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ABSTRACT

Context. Wide-area radio continuum surveys require reliable optical and infrared counterpart identification, but high optical source
densities and extended or multi-component radio morphologies make this challenging.
Aims. We present optical and infrared counterpart catalogs for MeerKLASS L-band and UHF-band on-the-fly continuum sources
using KiDS DR5 and DESI Legacy Imaging Surveys DR10 (LS DR10), including counterpart probabilities, redshifts, and host-galaxy
properties.
Methods. We developed the Stellar-mass Enhanced Density Association (SEDA) method, an empirical framework that compares
candidate densities around radio positions with those in a position-displaced control catalog. For galaxies we use positional offset,
stellar mass, and redshift; quasar candidates are treated separately using offset and mid-infrared selection. A second-pass search
associates multi-component radio sources with common hosts.
Results. In the L-band survey, we identify 20,400 KiDS-based counterparts with Ptrue > 0.5, corresponding to 66% of L-band sources
within the KiDS footprint. In the UHF-band survey, we identify 61,633 LS DR10 counterparts, corresponding to 81% of the radio
sources. Spectroscopic redshifts are available for 22% and 44% of the L-band and UHF-band counterparts, respectively. The redshift
distributions show low-redshift star-forming galaxies, intermediate-redshift radio galaxies, and a high-redshift tail dominated by
quasars. SEDA also recovers rare radio-loud quasars, including QSO J2318-3113 at z = 6.44 and UHF_DR1 J+111111.8+053626.6
at z = 5.24.
Conclusions. SEDA provides a data-driven route to counterpart identification for wide-area radio surveys with complex source mor-
phologies. The catalogs enable future MeerKLASS studies of radio source populations, host-galaxy demographics, and rare high-
redshift radio quasars.
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1. Introduction

Wide-area radio continuum surveys have become a cornerstone
of modern extragalactic astronomy, providing an unobscured
view of star formation and black-hole accretion across cosmic
time. Synchrotron emission from star-forming galaxies (SFGs)
and active galactic nuclei (AGN) offers a dust-insensitive tracer
of these processes and enables the construction of statistically ro-
bust samples from the local Universe to high redshift. Over the
past decade, radio surveys with SKA precursor and pathfinder
facilities have greatly expanded the accessible parameter space
in depth, angular resolution, and sky coverage. Building on ear-
lier large-area surveys such as FIRST (Becker et al. 1995) and
NVSS (Condon et al. 1998), current surveys including RACS
(Hale et al. 2021), LoTSS (Shimwell et al. 2019), VLASS
(Lacy et al. 2020), ASKAP/EMU (Hopkins et al. 2025), MIGH-
⋆ e-mail: matthias.klein@physik.lmu.de

TEE (Heywood et al. 2022), and VLA-COSMOS (Smolčić et al.
2017) now probe radio source populations over a wide range of
flux densities, angular scales, and cosmic volumes.

The MeerKAT Large Area Synoptic Survey (MeerKLASS;
Santos et al. 2017) represents a major step forward in this con-
text. Conducted with the MeerKAT interferometer, MeerKLASS
combines wide sky coverage, high sensitivity, and sub-arcminute
angular resolution through a fast, constant-elevation scanning
strategy originally designed for H i intensity-mapping cosmol-
ogy. Using an on-the-fly (OTF) interferometric imaging ap-
proach, these commensal observations deliver deep, contiguous
radio continuum maps over hundreds to thousands of square de-
grees (Chatterjee et al. 2025). In its L-band and UHF-band com-
ponents, MeerKLASS occupies a unique niche between shallow
all-sky surveys such as NVSS and RACS, and deep pencil-beam
surveys such as MIGHTEE and VLA-COSMOS, providing an
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Fig. 1: Optical coverage of the MeerKLASS surveys. Top: MeerKLASS UHF-band radio image (grey) overlaid on the LS DR10
coverage map. Bottom: MeerKLASS L-band image overlaid on the KiDS DR5 coverage map.

optimal dataset for statistical studies of radio-selected galaxy
populations.

The first MeerKLASS continuum data releases demonstrate
the high fidelity of the OTF imaging technique and the good
astrometric and photometric performance of the resulting ra-
dio catalogs (Paul et al. 2025; Mangla et al. 2025). The MeerK-
LASS L-band survey reaches rms sensitivities of a few tens of
µJy beam−1 at angular resolutions of order ∼ 10–30′′, enabling
the detection of large samples of star-forming galaxies out to
moderate redshifts and radio AGN across a broad range of lu-
minosities. At the same time, the wide survey footprint ensures
extensive overlap with current and forthcoming optical and in-
frared surveys, including KiDS, the DESI Legacy Imaging Sur-
veys, 4MOST, Euclid, and the Rubin Observatory Legacy Sur-
vey of Space and Time (LSST). This combination makes MeerK-
LASS particularly well suited for large-scale optical and infrared
counterpart studies.

The scientific exploitation of these radio datasets critically
depends on the identification and characterization of their host

galaxies at optical and infrared wavelengths. Radio continuum
observations alone provide limited information on redshift, stel-
lar mass, or star-formation properties, and the interpretation of
radio luminosities and morphologies requires complementary
multi-wavelength data. Optical and near-infrared follow-up is
therefore essential to transform radio source catalogs into phys-
ically meaningful galaxy samples, enabling the separation of
AGN- and star-formation-dominated systems, the measurement
of radio luminosity functions, and the investigation of environ-
mental and evolutionary trends.

