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ABSTRACT

Radio observations can provide crucial insight into the nature of a new abundant and mysterious

population of dust-reddened active galactic nuclei (AGN) candidates discovered by the James Webb

Space Telescope (JWST), including “Little Red Dots” (LRDs). In this study, we search for radio

bright sources in a large sample of ∼700 JWST discovered AGN candidates (z ∼ 2−11) in the 0.144–3

GHz frequency range, utilizing deep radio imaging in COSMOS, GOODS-N, and GOODS-S. Only

one source is significantly detected in our radio surveys, which is PRIMER-COS 3866 at z = 4.66.

Its radio properties are consistent with both an AGN and star formation origin with a spectral index

of α = −0.76+0.11
−0.09 and a radio-loudness of R ≈ 0.5. The derived brightness temperature limit of

PRIMER-COS 3866 of Tb ≳ 103 K is too low to confirm its AGN nature. Our stacking results yield

non-detections in all fields with the most constraining 3σ limit L1.3GHz < 1.3 × 1039 erg s−1 (rms of

∼0.15 µJy beam−1 at zmedian = 6.1) obtained for photometrically selected AGN candidates in the

COSMOS field. This result is still consistent with expectations from the empirical LX − LHα and

LX − LR correlations established for local AGN. We conclude that current radio observations have

insufficient depth to claim JWST discovered AGN candidates are radio-weak. We project that future

surveys carried out by the SKA and ngVLA should be able to obtain significant detections within

a few hours, providing crucial measurements of their brightness temperature, which would allow for

distinguishing between AGN and starburst-driven origins of this new abundant population.

Keywords: High-redshift galaxies (734) — Radio continuum emission (1340) — Active galactic nuclei

(16) — James Webb Space Telescope (2291)

1. INTRODUCTION

The first years of JWST observations have led to

the discovery of an abundant population of faint high-

z AGN candidates. This includes the so-called “Little

Red Dots”: a puzzling population of faint sources at

high-z with broad emission lines, compact morphology,

and extremely red color (LRDs; Kocevski et al. 2023;

Harikane et al. 2023; Labbe et al. 2023; Matthee et al.

2024). Surprisingly, some studies suggest that the num-

ber densities of these AGN candidates are more than

an order of magnitude higher than expected from ex-

trapolating quasar luminosity functions (e.g. Kokorev

et al. 2024; Pizzati et al. 2024; Kocevski et al. 2024) and

their supermassive black hole (SMBH) masses are high

compared to estimated host galaxy masses, suggesting

extreme black hole growth (e.g. Kokorev et al. 2023;

Maiolino et al. 2023; Greene et al. 2024). In addition,

a lack of hot torus emission expected from AGN has

been reported (e.g. Williams et al. 2024; Wang et al.

2024). Furthermore, Inayoshi & Ichikawa (2024) argue

that their radiative efficiency is expected to be as high as

20%, which would imply high BH spin and ideal condi-

tions for radio jet formation. These sources might there-
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fore prove to be a crucial phase in early black hole and

galaxy formation.

Alternatively, it has been argued that the newly dis-

covered sources could instead be compact massive galax-

ies with extreme starburst activity (e.g. Baggen et al.

2024; Pérez-González et al. 2024) and ionized outflows

have been detected which could play a role in emission

line broadening (e.g. Wang et al. 2024). To investigate

different physical processes this new population has been

studied at many different wavelengths. A recent study

by Yue et al. (2024) obtained a tentative detection at

X-ray wavelengths, further strengthening the case for

their AGN nature. However, their X-ray emission is

∼1 dex lower than expected from the LX − LHα rela-

tion, which suggests that these are different from pre-

viously observed type-I AGN (see also Maiolino et al.

2024). Lambrides et al. (2024) found in addition to sig-

nificantly weaker than expected X-ray emission, a lack of

high-ionization rest-UV lines in a sample JWST broad

line AGN at z > 4. In the ALMA sub-mm regime, none

of these sources have been detected individually nor in

a stack, providing strong limits on the contribution of

obscured star formation (Labbe et al. 2023; Akins et al.

2024).

