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We investigate whether radio emission primarily traces star formation in radio-quiet active galactic
nuclei (RQ AGN). Our sample consists of 5223 galaxies detected by the MeerKAT International
GHz Tiered Extragalactic Exploration (MIGHTEE) survey with multi-wavelength counterparts
up to a z ≈ 6 limit. The sources were classified using the infrared-to-radio luminosity ratio
(qIR), X-ray luminosity cuts, and mid-infrared colour cuts into RQ AGN (8.9%), radio-loud AGN
(RL AGN, 33.2%), and star-forming galaxies (SFGs, 55.4%). We calibrated the star formation
rate (SFR)-1.4 GHz radio luminosity (L1.4 GHz) relation for both SFGs and RQ AGN. We found
that SFRs correlate positively with L1.4 GHz for both populations, which was expected since they
are both non-radio excess and they follow the infrared-radio correlation. From the SFR-L1.4 GHz

correlation, we measured the average Spearman’s rank correlation coefficients (𝜌) of 𝜌SFGs ≈
0.806 ± 0.004 and 𝜌RQ AGN ≈ 0.805 ± 0.009, and best-fit slopes (m) of mSFGs ≈ 0.866 ± 0.006
and mRQ AGN ≈ 0.926 ± 0.003, respectively. The similarity between the measured slopes and
Spearman’s coefficients for both SFGs and RQ AGN indicates that radio continuum emission in
RQ AGN mainly traces star formation.
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1. Introduction

Radio continuum emission is a key tracer for star formation (SF) and is mainly dominated
by non-thermal emission produced when relativistic electrons spiral within the magnetic fields
[24, 25]. Radio emission is dust-unbiased because of its longer wavelengths (𝜆 � 0.3 𝑚𝑚 − 15 𝑚

[36]), allowing for the detection of dust-obscured sources such as the star-forming galaxies (SFGs)
and radio-quiet active galactic nuclei (RQ AGN). RQ AGN are identified as non-radio excess
sources with a radiative-mode AGN [5]. They are classified as non-radio excess sources using the
logarithmic infrared-to-radio ratio (quantified as qIR) or using a radio luminosity to star formation
rate (SFR) relation [1, 26–28]. The raditive-mode AGN can be identified using multi-wavelength
diagnostics, such as X-ray luminosity cuts [3] and mid-infrared (MIR) colour cuts [4].

The physical origin of radio emission in RQ AGN is still actively debated in radio astronomy.
This is because radio emission in RQ AGN can trace several emission mechanisms, such as SF,
low-power jets, coronal disc emission, AGN-driven winds, or thermal emission, which usually
comes from the heated dust or ionized gas [2]. Some studies found radio emission in RQ AGN
to be primarily tracing SF [e.g., 32], in [29–31] they found radio emission to be mainly tracing
AGN activity, meanwhile in [33] they found radio emission to be possibly tracing winds, radio
jets, or compact starbursts. This uncertainty in disentangling radio driven emission mechanisms
in RQ AGN, shows the need for deep radio surveys such as the MeerKAT International GigaHertz
Tiered Extragalactic Exploration (MIGHTEE; [34]) survey and the upcoming telescopes, such as the
Square Kilometer Array (SKA; [35]), which will clearly separate AGN activity and SF because of
its sensitivity and resolution. Therefore, this work aims to fill in the gap by calibrating the SFR-1.4
GHz radio luminosity (L1.4 GHz) relation for RQ AGN detected with the MIGHTEE survey.

2. Data Sample

In this study, we use data from the MeerKAT radio telescope, a precursor to the Square
Kilometre Array (SKA) mid-frequency telescope [9]. MeerKAT has undertaken several large
survey projects (LSPs), one of which is the MIGHTEE survey. MIGHTEE is a deep radio survey
that aims to study galaxy evolution through three observations: continuum, spectral line, and
polarization. When complete, MIGHTEE will cover 20 deg2 across four different fields; namely,
the COSMOS, the XMM-Newton Large Scale Structure (XMM-LSS), the European Large Area
Infrared Survey South 1 (ELAIS-S1), and the Extended Chandra Deep Field-South (E-CDFS).
For this study, we use the MIGHTEE Early Science images from the COSMOS field, which
were optimised for higher sensitivity (Briggs robustness parameter [10] of 0.0) while mitigating
confusion. The resulting images reach an rms thermal noise of 1.7 𝜇Jy beam−1 with a circular
synthesized beam of full width at half-maximum (FWHM) diameter of 8.6 arcsec. These images
were observed in L-band (centred at 1.28 GHz) for 17.45 hours on-source time focusing on a single
pointing at RA 10h:00m:28.6s and Dec +02d:12m:21s. Source extraction was carried out using the
PYTHON Blob Detector and Source Finder (PyBDSF; [11]), and the extracted catalogue contains
5223 radio sources above a 5𝜎 detection limit, with flux densities ranging from 8 𝜇Jy to 90 mJy
and spanning redshifts up to z ≈ 6.
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Module Parameter Values