Counterpart identification is straightforward only for com-
pact radio sources with accurate positions and relatively sparse
optical backgrounds. In deeper optical and infrared surveys,
chance associations become increasingly common, but enable
higher true associations to radio sources. Extended and multi-
component radio sources can show intrinsic offsets between
the cataloged radio position and the true host galaxy, further
complicating the counterpart search. Classical nearest-neighbor
matching therefore becomes insufficient for a significant subset
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of sources. Statistical approaches, most prominently likelihood-
ratio methods (Sutherland & Saunders 1992), have been widely
used to incorporate positional uncertainties and magnitude-
dependent background densities, and modern radio surveys often
combine such techniques with visual inspection or morphology-
aware classification (e.g. McAlpine et al. 2012; Williams et al.
2019). These developments highlight the need for association
methods that are both statistical and flexible enough to handle
the heterogeneous radio morphologies encountered in wide-area
surveys.

In this paper, we present the optical and infrared follow-up
and host-galaxy identification of radio sources detected in the
MeerKLASS L-band and UHF-band surveys. We combine the
MeerKLASS radio catalogs with KiDS DR5 (Wright et al. 2024)
and DESI Legacy Imaging Surveys DR10 (LS DR10) (Dey et al.
2019) data, augmented by available spectroscopic redshifts, to
construct multi-wavelength catalogs of radio-selected galaxies.
Our analysis focuses on the identification methodology, the sta-
tistical properties of the matched sample, and the resulting red-
shift and host-galaxy distributions. Particular emphasis is placed
on assessing identification reliability and on characterizing the
optical properties of the radio source population across different
source classes.

This work provides a step toward the full scientific exploita-
tion of the MeerKLASS radio data and establishes a foundation
for future studies of galaxy evolution using upcoming, deeper
data releases. By linking the MeerKLASS radio surveys to opti-
cal and infrared datasets over large sky areas, we enable a wide
range of investigations into the nature and evolution of star-
forming galaxies and AGN in the era leading up to the Square
Kilometre Array.

2. Data

In the subsections below we describe the parent MeerKLASS
DR1 catalogs in L- and UHF-bands. Moreover, we describe the
multiband optical, NIR and mid IR surveys used in the cross-
matching analysis of the MeerKLASS DR1 sample.

2.1. MeerKLASS radio data

Our radio source samples are drawn from two components of the
MeerKAT Large Area Synoptic Survey (MeerKLASS), a com-
mensal radio-continuum and H i intensity-mapping program car-
ried out with MeerKAT using fast constant-elevation scans and
on-the-fly (OTF) interferometric imaging (Santos et al. 2017;
Chatterjee et al. 2025). In this observing mode, interferometric
visibilities are recorded continuously during the scan observa-
tions and processed into wide-area continuum images and source
catalogs. This on-the-fly interferometric imaging provides an ef-
ficient combination of survey speed, sensitivity, and sky cover-
age while maintaining high image fidelity over large contiguous
areas (Chatterjee et al. 2025).

2.1.1. MeerKLASS UHF-band survey

For the lower-frequency sample, we use sources from the first
data release (DR1) of the MeerKLASS UHF-band OTF contin-
uum survey (Paul et al. 2025). These observations were carried
out with MeerKAT in the 544–1088 MHz frequency range us-
ing fast constant-elevation scanning and were processed with a
dedicated OTF imaging pipeline. The DR1 dataset is based on

approximately 12 hr of early-science observations and covers an
area of ∼ 800 deg2 within the DESI imaging footprint.

The resulting continuum images are centered at a frequency
of ∼ 816 MHz and reach an rms sensitivity of ∼ 35 µJy beam−1

in the deepest regions, with a typical angular resolution of ∼
32′′ × 17′′. The associated source catalog contains 75,823 radio
sources above a signal-to-noise ratio of 7. The catalog has been
validated through cross-matching with external radio surveys,
demonstrating sub-arcsecond astrometric accuracy and a robust
flux-density scale (Paul et al. 2025). The large survey area and
direct overlap with wide-field optical imaging make this dataset
particularly well suited for statistical identification of optical and
infrared counterparts.

2.1.2. MeerKLASS L-band survey

For the higher-frequency sample, we use sources from the first
data release of the MeerKLASS L-band OTF continuum survey
(Mangla et al. 2025). These observations were obtained in the
856–1712 MHz frequency range using the same fast-scanning
OTF strategy. The current release is based on eight observing
blocks, corresponding to approximately 13.5 hr of usable data
and covering an area of ∼ 268 deg2.

The L-band images reach a median rms sensitivity of ∼
33 µJy beam−1 and have a median angular resolution of approx-
imately 25.5′′ × 7.8′′. The corresponding source catalog con-
tains 34,874 radio sources. The footprint of the L-band survey
overlaps with deep optical imaging from KiDS, enabling high-
quality counterpart identification for a subset of the radio sample
(Mangla et al. 2025).

2.2. Optical and near-infrared imaging data

To identify optical counterparts to the MeerKLASS radio
sources and to derive photometric properties of the host galax-
ies, we use wide-area public optical and near-infrared imaging
surveys matched to the respective MeerKLASS footprints. For
the UHF-band survey we rely on the DESI Legacy Imaging Sur-
veys Data Release 10 (hereafter LS DR10), while for the L-band
survey we additionally exploit the deeper KiDS DR5 data where
available.

