

SNR> 3 at both GMRT 325 MHz and MeerKAT 1.3 GHz. For the 76 SFGs

with 1 < SNR6 3 at GMRT 325 MHz, we use the lower limit of their radio

spectral indices to estimate the lower limit of their @1.3GHz
325MHz

as shown by

rightward arrows. The remaining one SFG has SNR> 3 at GMRT 325 MHz

but has SNR= 2 at MeerKAT 1.3 GHz. We show its upper limit of @1.3GHz
325MHz

and lower limit of @3GHz
1.3GHz

by leftward and upward arrows. We also mark

the SFGs with the measured (@1.3GHz
325MHz

− @3GHz
1.3GHz

) larger than their combined

uncertainties by blue symbols. Errors of @IR are derived from the uncertainties

of infrared and radio luminosities.

to :-correct the observed flux density at MeerKAT 1.3 GHz and

derive the rest-frame luminosity at 1.3 GHz for the 89 SFGs with

SNR> 3 at both GMRT 325 MHz and MeerKAT 1.3 GHz. For

the 76 SFGs with 1 < SNR6 3 at GMRT 325 MHz, we use the

lower limit of their U1.3GHz
325MHz

. The remaining one SFG has SNR> 3

at GMRT 325 MHz but has SNR= 2 at MeerKAT 1.3 GHz. We

therefore use the lower limit of its U1.3GHz
325MHz

to estimate the upper

limit of @1.3GHz
325MHz

(Figure 5). Combining with their total infrared lu-

minosities from the “super-deblended” catalogue (Jin et al. 2018),

we measure the logarithmic infrared-to-radio luminosity ratio (e.g.,

Helou, Soifer, & Rowan-Robinson 1985; Condon 1992; Ivison et al.

2010):

@IR = log[
!IR

(3.75 × 1012,)
×

WHz−1

!1.3 GHz
]. (3)

We obtain a median @IR = 2.46+0.03
−0.04

and a scatter of f = 0.18 for

the 89 SFGs with SNR> 3 at both GMRT 325 MHz and MeerKAT

1.3 GHz. To investigate how different :-corrections affect the FIRRC

of SFGs, we also use the spectral indices at high frequency (U3GHz
1.3GHz

)

to measure FIRRC and obtain a median @IR = 2.46+0.03
−0.02

and a

standard deviation of f = 0.19. In addition, we assume a fixed radio

spectral slope with U = −0.8 at rest-frame 0.4–10 GHz to :-correct

the observed flux density at 1.3 GHz and obtain a median @IR =

2.45+0.03
−0.04

and a scatter of f = 0.18. Therefore, for these SFGs with

(3GHz > 50 `Jy and SNR> 3 at GMRT 325 MHz and MeerKAT

1.3 GHz, the adoption of a fixed or an individually measured radio

spectral index at high frequency does not significantly affect the

median @IR. However, as described in Section §4.2.1, the cut of

SNR> 3 at GMRT 325 MHz biases our sample towards the SFGs

with a relatively steeper radio spectrum at observer-frame 0.33–

3 GHz. This might be the reason that our median @IR is slightly

lower than the measurements of some previous works (e.g., Bell

2003; Ivison et al. 2010; Thomson et al. 2014; Molnár et al. 2021).

We show the @IR based on radio spectral indices at low and high

frequencies for these 166 SFGs in Figure 5. For the 89 SFGs with

SNR> 3 at both GMRT 325 MHz and MeerKAT 1.3 GHz, we find

that 28% (25/89) of them have the measured (@1.3GHz
325MHz

− @3GHz
1.3GHz

)

larger than their combined uncertainties. Here the “combined uncer-

tainty” is defined in an analogous way to thefcombined of Equation 2,

using the uncertainties of @1.3GHz
325MHz

and @3GHz
1.3GHz

. In addition, three

SFGs has the estimated lower limit of (@1.3GHz
325MHz

− @3GHz
1.3GHz

) larger

than their combined uncertainties. Therefore, for the SFGs brighter

than 50 `Jy at 3 GHz, > 17% (28/166) of their @IR are significantly

underestimated if we adopt the radio spectral index at high frequency

in the :-correction.