Radio observations are a powerful tool to help deter-

mine their nature. Both star formation and AGN can

contribute to synchrotron radio emission (see e.g. Best

et al. 2023), however, properties such as radio-loudness

(e.g. Macfarlane et al. 2021), brightness temperature

(e.g. Morabito et al. 2022), and the radio spectral index

(e.g. Randall et al. 2012) can provide crucial evidence

to distinguish between an AGN or stellar origin. Recent

work has investigated the radio properties of JWST dis-

covered AGN candidates (e.g. Akins et al. 2024; Maz-

zolari et al. 2024; Perger et al. 2024). However, all

of them reported non-detections from both individual

sources and image stacking analysis. In this work, we ex-

tend this search to multiple well-studied fields and mul-

tiple radio facilities including the Low Frequency Array

(LOFAR; van Haarlem et al. 2013), MeerKAT (Jonas &

MeerKAT Team 2016), and the Very Large Array (VLA;

Thompson et al. 1980). Furthermore, we present the

expected potential detections by future radio surveys.

Throughout this paper, we assume a Λ-CDM cosmology

with H0= 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

2. DATA

The fields studied in this work are selected based on

availability of deep (public) radio data and JWST dis-

covered AGN candidates. Based on this, we choose to

study the radio properties of AGN candidates in three

well-known fields: Cosmic Evolution Survey (COS-

Table 1. Candidate AGN samples

COSMOS 10h00m27.40s + 2◦13′50′′.64

Kocevski et al. (2024) 81∗

Akins et al. (2024) 434∗

Kokorev et al. (2024) 78∗

GOODS-N 12h36m49.4s + 62◦12′58′′

Matthee et al. (2024) 7

Maiolino et al. (2023) 10

GOODS-S 03h32m28s − 27◦48′30′′

Matthee et al. (2024) 1

Maiolino et al. (2023) 2

Kocevski et al. (2024) 56∗

Kokorev et al. (2024) 27∗

Notes. ∗The majority of AGN candidates in the sample
are not spectroscopically confirmed

MOS), Great Observatories Origins Deep Survey North

(GOODS-N) and South (GOODS-S). The GOODS-S

field is embedded within the Chandra Deep Field South

(CDFS) field and therefore we utilize multi-wavelength

data from both fields.

2.1. AGN candidate sample

This work focuses on five samples of AGN candi-

dates in COSMOS, GOODS-N, and GOODS-S discov-

ered by Maiolino et al. (2023), Matthee et al. (2024),

Kocevski et al. (2024), Akins et al. (2024), and Koko-

rev et al. (2024). A summary of the fields and sam-

ples is given in Table 1. The sample of Maiolino et al.

(2023) contains 10 sources in GOODS-N and 2 sources in

GOODS-S, which have been obtained from the JADES

survey (Eisenstein et al. 2023) with spectroscopic red-
shifts ranging from 4.1-6.8. We note that only ∼20%

of these sources would be photometrically selected as

LRD from their colors. The samples of Matthee et al.

(2024) have been obtained from the EIGER (Kashino

et al. 2023) and FRESCO (Oesch et al. 2023) surveys

in multiple fields including GOODS-N and -S. In their

work, they present the discovery of 20 new AGN candi-

dates at z = 4.2 − 5.5, including 7 in GOODS-N and 2

in GOODS-S. The AGN candidate samples of Kocevski

et al. (2024) have been obtained from the PRIMER NIR-

Cam survey in COSMOS and the JADES and NGDEEP

survey (Bagley et al. 2024) in GOODS-S. The sample of

Kocevski et al. (2024) contains 81 sources in COSMOS

and 56 in GOODS-S, however, only 1 of these sources is

spectroscopically confirmed in each field. The vast ma-

jority of sources in their sample therefore only have pho-

tometric redshifts, ranging from 2.4-11.9 (with a median
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Table 2. Details on available radio observations

Field # sources Telescope Survey Freq. Resolution rms depth F ∗
ν

(GHz) (′′) (µJy beam−1) (µJy beam−1)

COSMOS 593 LOFAR COSMOS-LOFAR 0.144 6 × 12 150 < 17

MeerKAT MIGHTEE DR1 ∼1.3 8.9 3.5 < 0.44

VLA VLA-COSMOS 3 GHz LP 3 0.75 2.3 < 0.41

GOODS-N 17 LOFAR LoTSS-DR2 0.144 6 70 < 59

VLA GOODS-N VLA 1.4 1.7 4 < 3.7

GOODS-S 86 MeerKAT MIGHTEE DR1 ∼1.3 5.5 1.9 < 0.80

Notes. ∗This column gives the 3σ flux density limits derived from the stacks.

zphot = 6.1). The sample of Akins et al. (2024) contains

434 candidate AGN that have been photometrically se-

lected from the COSMOS-Web survey (Casey et al.