2.2.1. DESI Legacy Imaging Surveys DR10

The DESI Legacy Imaging Surveys provide a homogeneous,
wide-area optical imaging dataset designed for target selec-
tion of the Dark Energy Spectroscopic Instrument (DESI) and
for a broad range of extragalactic studies (Dey et al. 2019).
The surveys combine imaging from multiple facilities, includ-
ing DECam, Bok, and Mayall/MOSAIC, together with mid-
infrared data from the WISE satellite (Wright et al. 2010). The
full Legacy Surveys footprint covers approximately 25,000 deg2

of extragalactic sky.
In this work, we use LS DR10. Both MeerKLASS radio sur-

veys lie in sky regions covered by DECam imaging, with avail-
able g, r, i, and z-band data. However, the region covered by the
MeerKLASS L-band survey does not show homogeneous cov-
erage in all bands, making LS DR10 less suitable as the main
optical counterpart catalog for that field. In contrast, the MeerK-
LASS UHF-band footprint is well covered by DECam imag-
ing. The relevant point-source depths are approximately ∼ 24.8,
∼ 24.2, and ∼ 23.3 mag in the g, r, and z bands, respectively.
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Photometry and source detection in LS DR10 are based on
forward modeling of sources using The Tractor (Lang et al.
2016), enabling consistent photometry and deblending across the
full survey footprint. Forced photometry is performed at the po-
sitions of detected sources across all bands, ensuring uniform
multi-band measurements. We further make use of photometric
redshifts described in Zhou et al. (2021, 2023a).

The combination of large sky coverage (> 104 deg2), ho-
mogeneous processing, and the inclusion of mid-infrared pho-
tometry makes LS DR10 particularly well suited for wide-area
cross-identification of radio sources, especially in current and
upcoming MeerKLASS UHF-band fields, which lie almost en-
tirely within the DESI footprint.

2.2.2. KiDS DR5

For the MeerKLASS L-band footprint, we additionally use data
from the fifth data release of the Kilo-Degree Survey (KiDS
DR5), which provides deep optical imaging with excellent im-
age quality (Wright et al. 2024). KiDS DR5 covers a total area
of 1,347 deg2 in the u, g, r, and i bands, with particular emphasis
on high image quality for weak-lensing applications. Most im-
portantly for this work, KiDS DR5 provides homogeneous cov-
erage of ∼ 87% of the L-band survey, making it the primary
resource for the search for counterparts to MeerKLASS L-band
radio sources.

The survey reaches a median r-band 5σ depth of ∼ 24.8 mag
and achieves a median seeing of ∼ 0.7′′. In addition, KiDS is
complemented by near-infrared imaging from the VIKING sur-
vey, providing matched photometry in the Z, Y , J, H, and Ks
bands.

The combination of deep optical imaging, high spatial reso-
lution, and multi-wavelength coverage makes KiDS DR5 partic-
ularly valuable for identifying faint counterparts to radio sources
and for deriving accurate photometric redshifts. This is espe-
cially important for the MeerKLASS L-band sample, where the
smaller survey area allows the use of deeper ancillary data for
detailed source characterization.

We augment the main KiDS DR5 catalog, designed to pro-
vide reliable estimates for the bulk of optical sources, with the
KiDS DR4 bright-galaxy catalog (Bilicki et al. 2021) and the
KiDS DR4 quasar catalog (Nakoneczny et al. 2021). We fur-
ther add WISE (Wright et al. 2010) photometry to the catalog
by cross matching KiDS sources to the latest version of the
unWISE catalog (Schlafly et al. 2019) and the LS DR10 cata-
logs. This enables a consistent WISE-based quasar selection in
both radio surveys. These catalogs provide improved redshift es-
timates and source properties for their respective target popu-
lations. Their addition is motivated by the expectation that the
radio-selected sample contains a disproportionately large contri-
bution from low-redshift star-forming galaxies and high-redshift
radio quasars, whereas the bulk of optically selected galaxies lies
at intermediate redshift.

3. Method

Identifying optical counterparts of radio sources is a non-trivial
task, particularly for modern wide-area surveys that combine
high optical source densities with complex radio morphologies.
The simplest approach is nearest-neighbor positional matching
within a fixed search radius. This method is computationally ef-
ficient and performs well for compact radio sources with high
positional accuracy, but it becomes increasingly unreliable in

Fig. 2: Stellar mass distribution of sources with small (< 2′′)
radio–optical offsets (red) and of local field galaxies (green) with
offsets of (40′′ − 60′′). A subset of sources with small offsets at
low redshifts (z < 0.2) is shown in blue.

deep optical surveys because of the high probability of chance
alignments.

More sophisticated statistical methods have therefore been
developed. In particular, the likelihood-ratio (LR) technique
(Sutherland & Saunders 1992) provides a probabilistic frame-
work that accounts for positional uncertainties, the magni-
tude distribution of true counterparts, and the background
source density. This approach, together with related probabilis-
tic cross-identification methods, has become a standard tool for
radio–optical counterpart identification in modern surveys (e.g.
Smith et al. 2011; McAlpine et al. 2012; Williams et al. 2019).

Additional complexity arises from the extended and multi-
component nature of many radio sources, where the radio emis-
sion may be offset from the host galaxy. Recent approaches
therefore combine statistical matching techniques with mor-
phological information and, in some cases, visual or machine-
learning-based classification to improve identification reliability
(e.g. Williams et al. 2019; Hardcastle et al. 2023).