4.3.2 FIR-Radio correlation for all of the 3 GHz-selected SFGs

Unfortunately, the majority of the 3 GHz-selected SFGs in our sam-

ple lack the measured flux density at GMRT 325 MHz because of

the low sensitivity of 325 MHz data. We thus first use U3GHz
1.3GHz

in-

stead of U1.3GHz
325MHz

to :-correct the observed luminosity at MeerKAT

1.3 GHz and measure the FIRRC for the 2,012 VLA 3 GHz-selected

SFGs (Figure 6). Among them, 161 have 1 < SNR6 3 at MeerKAT

1.3 GHz. We therefore use the lower limit of their U3GHz
1.3GHz

to esti-

mate the lower limit of their @IR as shown in Figure 6. In addition,

for the 2,012 radio-selected SFGs, 1,835 of them have SNRIR > 3.

The SNRIR is the combined SNR of “super-deblended” flux densi-

ties from 100 `m-to-1.2 mm, which reflects the quality of the FIR to

millimeter SEDs that are used in estimating the total infrared lumi-

nosity. We therefore only keep the 1,835 SFGs with SNRIR > 3 in

the following analyses. Among them, 1,717 also have SNR> 3 at

MeerKAT 1.3 GHz. Their median @IR = 2.47±0.01, with a standard

deviation of f = 0.23, is consistent with that of SFGs brighter than

50 `Jy at 3 GHz (Section §4.3.1).

As shown in the top panels of Figure 6, there is a clear trend

between @IR and redshift/stellar mass of galaxies, namely, that @IR

slightly declines with redshift and stellar mass. The evolution of @IR

with redshift and/or stellar mass has been widely discussed in lit-

erature (e.g., Magnelli et al. 2015; Delhaize et al. 2017; Jarvis et al.

2010; Algera et al. 2020; Delvecchio et al. 2021). However, a com-

plete study of the evolution of @IR and its physical factors are beyond

the scope of this work. As described in Section §3.2, we remove ra-

dio excess sources from our sample to select a clean sample of SFG,

which affects the completeness of study FIRRC of radio-selected

sources. In this work, we only focus on how different :-corrections

affect the study of FIRRC of SFGs.

To compare the FIRRC based on radio spectral index at low and

high frequencies for all the 3 GHz-selected SFGs, we first divide our

sample into the same redshift and stellar mass bins as those listed in

Table 1 and show the median @3GHz
1.3GHz

of the galaxies within each bin

in Figure 6. We also adopt the radio spectral index at low frequency,

U1.3GHz
325MHz

, from our stacking analyses (Table 1) to :-correct the ob-

served flux density at MeerKAT 1.3 GHz of galaxies within each

bin and show the median @1.3GHz
325MHz

in Figure 6. We first perform the

simple linear fit to the correlations between median @IR and physical

properties of galaxies within each bin and overplot the results in Fig-
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Figure 6. Top: Logarithmic infrared-to-radio luminosity ratio, @IR as functions of redshift and stellar mass for the 1,835 VLA 3 GHz-selected SFGs with

measured spectral index U3GHz
1.3GHz

and SNRIR > 3. Among them, 1,717 also have SNR> 3 at MeerKAT 1.3 GHz. Their @IR are measured by adopting U3GHz
1.3GHz

in :-correction. The black dashed line represents the median @IR (@IR = 2.48 ± 0.01) of these SFGs. The red crosses show the median @IR based on U3GHz
1.3GHz

of galaxies within each redshift and stellar mass bin while the error bars show the errors that are estimated from bootstrap resampling. For the remaining 118