2023) with photometric redshift ranging from 4.5-9.4

(median zphot =6.3). Finally, we include 27 and 78 AGN

candidates from Kokorev et al. (2024) in the GOODS-

S and COSMOS fields, respectively. These have also

been photometrically selected using data from multiple

JWST programs: PRIMER (in COSMOS), FRESCO,

JADES, and JEMS (Williams et al. 2023, in GOODS-

S).

It is important to note that these photometric selected

samples not only have uncertain redshifts, but also no

confirmed broad Balmer emission lines. Therefore, in

this work we refer to the sources in our sample as JWST

discovered AGN candidates.

2.2. Radio data

Table 2 presents the radio surveys used in this work,

including observations from LOFAR, MeerKAT, and

VLA. The LOFAR observations at 144 MHz consist of

data from the LOFAR Two Metre Sky Survey Data

Release 2 (LoTSS-DR2; Shimwell et al. 2022) and the

COSMOS-LOFAR survey (DDT19 002, PI: Vardoulaki,

Vardoulaki et al. in prep.). The LoTSS-DR2 images

are obtained with 8 hours of observations per pointing

with an rms depth of ∼70 µJy beam−1 in the GOODS-

N field. The COSMOS map has been imaged using 48

hours of observations, however, due to the low declina-

tion the rms depth is lower than GOODS-N with ∼150

µJy beam−1.

The first data release of the MeerKAT International

Gigahertz Tiered Extragalactic Explorations (MIGH-

TEE; Jarvis et al. 2016) continuum survey contains deep

imaging in COSMOS and GOODS-S at ∼1.3 GHz (see

Hale et al. (2024) for details). The radio images are pro-

vided in two resolutions for each field1. In this work, we

utilize the high-resolution images (5-9′′), which are not

confusion limited and provide the deepest images in this

particular case.

VLA data is publicly available in the COSMOS and

GOODS-N fields at 3 and 1.4 GHz, respectively. The

VLA-COSMOS 3 GHz Large Project (Smolčić et al.

2017) reaches a depth of 2.3 µJy beam−1 (from 384

hours of observations) with a high resolution of 0.75′′.

The GOODS-N VLA map includes 165 hours of obser-

vations and reaches ∼4 µJy beam−1 noise level at 1.4

GHz with a resolution of 1.7′′ (Morrison et al. 2010).

All sources in our samples are covered by these radio

surveys and together they cover a broad range of radio

frequencies. To determine if any AGN candidates are

detected in these surveys, we measure the SNR at the

location of each source by dividing the peak flux density

by the local rms (within 60′′). This process yields multi-

ple > 5σ detections in each of the fields (1 in GOODS-N,

5 in GOODS-S, 36 in COSMOS), however, upon visual

inspection the vast majority of these radio sources do

not seem to be associated with the AGN candidate, but

with a bright galaxy in the vicinity (a few to tens of arc-

seconds away; see Appendix A). We identify one source

with associated radio emission in the COSMOS field,

namely PRIMER-COS 3866 at z = 4.66. We extract its

radio flux density using the Python Blob Detector and

Source Finder (PyBDSF; Mohan & Rafferty 2015). The

radio properties of this source are discussed next.

3. RADIO DETECTION OF PRIMER-COS 3866

PRIMER-COS 3866 has been identified as an X-ray

source in the Chandra COSMOS Survey (Elvis et al.