Motivated by the characteristics of the MeerKLASS data, we
adopt a data-driven approach that empirically measures the off-
set distribution of candidate hosts around radio source positions
and compares it to the background distribution estimated from a
position-displaced control catalog within the same survey foot-
print. This approach naturally captures the combined effects of
positional uncertainties and intrinsic offsets between radio emis-
sion and host galaxies, which can arise from extended or multi-
component radio sources. Furthermore, we incorporate physical
characteristics of the host candidates, such as stellar mass and
redshift, and treat different source populations separately. In this
sense, our method can be viewed as a generalized likelihood-
based approach that replaces source positional uncertainties and
host magnitude distributions with empirically extracted distribu-
tions in radio-optical offset, stellar mass and redshift that are di-
rectly calibrated with the survey data. In the following, we refer
to this approach as the Stellar-mass Enhanced Density Associa-
tion (SEDA) method.

3.1. The Stellar-mass Enhanced Density Association (SEDA)
method

Extragalactic radio sources can broadly be associated with three
main host populations: quasars, radio galaxies, and star-forming
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Fig. 3: Empirical probability estimate Ptrue as a function of offset
for bright and faint quasar candidates (black and red lines), the
full dataset (cyan dashed line), and the expectation from posi-
tional uncertainties and source density (magenta).

galaxies. While quasars and radio galaxies both belong to the
class of active galactic nuclei (AGN), they differ significantly
in their appearance in optical and infrared data. Star-forming
galaxies are detected in radio through star-formation-driven syn-
chrotron emission and typically dominate at lower radio lumi-
nosities, while radio emission from AGN is produced by syn-
chrotron emission from the central core as well as the jets and
lobes.

The probability of a galaxy being radio loud is strongly de-
pendent on stellar mass (e.g., Best et al. 2005). For star-forming
galaxies, radio luminosity is also expected to correlate with stel-
lar mass through the star-forming main sequence. In contrast,
stellar mass is neither a reliable indicator of radio luminosity
for quasars nor straightforward to measure, because the AGN
can contribute substantially to the total optical and infrared flux
of the system. Quasars are, however, rare compared to the gen-
eral galaxy population in optical and infrared catalogs and can
be selected efficiently using mid-infrared colors from WISE. We
therefore split the counterpart search into two sub-populations:
quasars and a stellar-mass-dependent population consisting of
star-forming galaxies and radio galaxies. For quasar candidates,
we primarily use the radio-to-optical offset to estimate whether
a candidate is a true match to a given MeerKLASS source.

The radio luminosity function and the stellar mass function
of star-forming galaxies differ, and the mixture of radio-emitting
populations is therefore expected to change with redshift. At
low redshift, the increasing sensitivity to low-luminosity radio
sources makes lower-mass star-forming galaxies increasingly
important. Conversely, at high redshift, star-forming galaxies are
less likely to be detected at the flux limits of the MeerKLASS
catalogs and are therefore less likely to be suitable host-galaxy
candidates. For the stellar-mass-sensitive population, we there-
fore use radio-to-optical offset, stellar mass, and redshift simul-
taneously to estimate the likelihood of a given counterpart being
the true host of the MeerKLASS source.

3.1.1. Probability Ptrue of candidate being the host galaxy

The empirical probability estimate of a candidate being the true
host depends on four properties: stellar mass, radio-to-optical
offset, redshift, and whether the source is classified as a quasar.

Fig. 4: Empirical probability estimate Ptrue as a function of posi-
tional offset for candidates with z > 0.4. The color coding high-
lights the stellar-mass dependence. The corresponding relations
for bright and faint quasar candidates (see Fig. 3) are shown as
black and red lines for comparison.

For the non-quasar population, we evaluate the probability esti-
mate Ptrue(d,M⋆, z) that a source is the true optical counterpart,
given its offset d, stellar mass M⋆, and redshift z.

To do so, we first collect all optical and infrared sources
within a one-arcminute radius around each MeerKLASS source.
This radius is much larger than the typical formal positional un-
certainty of MeerKLASS sources, which is usually at the level
of one arcsecond or below, and allows for physically driven off-
sets between the radio emission and the host galaxy. The PSFs of
the MeerKLASS DR1 surveys are highly elliptical, with axis ra-
tios of ∼ 1/2 and ∼ 1/3 for the UHF-band and L-band surveys,
respectively. Even in the presence of physically driven offsets,
we expect the ellipticity of the MeerKLASS beams to affect the
symmetry of the offset distribution. To account for this, we use
elliptical distances based on the axis ratios given in Sects. 2.1.1
and 2.1.2.

We measure the source density of optical and infrared
sources, nS(d,M⋆, z), around MeerKLASS sources in 30 ra-
dial bins out to 45′′, 52 stellar-mass bins between 7.3 <
log10 (M⋆/M⊙) < 12.5, and three redshift bins. We also mea-
sure the source density in the same stellar-mass and redshift bins
in an outer annulus from 45′′ to 60′′, which serves as an estimate
of the background source density, nBG. The empirical probability
estimate for a galaxy being the true host is then

Ptrue(d,M⋆, z) = 1 −
nBG(M⋆, z)
nS(d,M⋆, z)

. (1)

Given the size of the current dataset, we split the data into three
redshift slices: z < 0.2, 0.2 ≤ z < 0.4, and z ≥ 0.4. The highest-
redshift bin is expected to be largely free of star-forming galax-
ies, while the lower-redshift bins are expected to be helpful in
capturing the increased sensitivity to lower-mass star-forming
galaxies. With the larger size and depth of future MeerKLASS
datasets, we expect to be able to improve the treatment of the
redshift dependence of the counterpart probability.