SFGs with 1 < SNR6 3 at MeerKAT 1.3 GHz, we use the lower limit of their U3GHz
1.3GHz

to estimate the lower limit of their @IR as shown by upward arrows. We

also adopt the averaged radio spectral index at low frequency (U1.3GHz
325MHz

) from our stacking analyses (Table 1) for galaxies within each bin and show the median

@1.3GHz
325MHz

as magenta diamond. The solid and short-dashed lines represent the linear fits of correlations between median @IR and physical properties based on the

two different :-corrections respectively. The slopes of these linear fits (W) are shown on the bottom-left corner of each panel. We do not include the lowest stellar

mass bin in the fits to reduce the effect of incompleteness of our flux-limited sample. Bottom: We further divide our sample into massive (log ("∗/M⊙) > 10.6)

and less-massive (log ("∗/M⊙) < 10.6), high-redshift (I > 1) and low-redshift (I < 1) subsamples and show their median @IR as functions of redshift and

stellar mass. The solid symbols represent the median @3GHz
1.3GHz

while the open symbols show the median @1.3GHz
325MHz

, which is estimated by adopting the averaged

U1.3GHz
325MHz

from our stacking analyses. The highest redshift bin of less massive subsample, the lowest stellar mass bin of low-redshift subset, and the two lowest

stellar mass bins of high-redshift subsample are excluded in the linear fits to reduce the effect of incompleteness of our radio flux-limited sample. Overall, the

two different :-corrections result in a similar overall trend between @IR and redshift or stellar mass, although evolution of @IR with cosmic time will be slightly

overestimated if we adopt the radio spectral index from high frequency (U3GHz
1.3GHz

) in :-correction.

ure 6. To be consistent with previous studies, we also fit the evolution

of median @IR as a function of redshift with the form @ ∝ (1 + I)W

(e.g., Ivison et al. 2010; Delvecchio et al. 2021) and obtain the best-

fit W = −0.10 ± 0.01 for @3GHz
1.3GHz

and W = −0.05 ± 0.01 for @1.3GHz
325MHz

.

We further divide our sample into massive (log ("∗/M⊙) > 10.6)

and less massive (log ("∗/M⊙) < 10.6) subsamples and show the

median @3GHz
1.3GHz

and @1.3GHz
325MHz

as a function of redshift in the bottom-

left panel of Figure 6. We exclude the highest redshift bin of the less

massive galaxies in the fit to reduce the effect of incompleteness in

our sample. Overall, Figure 6 and our analyses show that although

the two different :-corrections result in a similar overall trend be-

tween @IR and redshift, the evolution of @IR with cosmic time based

on radio spectral index at low frequency is slightly weaker than that

based on spectral index derived from high frequency.

The bottom-right plot of Figure 6 shows the median @IR as a func-

tion of stellar mass for SFGs at high redshift (I > 1) and low redshift

(I < 1) respectively. To reduce the effect from incompleteness of our

radio flux-limited sample, we do not include the lowest stellar mass

bin and the two lowest stellar mass bins in fitting the correlations

for the low-redshift and high-redshift subsamples respectively. As

shown in Figure 6, the trends between @IR and stellar mass based on

the two radio spectral indices are consistent within the uncertainties.

Overall, using the radio spectral index from high frequency or the

fixed spectral index of U = −0.8 to :-correct the observed radio flux

density will underestimate the @IR for galaxies with a flatter radio

spectrum at low frequency, and thus further affect the slope of the

evolution of @IR with redshift.

5 DISCUSSION

In this work, we have presented the radio spectral properties ob-

served at 0.33–1.3 GHz and 1.3–3 GHz respectively for the 2,094

VLA 3 GHz-selected SFGs. Here we discuss the possible physical

mechanisms that determine the radio spectrum at low and high fre-

quencies.
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5.1 Physical mechanisms that affect the radio spectrum at high

frequency

In Section §4.1, we show that, for the 2,012 SFGs with I ∼ 0.01–3, the

median radio spectral index between the observer-frame frequencies

of 1.3–3 GHz isU3GHz
1.3GHz

= −0.78±0.01. In addition, the median radio

spectral index does not change significantly at rest-frame frequencies

of 1.3–10 GHz, which suggests that the radio spectrum of SFGs at

this frequency range is dominated by the synchrotron emission.