2009) as CXOC100024.2+022510. A few years later it

was spectroscopically confirmed at z = 4.66 by Civano

et al. (2011) and its SED is in agreement with the source

1 See https://archive-gw-1.kat.ac.za/public/repository/10.48479/
7msw-r692/index.html

https://archive-gw-1.kat.ac.za/public/repository/10.48479/7msw-r692/index.html
https://archive-gw-1.kat.ac.za/public/repository/10.48479/7msw-r692/index.html
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Figure 1. Left: F115W image of PRIMER-COS 3866 at z = 4.66 with VLA radio contours drawn at [−1, 0.5, 1, 2, 4] × 3σrms.
The beam size is shown in the lower left corner. Right: Top: Radio cutouts images of PRIMER-COS 3866. This source is
detected in LOFAR, MIGHTEE, and VLA at 144 MHz, 1.3 GHz, and 3 GHz, respectively. The beam size of the surveys and
linear scale are shown in the corners of each cutout. Bottom: Radio spectrum of PRIMER-COS 3866, including 3σ upper
limits at 325 and 610 MHz from GMRT. A power law fit to the total flux densities resulted in a radio spectral index value
of α = −0.76+0.11

−0.09. The flux density measurements suggest a possible curve in the radio spectrum, which could be caused
by synchrotron self-absorption or free-free absorption. However, more data points are necessary to be able to constrain any
curvature.

harboring an AGN (Kocevski et al. 2024). We con-

fidently detect this source in the radio in MIGHTEE

DR1 (S/N∼8) and VLA-COSMOS (S/N∼6). It is only

tentatively detected with LOFAR (S/N∼2). The radio

images, optical overlay, and flux density measurements

are shown in Fig. 1. Its radio spectrum includes 3σ

upper limits on the flux density at 325 and 610 MHz

obtained using the Giant Metrewave Radio Telescope

(GMRT; Swarup 1991) with a local rms of 68 and 32

µJy beam−1, respectively (see Tisanić et al. 2019 for

details). To constrain its spectral index we fit a sim-

ple power law2, which is expected to be produced by

non-thermal synchrotron emission. For the fitting pro-

cess, we apply an invariant Markov Chain Monte Carlo

(MCMC) method, utilizing the emcee python package

(Foreman-Mackey et al. 2013). The best-fit parameters

are determined by calculating the 50th percentile after

5,000 iterations, with the uncertainties estimated from

the 16th and 84th percentiles. This yields a radio spec-

tral index α = −0.76+0.11
−0.09, which is close in value to

the typical extragalactic source radio spectral index of

α = −0.7 (e.g. Hardcastle et al. 2016; Smolčić et al.

2017). As seen in Fig. 1 the radio spectrum of PRIMER-

COS 3866 shows a possible curve, which could be caused

2 Defined as Sν = c να, with ν the frequency and α the spectral
index.

by synchrotron self-absorption or free-free absorption.

Similarly, previous work by Tisanić et al. (2020) found

that the average radio SED of AGN in COSMOS are

best fit by a broken power law model, indicating that

the SED shape is affected by ageing or absorption. How-

ever, in our case, more data points are necessary to test

this hypothesis properly.

Next, we determine the radio luminosity of PRIMER-

COS 3866 using

LR =
Fν × 4πD2

L

(1 + z)1+α
W Hz−1, (1)

with Fν the total flux density at observed frequency ν,

DL the luminosity distance, and α the measured radio

spectral index. This yields a rest-frame radio luminosity

of L3GHz of 3×1024 W Hz−1 or 9×1040 erg s−1.

Finally, we determine the radio-loudness of PRIMER-

COS 3866, which we define as R = f5GHz/f4400Å with

the flux values determined at rest-frame. To obtain

f4400Å, we utilize the available JWST photometry3 (in

the filters F115W, F150W, F200W, F277W, F356W,

F444W) and interpolate between these flux values in

log space for both the wavelength and flux. Finally,

we fold in a (1+z) correction to convert to rest-frame,

3 https://dawn-cph.github.io/dja

https://dawn-cph.github.io/dja
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which yields f4400Å = 119 µJy 4. Together with its

radio flux density converted to 5 GHz rest-frame of

f5GHz = 60 µJy, this results in a radio-loudness of

R ≈ 0.5, which is far below the radio-loudness limit of

R = 10, classifying it as radio-quiet. This value is quite

low compared to most radio detected high-z AGN with

typical measured radio-loudness values of R ≳ 1 (e.g.