3.1.2. Treatment of quasars

The stellar-mass estimates for quasars are not reliable and are
therefore not informative for the counterpart probability esti-
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Fig. 5: Empirical probability estimate Ptrue for a M⋆ = 1011 M⊙
source as a function of positional offset for the three redshift
bins. The Ptrue(d) relations for bright quasar candidates and all
sources are shown as black and grey dashed lines for compari-
son.

mate. At the same time, quasars are relatively rare sources and
occupy a specific region of color space. We select quasar candi-
dates as point-like sources with w1 − w2 > −0.2. This relatively
relaxed WISE color cut is motivated by the fact that the search
is performed locally around radio positions rather than as a blind
field selection. As a result, the prior probability of a source be-
ing physically associated with a radio emitter is already signif-
icantly enhanced compared to the general field population. The
color selection is sufficient to strongly suppress the contribution
from stars and passive galaxies, while the point-source selection
further suppresses the contribution from star-forming galaxies.

To further reduce contamination from non-quasar popula-
tions, we impose a magnitude limit of w2 < 21. This cut reduces
contamination caused by large scatter in w1 − w2 colors and de-
creases the chance-match rate by excluding faint candidates. Us-
ing nearby matches (d < 2′′), we find that this magnitude cut re-
tains > 92% of all WISE-based quasar candidates. Because the
number density of quasar candidates depends strongly on flux,
we further split the sample into bright and faint quasar candi-
dates at w2 = 19.5. Analogous to the definition for star-forming
galaxies and radio galaxies, we define the empirical probability
estimate of a quasar candidate being the true host as

Ptrue(d) = 1 −
nBG

nS(d)
. (2)

The probability estimate depends smoothly on offset and on
whether the source falls into the bright or faint quasar subset.
In future improvements of SEDA, when we have larger samples
available, we will model this dependence more continuously by
measuring the source density simultaneously in offset and w2
magnitude.

In Fig. 3, we show Ptrue(d) for faint and bright quasar candi-
dates as well as for all sources irrespective of source type. The
value of Ptrue(d) remains significantly higher for bright quasars
at all offsets. Faint quasars also show a higher Ptrue(d) than the
full source sample. This is mainly driven by the suppression of
the background population of unlikely true hosts, while the offset
distributions are approximately similar in all three cases.

Fig. 6: Counterpart search and source merging. Left: MeerK-
LASS UHF-band image of a 4′ × 4′ region near MeerKLASS-
UHF_DR1 J+124001.6+034037.5. Right: LS DR10 gri color-
composite image of the same region. Individual radio detections
are marked as filled squares. The color coding indicates the pri-
mary source (red), other components (blue), and sources without
confirmed counterparts (yellow). Optical counterparts are shown
as circles.

3.1.3. Radial dependence of Ptrue(d,M⋆, z)

In Fig. 4, we show the radial trend of Ptrue color-coded by stellar
mass. For high-mass sources, Ptrue remains high even at larger
positional offsets. This results mainly from two effects: massive
galaxies are less abundant and therefore less likely to occur as
chance matches, and high-mass galaxies are typical hosts of ra-
dio galaxies, as shown in Fig. 2. Towards lower stellar masses,
the background density increases while the fraction of true hosts
at a given stellar mass decreases.

In Fig. 5, we show the radial trend of Ptrue for the three red-
shift bins at a fixed stellar mass of M⋆ = 1011 M⊙. At fixed stellar
mass, Ptrue is, on average, highest for the lowest-redshift bin and
lowest for the highest-redshift bin. Several effects contribute to
this behavior. At low redshift, radio sources tend to be more spa-
tially resolved, broadening the offset distribution of true hosts. In
addition, the background density is reduced, and the stellar-mass
distributions of true hosts and field galaxies are shifted to lower
stellar masses (see Fig. 2), as more low-luminosity star-forming
galaxies exceed the detection threshold of the survey.

3.2. Spectroscopic redshift assignment

We use available spectroscopic redshifts either already provided
by the KiDS and LS DR10 photometric catalogs or taken from
public datasets such as SDSS DR18 (Almeida et al. 2023) and
DESI DR1 (DESI Collaboration et al. 2025). We explicitly up-
date existing SDSS redshifts with dedicated quasar-focused red-
shifts from SDSS DR16 (Lyke et al. 2020) to ensure robust red-
shifts for this source population. We further caution that spec-
troscopic redshifts from DESI DR1 at 1.6 < zspec < 1.7 might
be incorrect for a certain fraction of the sources. SDSS redshifts
are used for sources in this redshift range if available. Remaining
DESI DR1 sources in this redshift range have to be treated with
caution, especially if they depart significantly from the photo-
metric redshift measurement.

We match the list of known spectroscopic redshifts to the
catalog of best optical hosts using a cross-match radius of 1′′.
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Fig. 7: Counterpart association and source merging in complex
environments. Top row: Radio and optical images of a 7′ × 7′
region around MeerKLASS-UHF_DR1 J+101443.5-14421.1, a
giant radio galaxy at z = 0.199. Sources are marked as in
Fig. 6. The radio source is detected as four individual radio
components and merged into one system (red), all matched
to a single host galaxy. Bottom row: Radio and optical im-
ages of a 9′ × 9′ region around Messier 61 (MeerKLASS-
UHF_DR1 J+122156.1+042823.5). The star-forming galaxy is
split into three individual radio sources, while two background
point sources are found in the vicinity, projected through the op-
tical disk.