Figure 2 shows that, on average, the radio spectrum at observer-

frame 1.3–3 GHz slightly steepens with increasing stellar mass. One

possible explanation for this correlation is the “aging” of the rela-

tivistic electron population. In the literature, the CR electron pop-

ulation losing energy with time, i.e., via inverse-Compton, syn-

chrotron, ionization, and bremstrahlung process, is widely used to

explain a steepening of the radio spectrum at high frequency (e.g.,

Condon 1992; Basu et al. 2015; Klein, Lisenfeld, & Verley 2018;

Chyży et al. 2018; Thomson et al. 2019). However, for SFGs, the

constantly injected CR electrons in star-forming regions will keep

the radio spectral slope constant. Therefore, the slope of radio spec-

trum relies on the balance between the freshly injected and aged CR

electrons in SFGs (e.g, Basu et al. 2015; Tabatabaei et al. 2017). The

correlation between radio spectral index and stellar mass shown in

Figure 2 and Figure 4 could be explained by slightly increased ratio

of aged and young relativistic CR electrons with increasing stellar

mass of SFGs, although the data and the analyses in this work are

not sufficient for us to be completely confident in this scenario.

We also find a weak positive correlation between sSFR and the

radio spectral index at observer-frame 1.3–3 GHz of SFGs. We notice

that the radio spectrum flattening with increasing sSFR has also been

observed in local ULIRGs (Condon et al. 1991; Murphy et al. 2013).

However, our results shown in Figure 2 suggest that this trend in

our sample might be an alternative manifestation of the underlying

physics as indicated by the correlation between the radio spectrum

and the stellar mass of SFGs. Murphy et al. (2013) suggested that

galaxies with high sSFR are more compact and host deeply embedded

star formation, thus more optically thick in the radio. Therefore, the

radio spectrum flattening with increasing sSFR could be explained

by increased free-free absorption (Murphy et al. 2013). However,

further studies are necessary to explore the underlying physics that

drive the correlations between radio spectral index and stellar mass,

and sSFR of SFGs.

5.2 Physical mechanisms that flatten the radio spectrum at low

frequency

Our analyses for all of the 3 GHz-selected SFGs and the sub-

set brighter than 50 `Jy at 3 GHz both show that, on average,

the radio spectrum of SFGs flattens at low frequency (aobs <

1.3 GHz). Some recent works on the radio spectral properties of

SFGs have also reported a flatter radio spectrum at low frequency

(e.g., Calistro Rivera et al. 2017; Tisanić et al. 2019; Thomson et al.

2019), although their sample selections and/or observer-frame fre-

quencies are different from this work.

There are several physical mechanisms that might explain a flatten-

ing of the radio spectrum at low frequency, such as thermal absorp-

tion, the intrinsic curvature in the synchrotron spectrum due to energy

losses of CR electrons and propagation effects, Razin effect, rela-

tivistic bremsstrahlung, synchrotron self-absorption, and so on (e.g.,

Condon 1992; McDonald et al. 2002; Tingay 2004; Murphy 2009;

Clemens et al. 2010; Lacki 2013; Marvil, Owen, & Eilek 2015;

Kapińska et al. 2017; Chyży et al. 2018; Klein, Lisenfeld, & Verley

2018). Among them, the thermal absorption and the intrinsic cur-

vature in the synchrotron spectrum are the two main mechanisms

that are widely included in the theoretical models in the literature.