Star formation history SFR
∝ t exp (-t/𝜏)

Stellar e-folding time 100,500,1000,5000 Myr

Stellar age 500,1000,3000,5000,7000 Myr
Stellar population [38] Initial mass function [37]
Dust attenuation [39] Color excess of the nebular lines 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9
Dust emission [40] Slope in dMdust ∝𝑈−𝛼𝑑𝑈 2.0,2.5
AGN SKIRTOR AGN contribution to IR luminosity 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.99

Viewing angle 30,60,90
Polar-dust color excess 0, 0.01, 0.02, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6

Radio Far IR-to-radio correlation coefficient for SF 2.4, 2.5, 2.6, 2.7
AGN optical radio-loudness 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,10, 1000, 2000, 5000, 10000

Table 1: Model parameters for CIGALE SED fitting. Note: For parameters not included in this table we
used default values.

This catalogue was compiled by [6], consisting of the MIGHTEE COSMOS data and their
multi-wavelength counterparts. The optical and near-infrared (NIR) observations were taken in
grizy, 8160 Å and 9210 Å filters from Hyper Suprime Cam (HSC; [12]), u∗griz bands from the
Canada-France-Hawaii Telescope Legacy Survey (CFHTLS; [13]), the z-band filter from Sub-
aru/Suprime Cam [14], and YJHKs bands from the UltraVISTA survey. The mid-infrared (MIR)
and far-infrared (FIR) observations were obtained at 3.6 and 4.5 𝜇m from the Spitzer Infrared Array
Camera (IRAC), 5.8 and 8.0 𝜇m bands from the Spitzer Large Area Survey with the HSC (SPLASH;
[18]), 24 𝜇m band from the Multiband Imaging Photometry (MIPS; [16]), 100 and 160 𝜇m bands
from the Photodetector Array Camera and Spectrometer (PACS; [15]), 250, 350, and 500 𝜇m bands
from the Spectral and Photometric Imaging receiver (SPIRE; [17]).

3. SED fitting method

We constrained the physical properties (SFRs, M★) of the radio sources in our catalogue using
the Code Investigating GALaxy Emission (CIGALE1 [19–21]) spectral energy distribution (SED)
fitting code. Table 1 summarises the modules and parameters used in CIGALE to constrain the
physical properties. Figure 1 shows an example SED for one source, obtained from CIGALE. To
confirm the robustness of our CIGALE-derived results, we compared them to those derived in [22]
using AGNfitter [23], and we found consistency between the two codes.

4. Radio source classification

The MIGHTEE Early Science catalogue was classified into RQ AGN, RL AGN, and SFGs
using the following classification diagnostics:

• Radio excess: A source is classified as a radio excess source if its infrared-radio luminosity
ratio (quantified as qIR) value lies 0.43 dex below the best-fit qIR-z-M★ correlation from [1]
(i.e, equation 5 in their paper). We calculated qIR using

𝑞IR = log
(

LIR [W]
3.75 × 1012 Hz

)
− log(L1.4 GHz [W Hz−1]), (1)

1https://cigale.lam.fr/
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Figure 1: SED fit using CIGALE for an example MIGHTEE Early Science source flux densities. The upper
panel shows the SED with different emission lines; each line and point is labeled in the legend with a similar
colour coding. We have the residual between the observed and model photometry in the lower panel.

where LIR is the total infrared luminosity integrated over 8 - 1000 𝜇m, obtained from CIGALE.
L1.4 GHz represents the rest-frame radio luminosities derived by converting the 1.28 GHz flux
densities while assuming a radio spectral index of 𝛼 = -0.7 (where S ∝ v𝛼), through

𝐿rest [𝑊 𝐻𝑧−1] = 4𝜋𝑆𝜈obs

(
𝜈rest
𝜈obs

)𝛼 𝐷2
𝐿

(1 + 𝑧)1+𝛼 , (2)

where 𝑆𝜈obs is the observed flux density at effective frequency 𝜈obs, 𝜈rest is the rest-frame
frequency 1.4 GHz, and 𝐷𝐿 is the luminosity distance.

• X-ray luminosity cut: a source is identified as X-ray AGN if LX−ray > 1042 erg s−1 [3].

• MIR colour cut: a source is identified as MIR AGN if it lies within the [4] region in a
S8.0 𝜇m/S4.5 𝜇m vs S5.8 𝜇m/S3.6 𝜇m colour diagram. Equation 2 in [4] presents the color cuts
used in defining the region.