Bañados et al. 2015; Gloudemans et al. 2021). How-

ever, this could be due to the limited sensitivity of large

sky radio surveys and rareness of known high-z AGN.

Compared with the radio-loudness distribution derived

by Macfarlane et al. (2021) for quasars from the Sloan

Digital Sky Survey (SDSS; York et al. 2000) at low-z,

PRIMER-COS 3866 falls in a region occupied by both

AGN and star formation dominated sources.

The question is whether this radio emission could also

be generated from star formation. The observed radio

spectral index does not distinguish between star forma-

tion and AGN activity (see e.g. Hardcastle et al. 2016;

An et al. 2021). One of the ways to unambiguously iden-

tify AGN activity from star formation is via the bright-

ness temperature. The brightness temperature Tb can

be determined using

Tb =

(
Sν [Jy]

θ1[mas]× θ2[mas]

)
×

(
1.22× 1012

ν[GHz]2

)
× (1+z)K

(2)

with Sν the total flux density, ν the observed frequency,

and θ1 and θ2 the fitted minor and major axis of a

2D Gaussian (see e.g. Morabito et al. 2022). Since

PRIMER-COS 3866 is not resolved in the radio images,

this measurements only provides a lower limit. The LO-

FAR flux measurements provides the most constraining

Tb measurement of Tb ≳ 103 K. This value is below the

AGN limit of Tb ∼ 106 K and therefore this does not

prove the AGN nature of PRIMER-COS 3866. If the

radio emission is generated purely by star formation, we

expect an SFR of∼820 M⊙ yr−1 from the observed radio

luminosity - star formation rate correlation at 150 MHz

(Smith et al. 2021). Even though its radio luminosity

could be explained by star formation, its high X-ray lu-

minosity of LX ∼ 5×1044 erg s−1 (Kocevski et al. 2024)

implies an extreme SFR of ∼105 M⊙ yr−1 (using Mineo

et al. 2014), making an AGN origin more plausible.

PRIMER-COS 3866 does not have a JWST spectrum

and therefore does not have an Hα emission line de-

tection or reliable black hole mass estimate. Kocevski

4 Kocevski et al. (2024) extrapolate their best fit to the blue contin-
uum to determine the rest-frame 1450Å magnitude of PRIMER-
COS 3866, which results in lower flux values due to their flat UV
slope of βUV = −0.48.

et al. (2024) estimated it has a black hole mass to be

∼ 8× 107 M⊙ from its X-ray luminosity and SED mod-

eling, which is higher than most other spectroscopically

confirmed AGN candidates (see Sect. 5).

4. RADIO STACKING

To determine the average radio properties of the

JWST discovered AGN candidate population, we per-

form radio stacking in each of the fields and surveys

listed in Table 2. We make 60′′ × 60′′ cutouts at all op-

tical source positions and median stack them separately

for each survey. We assume the sources are unresolved

and obtain the median flux density from the peak pix-

els at the source location. None of the stacks result in

a radio detection with all peak flux density measure-

ments below 2σ significance. The 3σ limits on the flux

density are given in the final column of Table 2. All

stacks are shown in Fig. 2. The stacks in the COSMOS

field provide the deepest constraints with an rms of 0.15

and 0.14 µJy beam−1 at 1.3 and 3 GHz, respectively,

which yield 3σ upper limits on the radio luminosity of

LR ≲ 2.8 × 1039 erg s−1 and 1.3 × 1039 erg s−1, re-

spectively. However, since only 1 source (PRIMER-COS

3866; see Sect. 3) has been spectroscopically confirmed,

these limits are uncertain. The stacked radio images

in GOODS-N, consisting of only spectroscopically con-

firmed AGN candidates, resulted in an average rms noise

levels of ∼19 and 1.2 µJy beam−1 at 144 MHz and 1.4

GHz, respectively. This yields a 3σ upper limit on the

radio luminosity of 8.6×1039 erg s−1 at 1.4 GHz.

Furthermore, we determine an upper limit on the

radio-loudness using the rest-frame optical flux at 4400Å

and limit on the radio flux density at 5 GHz rest-frame.