3.3. Treatment of complex radio sources

Radio morphologies of extragalactic sources can be highly com-
plex. In radio galaxies, one may detect emission from the lobes
but not from the core and detect lobes and cores as separate radio
sources. Furthermore, orientation with respect to line of sight,
Doppler boosting, and the radio galaxy environment can cause
lobes to appear with different brightnesses and shapes. All these
effects can lead to positional offsets between the radio detection
and the host galaxy that significantly exceed the measurement
uncertainties provided by the source-detection pipelines. This is
part of the motivation for using empirically calibrated counter-
part probabilities in SEDA instead of relying solely on nominal
positional uncertainties. This approach compensates for modest
radio-to-host offsets, for example those arising from resolved
star-forming galaxies or from radio galaxies with small offsets
between the lobes and the host. However, for larger lobe offsets
the probability that a radio galaxy is split into at least two indi-
vidual sources increases, as does the offset of each radio com-
ponent from the true host. Such cases can result in radio sources
without good optical or infrared counterparts at their nominal
catalog positions.

To recover such systems, the SEDA algorithm is run in two
passes. In the first pass, we search for the best counterpart us-
ing the nominal position given in the radio catalog. In the sec-
ond pass, we select all radio sources without a good counter-

part (Ptrue < 0.5) from the first pass and search for their nearest
neighbors within this subset. We then calculate the midpoints
between each of these radio sources and their nearest neighbor.
In addition, we perform a source-detection run on the radio data
with very low deblending settings and high detection thresholds
to obtain intensity-weighted centers of extended sources that
have been split into several components in the main imaging run
and therefore appear as individual detections in the MeerKLASS
catalogs. We then repeat the counterpart search using these ad-
ditional centers for sources that did not have good counterparts
in the first pass. The counterpart from the second pass is only
assigned as the better counterpart if the difference in counterpart
probability is Ptrue,2nd − Ptrue,1st > 0.2 and Ptrue,2nd > 0.5. This
limits noise biases due to multiple search attempts.

In Fig. 6, we show a 4′ × 4′ region from the MeerK-
LASS UHF-band survey and the corresponding LS DR10 op-
tical image. Four individual radio detections are highlighted as
colored squares. In the first SEDA run, only the upper-right
source (MeerKLASS-UHF_DR1 J+123954.5+034242.2) had a
high-probability counterpart, because the clearly double-lobed
radio galaxy was detected as a single radio source. In the sec-
ond SEDA run, the search between neighboring radio sources
revealed a high-probability counterpart (red circle) between the
lobes of the lower-left source. The nearest radio source to the
optical host, MeerKLASS-UHF_DR1 J+124001.6+034037.5, is
assigned as the primary radio source, while the optical host is
found to be a QSO at z = 1.88. For the remaining radio source
(yellow square), no high-probability counterpart was found.

3.3.1. Flagging sources belonging to the same system

In a final step, we attempt to flag radio sources that likely belong
to the same host galaxy. Sources that have a good counterpart at
their radio position form the basis of this procedure. These are
typically star-forming galaxies, compact sources, and the cores
of radio galaxies. For sources with a good counterpart in the sec-
ond run, we check whether the identified host is already assigned
to another radio source from the first run. If so, all correspond-
ing radio sources are flagged as belonging to the same host. We
add a column to the radio catalog that lists the source ID of the
radio source closest to the host. We also combine the fluxes of
the components and provide a column listing the total combined
flux associated with the given host galaxy.

We then search among all remaining sources without good
optical or infrared hosts for additional components of larger
radio systems. This is done by using the original PyBDSF
(Mohan & Rafferty 2015) output to connect components with
islands, defined as connected pixels above a given detection
threshold. Similarly, we use the output of the low-deblending
source-detection run described above. If a source without a good
counterpart shares an island with a source that has a good coun-
terpart, we assign it to the same physical source, flag it as a com-
ponent of another radio source, provide the corresponding source
ID, and calculate the combined flux.

In Fig. 7, we show radio and optical images for two com-
plex cases illustrating the challenges associated with flagging
multiple radio components belonging to the same host galaxy.
The upper case shows the giant radio galaxy associated with
MeerKLASS-UHF_DR1 J+101443.5-14421.1 (z = 0.199). The
radio galaxy is detected as four individual radio sources, and
the core is successfully assigned as the primary host. In the
lower case, we show Messier 61 (z = 0.005), which is resolved
and split into three radio sources. The SEDA algorithm cor-
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rectly merges these sources while keeping potential background
sources separate.

This procedure successfully assigns and merges multiple ra-
dio sources associated with the same physical host in many
cases. However, a subset of systems remains where the auto-
mated process fails to merge components or assign the correct
counterpart. This is particularly true for very extended, widely
separated, or strongly asymmetric sources. One such example
is shown in Fig. 8 for the nearby (z = 0.052) radio galaxy
MeerKLASS-UHF_DR1 J+102407.6-020344.4. The 9′ × 9′ re-
gion centered on the core of the radio galaxy shows two large
(> 2′) radio lobes north-east and south-west of the core. The
SEDA algorithm correctly associates the core with the host
galaxy, while no connection to the core is found for the north-
east lobe (yellow square), which remains listed as a source with-
out a counterpart. The south-west lobe (blue square) is associ-
ated with the bright point source to the south (MeerKLASS-
UHF_DR1 J+102403.6-020705.5). In this constellation, the total
number of hosts is correct, but the lobe fluxes are not correctly
assigned to the core, and in one case the flux is falsely assigned to
an unrelated source. This type of failure mode depends strongly
on redshift, because angular sizes and separations decrease with
increasing redshift.