Firstly, we classified radio excess sources as RL AGN. From the remaining non-radio excess
sources, we applied the X-ray luminosity cut and the MIR colour cut to search for signatures of
an AGN. We classified non-radio excess sources that met the X-ray AGN and MIR AGN criteria
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Category Sub-category Count Percentage (%) Class
Radio excess – 1735 33.2 RL AGN
Non-radio excess X-ray AGN 245 4.7 RQ AGN

MIR AGN 217 4.2 RQ AGN
No AGN signature 3026 55.4 SFGs

Table 2: Number of sources classified as RL AGN, RQ AGN, and SFGs using the classification diagnostics
outlined in the text. The 131 (2.5%) sources not presented in this table are bad fits from CIGALE.

Figure 2: SFRs as a function of L1.4 GHz at three redshift bins for the RQ AGN (blue crosses) and the SFGs
(orange squares), in the first three plots. The dashed lines represent the best-fit lines for SFGs (orange) and
RQ AGN (blue), with the orange and blue shaded areas indicating their 2𝜎 regions of error. The solid lines
are the best-fit lines from [7, green] and [8, black]. The last plot shows the relationship between the entire
sample of RQ AGN and SFGs.

as RQ AGN. Then, the remaining non-radio excess sources with no signatures of an AGN from
the multi-wavelength diagnostics are classified as SFGs. Table 2 presents summarised statistics of
these populations.

5. Calibrations of SFR-L1.4 GHz relation

In this section, we calibrated the SFR-L1.4 GHz correlation for SFGs and RQ AGN at different
redshift bins. Table 3 presents the Spearman’s correlation coefficients at redshift bins 0 < 𝑧 < 0.5,
0.5 < 𝑧 < 1, and 1 < 𝑧 < 6 for both the SFGs and RQ AGN. The best-fit lines,
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Redshift bins log10 (SFR) vs. log10 (𝐿1.4 GHz) Number of sources per bin

RQ AGN SFGs RQ AGN SFGs

0 < 𝑧 < 0.5 0.897 ± 0.007 0.857 ± 0.004 83 817
0.5 < 𝑧 < 1 0.674 ± 0.014 0.748 ± 0.005 140 1120
1 < 𝑧 < 6 0.845 ± 0.005 0.814 ± 0.003 320 1008

Table 3: Spearman rank correlation coefficients (𝜌) for the SFR–L1.4 GHz relation in different redshift bins
for SFGs and RQ AGN. The last column presents the number of sources per redshift bin.

log10

(
SFR

M⊙/yr

)
SFGs

= (0.866 ± 0.006) × log10

(
L1.4 GHz
W/Hz

)
− (18.616 ± 0.142) (3)

log10

(
SFR

M⊙/yr

)
RQ AGN

= (0.926 ± 0.003) × log10

(
L1.4 GHz
W/Hz

)
− (19.911 ± 0.148), (4)

were fitted to the entire sample of SFGs and RQ AGN. We obtained the best-fit slopes of mSFGs ≈ 0.866 ±
0.006 with a scatter 𝜎SFGs ≈ of 0.22 ± 0.003 dex and mRQ AGN ≈ 0.926 ± 0.003 with a scatter of 𝜎RQ AGN ≈
0.28 ± 0.009 dex, respectively. The results are consistent with those of [7], where they obtained the slope of
mSFGs ≈ 0.868 ± 0.005. [8] obtained a shallower slope (mSFGs ≈ 0.823 ± 0.009) than the one obtained in this
work, and the discrepancy could be because they studied 9645 infrared and radio-detected galaxies in the
nearby Universe (𝑧 < 0.2). In contrast, our study goes up to 𝑧 ∼ 6. These results indicate that radio continuum
emission in RQ AGN from the MIGHTEE Early Science COSMOS field catalogue predominantly traces SF.
They also imply that there is less contribution from the AGN jet component.

6. Conclusions

We used 5223 MIGHTEE Early Science images and their multi-wavelength counterparts detected in
the COSMOS field. This catalogue of radio-detected sources traced up to z ≈ 6, was used to study whether
radio continuum emission in RQ AGN predominantly traces SF, and the main results are:

• The detected source population is divided into RL AGN (33.2%), RQ AGN (8.9%), and SFGs (55.4%)
using the multi-wavelength diagnostics.

• We calibrated the SFR-L1.4 GHz relation for SFGs and RQ AGN in redshift bins and obtained the
average Spearman’s rank coefficient of 𝜌SFGs ≈ 0.806 ± 0.004 and 𝜌RQ AGN ≈ 0.805 ± 0.009,
respectively. We also fitted the best-fit lines to a whole sample of SFGs and RQ AGN and obtained
the linear slopes of mSFGs ≈ 0.866 ± 0.006 and mRQ AGN ≈ 0.926 ± 0.003, respectively, with the
scatters of 𝜎SFGs ≈ 0.220 ± 0.003 dex and 𝜎RQ AGN ≈ 0.28 ± 0.009 dex, consistent with results from
the literature. Based on the agreement between the Spearman’s coefficients and the slopes for SFGs
and RQ AGN, we conclude that radio continuum emission from the MIGHTEE-detected RQ AGN
predominantly traces SF.
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