Similar to PRIMER-COS 3866, we obtain f4400Å values

by interpolating (extrapolating for z ≳ 9) in log space

between the measured JWST flux values and correcting

them to rest-frame by a factor (1+z). For the sample of

Akins et al. (2024), we use their provided flux measure-

ments in filters F115W, F150W, F277W, F444W. For 4

sources in the sample of Matthee et al. (2024) we instead

extrapolate their derived M1500Å value to 4400 Å due to

a lack of available photometry, assuming a K-correction

of −2 and their published βUV values. In each field we

determine the median f4400Å value of all sources. For the

radio spectral index, we assume α = −0.7. This yields

a 3σ upper limit on the radio-loudness of R ≲ 18 in

GOODS-N and R ≲ 2 in COSMOS. We note that the ra-

dio luminosity and radio-loudness measurements depend

strongly on the assumed spectral index. For example,

our radio-loudness limit in the COSMOS field changes

from R ≲ 1 to R ≲ 5 when assuming α = 0 and −2.5,

respectively. These radio-loudness limits in COSMOS
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Figure 2. Stacked radio images of 593, 17, and 86 AGN candidates in COSMOS (top row), GOODS-N (bottom left and
middle), and GOODS-S (bottom right), respectively. All stacks resulted in a non-detection with the measured rms shown in
the lower left corner of each panel.

are below the limit of R = 10, however, these values

are still similar to the radio-loudness found for quasars

at z > 5 (e.g. Bañados et al. 2015; Gloudemans et al.

2021) and consistent with both AGN and star-formation

dominated quasars from Macfarlane et al. (2021).

5. DISCUSSION

5.1. Is a radio non-detection consistent with

expectations?

The stacking procedure presented above leads to a

non-detection of the sources in all three fields. To es-

timate the radio luminosity that we would expect for

the AGN candidates, we utilise the empirical correla-

tions between radio (LR) and X-ray luminosity (LX)

and X-ray and Hα line luminosity (LHα) established for

local AGN. The observed correlation between LR and

LX from Saikia et al. (2015) is given by

log LR = 0.83 log LX + 0.82 log MBH − 3.08 (3)

Furthermore, we adopt the correlation between LX and

LHα from Jin et al. (2012), which is given by

log LX = 0.83 log LHα + 8.35 . (4)

with a ∼0.3 dex scatter. Combining these two equa-

tions gives a relation between LHα, MBH, and LR. We

use the black hole masses and LHα
5 of the sources in

GOODS-N and GOODS-S and estimate the expected

radio luminosity in Fig. 3. The resulting predicted ra-

dio luminosities range between 7 × 1037 − 9 × 1040 erg

s−1 with a median value of 1.4× 1039 erg s−1. We com-

pare this to the 3σ radio flux limits derived from single

and stacked VLA images in GOODS-N, which provide

the deepest radio limit from spectroscopically confirmed

AGN candidates. As can be seen in Fig. 3, there is only

1 source (GOODS-N-9771; Matthee et al. 2024) above

5 Three sources require two broad components to fit the Hα line
(see Maiolino et al. 2023). For these sources, we sum the fluxes
of both components to obtain the Hα luminosity.
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Figure 3. Black hole mass versus Hα luminosity of AGN candidates in GOODS-N and GOODS-S with predictions for the
radio luminosity. The 3σ limits from our radio images are indicated for a single VLA image in GOODS-N (dashed line), the
VLA stack in GOODS-N (dashed dotted line), and the MIGHTEE stack in COSMOS (dotted line). The black solid line gives
the expected BH mass and Hα luminosity values for PRIMER-COS 3866 as derived from its measured radio luminosity. The
median value of the population in GOODS-N and GOODS-S is shown by the star. The median value is below the derived 3σ
limit in GOODS-N, but similar to the derived 3σ limit in COSMOS. We conclude this is not yet in tension with finding a radio
non-detection.

the 3σ limit of the single images, due to its high BH

mass of 108.55 M⊙. GOODS-N-9771 is however not de-

tected in any of the radio images. The expected 3σ

limit of the stack in GOODS-N is higher than the me-

dian BH mass and Hα luminosity value, and therefore

the non-detection of these AGN candidates by stacking

is as expected from these relations. We could not in-

clude the AGN candidates from Kocevski et al. (2024),

Akins et al. (2024), and Kokorev et al. (2024) in this fig-

ure, since these do not have spectral measurements. For

PRIMER-COS 3866 we include expected possible val-

ues derived from its radio luminosity, which are shown

by the black solid line.