Models of the thermal free-free absorption assume that a power-law

synchrotron radio spectrum is attenuated by free-free absorption with

an absorption coefficient:

(

^

pc−1

)

≈ 3.3 × 10−7

(

=4

cm−3

)2 (

)4

104 K

)−1.35 ( a

GHz

)−2.1
, (4)

where =e is the free electron density, )e is the electron temperature,

and a is the radio frequency (Condon 1992).

Alternatively, models based on the intrinsic curvature in the syn-

chrotron spectrum usually assume that the shock-accelerated CRs

in the supernova remnants (SNRs) have a power-law energy dis-

tribution with spectral index U ∼ −0.5, which is supported by

the averaged radio spectral index at ∼1 GHz of SNRs (e.g., Green

2014; Marvil, Owen, & Eilek 2015; Klein, Lisenfeld, & Verley

2018; Chyży et al. 2018). As the relativistic CR electrons propa-

gate within the galaxy, two major mechanisms cause energy-loss at

high frequency, namely synchrotron and inverse-Compton losses,

which steepens the radio spectrum of SFGs. Although the remaining

mechanisms may also flatten the radio spectrum at low frequency,

previous work suggested that their impact in SFGs are very weak at

rest-frame ∼ 0.4–1 GHz (e.g., Tingay 2004; Lacki 2013; Chyży et al.

2018).

In our work, as shown in Figure 2, Figure 4, and Table 1, on av-

erage, the radio spectrum at both low and high frequency slightly

steepens with increasing stellar mass, which could be explained by

age-related synchrotron losses. These results lend support to the

models that take into account energy-loss mechanisms in explaining

the flattening of the radio spectrum at low frequency. However, some

recent studies based on nearby bright galaxies suggest that the dif-

ferent regions within a galaxy might have distinctly different radio

spectra because of the inhomogeneous physical conditions within

a galaxy (e.g., Marvil, Owen, & Eilek 2015; Kapińska et al. 2017).

Therefore, models with a single mechanism may not be adequate for

interpreting the integrated radio spectrum of a galaxy.

5.3 Limitations

As described in Section §3, using 3 GHz as the selection frequency in

this work provides a less-biased sample for studying radio spectrum

at observer-frame 1.3–3 GHz. However, there might be some 1.3 GHz

sources with steep radio spectra, which would not have been included

in this work because of the non-detection at 3 GHz.

For studying the radio spectrum at observer-frame 0.33–3 GHz,

the main limitation is the small sample size of SFGs with measured

radio spectral index at both low and high frequency because of the low

sensitivity of GMRT 325 MHz data. Although we applied a higher

SNR cut and an additional flux density cut at 3 GHz to provide a

less-biased sample when studying the radio spectral properties of

SFGs, nearly half (46%) of SFGs with a measured radio spectral

index at low frequency (U1.3 GHz
325MHz

) have a SNR< 3 at 325 MHz. This

leads to large uncertainties on the measured radio spectral index at

low frequency and reduces the accuracy of the follow-up analyses.

On the other hand, the cut of SNR> 3 at 325 MHz bias our sample

towards the SFGs with relatively steeper radio spectra at observer-

frame 0.33-3 GHz.

The other limitation is the uncertainties of the “super-deblended”

flux densities extracted from imaging data with very different angular

resolutions. As shown in Figure 1, although the “super-deblended”

flux densities extracted from VLA 1.4 GHz and MeerKAT 1.3 GHz
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imaging data are consistent with each other within the uncertainties,

the scatter is large. To improve quality and sample size in studying

the radio spectral properties at both low and high frequency, observa-

tions with similar spatial resolutions and high sensitivity at multiple

frequencies are essential. The recently released high-sensitivity low-

frequency (< 150 MHz) data from the Low Frequency Array (LO-

FAR) large surveys (e.g., de Gasperin et al. 2021; Tasse et al. 2021;

Sabater et al. 2021) and the undergoing joint project, SuperMIGH-

TEE, which combines the MeerKAT and uGMRT telescopes to ob-

serve the MIGHTEE survey regions at 0.5–2.7 GHz with the same

angular resolution (∼ 5′′) and similar sensitivity, will dramatically

advance the studies of the radio spectrum.