To test the performance for complex systems and source
merging, we visually inspected several samples of potentially
complex UHF-band sources. We constructed three subsets and
inspected 50–60 sources from each. The first subset contains
sources with the largest semi-major axes and signal-to-noise ra-
tios (SNRs) greater than 100. The second subset contains sources
with SNRs greater than 100 and total-to-peak flux ratios greater
than 3. The third subset contains sources with SNRs greater than
100 and at least nine Gaussian components measured in the ra-
dio source catalog. These selections were designed to target the
most challenging cases for the counterpart search.

Across these subsets, we find that in 62–69% of cases our
approach identifies the correct counterpart with Ptrue > 0.5. In
17–23% of cases, the correct counterpart was not recovered and
the associated and the best counterpart had Ptrue < 0.5, while
in 10–15% of cases an incorrect counterpart is assigned despite
Ptrue > 0.5. The number of missed sources is approximately con-
sistent with the overall expected incompleteness of the sample,
discussed in the following subsection. The fraction of incorrectly
assigned counterparts exceeds the expected ∼ 5% contamina-
tion because the inspected samples are intentionally biased to-
ward difficult cases and because unrelated radio sources can be
merged with a radio source that has a correct host assignment.

As a final visual test, we inspected 56 sources with Ptrue >
0.5 drawn from the ∼ 1, 300 sources that are flagged as con-
nected to another source but are not assigned as the primary
host. We find that the counterpart is correctly assigned in 86%
of cases, that the source merging is incorrect in 12% of cases,
and that the optical counterpart is wrong in one case (2%). The
single wrong counterpart is consistent with the expected number
of contaminants, while the 12% fraction with incorrect source
merging is slightly smaller than, but close to, the estimates for
the more extreme subsets inspected above.

In summary, source merging works for 86% of the inspected
subset of non-primary sources associated with another source.
For the most extreme and visually challenging subsets, the suc-
cess rate and completeness of the counterpart catalog are mildly
lower than average.

Fig. 8: Example of a failure mode in counterpart association
and source merging. Similar to Figs. 6 and 7, the panels show
a 9′ × 9′ region centered on the giant radio galaxy associ-
ated with MeerKLASS-UHF_DR1 J+102407.6-020344.4. Both
lobes (yellow and blue squares) are not merged with the core
(central red square), because of their large separation (yellow
lobe) and the projection of an unrelated source (blue lobe).

3.4. Chance-association calibration of Ptrue

To calibrate the sample purity with respect to chance associa-
tions, we construct a control catalog by applying a uniform 6 ar-
cmin offset to the MeerKLASS radio source positions and then
rerunning the SEDA counterpart search. This position-displaced
control catalog preserves the angular selection function and the
clustering of the radio sources in the test positions, while break-
ing the physical association with their true optical or infrared
hosts. It therefore provides an empirical estimate of the Ptrue dis-
tribution expected for chance associations.

We apply the same two-pass procedure to the control catalog
as to the real radio catalog. In the second pass, which searches
between neighboring radio sources, we restrict the number of
control positions to match the number used for the real catalog.
This ensures that the rate of chance associations is measured
under the same number of search attempts. The resulting con-
trol measurement gives the number of associations expected by
chance at a given Ptrue and can therefore be used to estimate the
reliability of the counterpart catalog.

The Ptrue distribution measured for the real catalog is a mix-
ture of true counterparts and unrelated associations. The shape of
the unrelated-association component is estimated from the con-
trol catalog. Assuming that the low-Ptrue regime of the real cat-
alog is dominated by unrelated associations, we rescale the con-
trol distribution such that it matches the real distribution at low
Ptrue. In the top panel of Fig. 9, we show the Ptrue distribution
of UHF-band counterparts, together with the corresponding dis-
tribution from the control catalog and its rescaled version. The
rescaled control distribution matches the observed distribution
around real UHF-band sources well below Ptrue = 0.2. Repeat-
ing the same procedure for the L-band survey gives a consistent
result.

Using the rescaled control distribution, we define the final
calibrated association probability Passoc as

Passoc(Ptrue) = 1 −
Nrescaled

ctrl (Ptrue)
Nreal(Ptrue)

. (3)

Here, Nreal is the number of SEDA associations in the real cat-
alog and Nrescaled

ctrl is the rescaled number of associations in the
control catalog.
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The relation between Passoc and Ptrue is shown for the UHF-
band and L-band samples in the lower panel of Fig. 9. Over the
whole range an increase in one estimator leads to an increase in
the other. At Ptrue < 0.2, Passoc approaches zero by construction
because of the normalization of the control distribution. Around
Ptrue ≃ 0.4, the two probability estimates become similar, while
at higher Ptrue values the calibrated association probability ex-
ceeds the original SEDA estimate.

We also show in Fig. 9 the purity of the counterpart sample
above a given threshold in Ptrue for both surveys. For thresholds
above Ptrue = 0.3 the estimated purity appears to be very similar
for both surveys, despite their differences in optical data, radio
bands or depth. We find a purity of 94.7% for Ptrue > 0.5 for both
surveys, further increasing to 97% for Ptrue > 0.7. This relation
allows users to select thresholds in either Ptrue or Passoc depend-
ing on the desired balance between completeness and contami-
nation.