The MIGHTEE COSMOS and VLA-COSMOS data

yield the deepest radio limits with 3σ limits of 0.45

and 0.41 µJy at 1.3 GHz and 3 GHz, respectively, or

1.3×1039 and 2.8×1039 erg s−1 when assuming α = −0.7

and zmedian = 6.1. This 3σ limit on the MIGHTEE

stack is almost the same as the expected radio luminos-

ity derived from the median Hα luminosity (of 1.4×1039

erg s−1). However, this stack includes spectroscopically

unconfirmed sources and with the uncertainties in re-

lations, we conclude that this limit is not constraining

enough to claim these JWST discovered AGN candi-

dates are radio-weaker than expected. Directly from

the limit on their X-ray luminosity of LX ∼ 1042−43 erg

s−1 (e.g. Yue et al. 2024; Maiolino et al. 2024; Inayoshi

et al. 2024), the relation in Eq. 3 yields an expected

LR < 1037−39 erg s−1, which is also in line with a ra-

dio non-detection. Therefore, deeper radio surveys are

necessary to obtain a detection or a meaningful upper

limit.

In addition to PRIMER-COS 3866, there is another X-

ray detected JWST discovered AGN candidate, JADES

21925 at z = 3.1 in GOODS-S (see Kocevski et al. 2024).

This source is however not detected in MIGHTEE with a

3σ flux density upper limit of 5.7 µJy beam−1 and radio

luminosity limit of 4×1039 erg s−1 at 1.3 GHz. Compar-

ing this to its rest-frame optical magnitude at 4400 Å

suggests a radio-loudness limit of R < 11. From its X-

ray luminosity of log(L2−10keV/ erg s−1) = 43.73±0.06

and black hole mass of ∼8.5×106 M⊙, we would expect

a radio luminosity of 1038.9 erg s−1 (see eq. 3), which is

∼5× lower than the derived upper limit. Therefore the

radio non-detection is again as expected.
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5.2. Literature comparison

This study was conducted in parallel to the analysis of

Mazzolari et al. (2024). In their study of the GOODS-

N field, they find a similar 3σ upper limit on the radio

luminosity of L5GHz < 2× 1039 erg s−1. By considering

local scaling relations, they suggest that the JWST de-

tected broad line AGN might show radio-weak behavior.

Furthermore, Akins et al. (2024) also find their radio-

loudness limit (using R1.4 = Lν,1.4GHz/Lν,4400) to be

below the limit. Finally, Perger et al. (2024) also find

a non-detection of LRDs down to a 3σ noise levels of

11 µJy beam−1 and conclude that LRDs host weaker

(sub-dominant) or no radio AGN.

While these JWST discovered AGN candidates might

indeed be radio-weak, this work suggests that current

radio observations are not constraining enough to con-

firm the possible radio-weakness of the JWST discovered

AGN candidates and deeper radio observations are nec-

essary (see Fig. 3 and Sect. 5.1). The radio properties

of PRIMER-COS 3866 studied in this work highlight

the possible similarity to known radio detected AGN.

We furthermore speculate that any radio signal in the

stack could be diminished by the inclusion of very faint

sources and contaminants in the sample, which again

highlights the need for further investigation.

5.3. Future surveys

This work demonstrates that deeper radio observa-

tions are necessary to detect the general population of

JWST discovered AGN candidates (including LRDs).

With our calculation in Sect. 5.1, we expect these

sources to have a median radio luminosity of 1.4× 1039

erg s−1 at 1.4 GHz (equal to ∼0.5 µJy at z ∼ 5). This

sensitivity regime will be accessible by future radio tele-

scopes such as the Square Kilometer Array (SKA; Dewd-
ney et al. 2009) and the Next Generation Very Large

Array (ngVLA; McKinnon et al. 2019).