6 CONCLUSION

By combining deep MeerKAT 1.3 GHz data with VLA 3 GHz,

GMRT 325 MHz data and rich ancillary data available in the COS-

MOS field, we study the radio spectral properties of 2,094 radio

3 GHz-selected SFGs within the MIGHTEE-COSMOS early science

coverage. Our main conclusions are as follows.

1. After removing AGN and red quiescent galaxies from the 4,014

VLA 3 GHz-selected sources within the MIGHTEE-COSMOS early

science coverage, we obtain 2,094 SFGs with SNR> 5 at 3 GHz.

We extract flux densities from the MeerKAT imaging data for these

3 GHz-selected SFGs and obtain the radio spectral indices between

the observer-frame frequencies of 1.3–3 GHz for 96% (2,012/2,094)

of them. We limit our sample to the SFGs with SNR>3 at MeerKAT

1.3 GHz and obtain a median spectral index of U3GHz
1.3GHz

= −0.80 ±

0.01. Although the scatter is large, the median radio spectral slope

of these SFGs does not change within rest-frame ∼1.3–10 GHz. This

confirms that on average the radio spectrum of SFGs at rest-frame

∼1.3–10 GHz is dominated by synchrotron emission.

2. On average, the radio spectrum at observer-frame 1.3–3 GHz

slightly steepens with increasing stellar mass, and flattens with sSFR

of SFGs, which may reflect the same fundamental relation. These

trends could be explained by age-related synchrotron losses, i.e., the

CR electron population losing energy with time, steepening the radio

spectrum at rest-frame ∼1.3–10 GHz of SFGs.

3. We extract flux densities from the GMRT 325 MHz data for

the 3 GHz-selected SFGs in our sample. Due to the lower sensitiv-

ity of GMRT 325 MHz data, we apply a further flux density cut

((3GHz > 50 `Jy) to obtain a less-biased sample to study the ra-

dio spectral properties at observer-frame 0.33–3 GHz. The median

radio spectral indices for the 166 SFGs with measured flux densi-

ties in the three radio frequencies are U1.3 GHz
325MHz

= −0.59+0.02
−0.03

and

U3 GHz
1.3GHz

= −0.74+0.01
−0.02

. Therefore, on average, the radio spectrum of

SFGs flattens at low frequency (0.33–1.3 GHz).

4. For the SFGs that lack measured flux densities at GMRT

325 MHz, we stack both GMRT 325 MHz and MeerKAT 1.3 GHz

imaging data at their 3 GHz positions and estimate their averaged

radio spectral index at observer-frame 0.33–1.3 GHz within each

redshift, stellar mass, SFR, sSFR, and high-frequency radio spectral

index (U3 GHz
1.3GHz

) bins. Our stacking analyses show that the averaged

radio spectral index also steepens with increasing stellar mass and

flattens with sSFR of SFGs. In addition, the radio spectral indices at

low and high frequencies have a positive correlation.

5. We use the two different spectral indices measured at low (0.33–

1.3 GHz) and high frequencies (1.3–3 GHz) to :-correct the observed

flux density at MeerKAT 1.3 GHz, and thus obtain two sets of @IR

values for the SFGs in our sample. For the SFGs with measured

flux density at the three radio frequencies, using the high-frequency

spectral index for :-correction underestimates the @IR for >17% of

them that have a flatter radio spectrum at low frequency. For all of the

3 GHz-selected SFGs, using the spectral index at high frequency in

:-correction slightly overestimate the evolution of @IR with cosmic

time, although both choices of the radio spectral index (at low or high

frequency) result in similar trends for @IR-redshift and @IR-stellar

mass relations. Therefore, deep low-frequency radio continuum data

are essential for an accurate study of FIRRC of SFGs.
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