The SKA is expected to have a weighted continuum

sensitivity of 1.2-17 µJy beam−1 hr−1 at 1.3 GHz in the

AA∗ configuration6. This large range is caused by the

choice of image weighting (e.g. natural versus uniform)

and the sensitivity will depend strongly on the observing

band, subarray configuration, and sky position. How-

ever, this example demonstrates that a sensitivity of ∼1

µJy beam−1 can easily be reached, which would allow

for the > 3σ detection of ≳ 30 stacked AGN candidates

from our predictions in Sect. 5.1.

The ngVLA is expected to reach a continuum rms of

0.24 µJy beam−1 hr−1 at 2.4 GHz using natural image

6 https://sensitivity-calculator.skao.int/

weights and all baselines7. At this sensitivity we can

expect to detect individual sources as well as obtain a

solid 5σ detection of the general population by stack-

ing > 10 sources. Constraining their brightness tem-

perature, radio-loudness, and radio spectral index will

enable to break the SF/AGN degeneracy.

Our understanding will furthermore be improved by

the discovery of larger samples of AGN candidates

including the spectroscopic confirmation of candidate

samples (e.g. Kocevski et al. 2024; Akins et al. 2024;

Kokorev et al. 2024). Ultimately, a combination of spec-

troscopic follow-up (e.g. large grism surveys such as

Kakiichi et al. 2024) and multi-wavelength characteri-

zation (including X-ray, IR, and radio) will be neces-

sary to determine the true nature of these compact red

sources. Another future prospect is using strong grav-

itational lensing to obtain more radio detections (e.g.

McCarty & Connor 2024).

6. SUMMARY

We studied the radio properties of three samples

of JWST discovered AGN candidates in COSMOS,

GOODS-N, and GOODS-S using LOFAR, MeerKAT,

and VLA in the frequency range of 0.144− 3 GHz. Our

main findings are as follows:

• The spectroscopically confirmed AGN candidate

PRIMER-COS 3866 at z = 4.66 is the only

source that is detected in our radio surveys. Its

radio spectrum yields a spectral index of α =

−0.76+0.11
−0.09. The spectrum shows a possible cur-

vature caused by absorption, however, more data

points are necessary to constrain this. Its radio-

loudness of R ≈ 0.5 classifies it as radio-quiet, but

is still consistent with other known AGN. The de-

rived lower limit on the brightness temperature of

Tb ≳ 103 K is too low to confirm its AGN nature.

• None of our stacks resulted in a radio detection

with peak flux density measurements below 2σ

significance. The 3σ upper limits on the radio-

loudness constrain the JWST discovered AGN

candidate population to R ≲ 18 in GOODS-N

(spectroscopically confirmed sample) and R ≲ 2 in

COSMOS (photometrically selected sample), re-

spectively. However, these constraints still depend

on their radio spectral indices and true redshifts

in the case of the photometrically selected sources.

• The radio non-detections are still consistent with

expectations from empirical LX − LHα and LX −

7 See https://ngvla.nrao.edu/page/performance

https://sensitivity-calculator.skao.int/
https://ngvla.nrao.edu/page/performance
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LR correlations. From their BH masses and Hα

luminosities, we determined an expected radio lu-

minosity of ∼1039 erg s−1 at 1.4 GHz of the pop-

ulation if these empirical relations hold. Note,

however, that previous X-ray observations sug-

gest that these are not regular type I AGN. We

conclude that our current constraints from radio

observations are not deep enough to determine if

these JWST discovered AGN candidates are radio-

weak.

• Future radio telescopes, such as SKA and ngVLA,

are expected to be able to reach these sensitiv-

ity limits easily within a few hours of observa-

tions. Especially, a measurement of the temper-

ature brightness of this population will be crucial

for confirming their AGN nature.
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APPENDIX

A. FALSE RADIO DETECTIONS

Figure 4 shows a few examples of false radio detec-

tions of our AGN candidates, where the radio source, in

reality, is associated with a bright galaxy in the vicinity.

Sometimes these bright galaxies are within the beam

causing the confusion, but often it’s diffuse extended

emission that is causing the false radio detection. Espe-

cially in the case of low-resolution radio observations and

highly crowded fields, it is crucial to visually inspect any

radio detection or perform likelihood association calcu-

lations.
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