In Fig. 10, we show completeness as a function of purity
for the counterpart catalogs. For this estimate, we assume that
all radio detections are real, while the number of true counter-
parts is estimated by summing Passoc over the selected sample.
The figure shows that purities well above 90% can be reached
with only a modest impact on completeness. We note that the
completeness estimated in this way is mildly conservative: false
detections in the radio catalog would lead to an overestimate of
the number of true radio sources, while the normalization of the
control distribution tends to underestimate the purity at very low
Ptrue.

4. Survey specific differences

4.1. Application to the UHF-band survey

The UHF-band footprint is well covered by LS DR10. In Fig. 1,
we show the UHF-band radio image overlaid on the LS DR10
mask map. The dominant cause of masking is the proximity to
bright stars, which can affect source detection and photometry.
We recommend using the mask flags provided in the catalog,
but we nevertheless provide counterpart candidates in masked
regions to allow users to apply their own quality cuts.

The primary source of photometric redshifts is the
photometric-redshift catalog provided by the Legacy Surveys
team (Zhou et al. 2023b). This catalog does not provide stel-
lar masses, but includes a compilation of spectroscopic red-
shifts available at the time of its construction. We estimate stel-
lar masses from the LS DR10 z-band magnitude and the g − r,
r − z, and z −W1 colors, using galaxies with matched LS DR10
photometry and stellar masses from COSMOS (Laigle et al.
2016) and GAMA (Taylor et al. 2011) as reference samples.
The UHF-band footprint is also well covered by spectroscopic
surveys, including SDSS (York et al. 2000), GAMA, and DESI
(DESI Collaboration et al. 2025), which leads to an enhanced
fraction of counterparts with spectroscopic redshifts.

4.2. Application to the L-band survey

The L-band survey only has patchy coverage in LS DR10.
The main optical dataset for counterpart identification is there-
fore KiDS DR5, whose coverage within the L-band footprint is
shown in Fig. 1. In contrast to the LS DR10 coverage of the UHF
footprint, KiDS DR5 does not cover the northern and southern
edges of the L-band survey, and sources around bright stars are
already excluded from the released catalog.

Fig. 9: Measurement of association probability Passoc and sam-
ple purity. Top: Histogram of SEDA measurements of Ptrue for
UHF-band catalog and on displaced positions as control sample.
Bottom: Passoc given Ptrue for L-band and UHF-band catalogs
and sample purity for samples selected by Ptrue > Ptrue,min.

Source detection in KiDS DR5 is performed on deep r-band
images, whereas LS DR10 uses combined g, r, z detection im-
ages. While the KiDS r-band imaging is typically deeper than

Fig. 10: Completeness versus purity for UHF and L-band sur-
veys, assuming all radio detections are true sources.
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the corresponding LS DR10 band, the deep z-band data in LS
DR10 are more efficient for detecting faint passive galaxies at
high redshift. This creates a mild disadvantage for identifying
high-redshift radio galaxies in KiDS alone, where even massive
passive galaxies can become faint. Despite the inhomogeneous
LS DR10 coverage in the L-band footprint, we therefore perform
an additional LS DR10-based counterpart search.

For the L-band survey we provide two counterpart catalogs.
The baseline catalog uses only KiDS DR5 counterparts and is
restricted to the 87% of the footprint covered by KiDS. The ex-
tended catalog is augmented with LS DR10 counterparts to pro-
vide larger and locally deeper coverage. In addition to increas-
ing the available area, the LS DR10-based search allows us to
compare KiDS- and LS DR10-based counterpart probabilities in
the subset of the footprint with high-quality coverage in both
datasets.

4.3. Comparison between KiDS and LS DR10 data

For the part of the L-band footprint with both KiDS DR5 and
LS DR10 coverage, we compare the counterpart probabilities
obtained from the two optical datasets. This comparison pro-
vides a useful consistency check on the SEDA probabilities and
highlights survey-dependent selection effects. In general, high-
probability counterparts are recovered consistently in both cat-
alogs, especially for relatively bright and compact sources. Dif-
ferences arise primarily for faint passive galaxies, sources close
to the detection limit, and objects affected by masking or de-
blending differences between the two catalogs. The left panel of
Fig. 11 illustrates the comparison of the KiDS- and LS DR10-
based probabilities for matched counterparts in the common
high-quality footprint. Sources with high Ptrue in only one of the
two surveys are predominantly caused by differences in depth.
This plot does not fully show sources with high Ptrue in both cata-
logs but with differing counterparts. Using a maximum matching
distance of 2 arcsec and requiring Ptrue > 0.5, we find that 7.4%
of the sample has different counterparts. Increasing the threshold
to Ptrue > 0.9 reduces the fraction with differing counterparts to
1.9%. We visually inspected all Ptrue > 0.9 sources with differing
counterparts and find that in 19% of cases the KiDS counterpart
is likely the correct counterpart, while in 28% of cases the LS
DR10 counterpart is preferred. In the remaining 53% of cases,
visual inspection does not clearly indicate which catalog pro-
vides the better counterpart. These ambiguous cases are typically
caused by counterparts with small angular separations, making
them equally plausible matches to the radio source.

In the right panel of Fig. 11, we compare photometric red-
shifts of Ptrue > 0.5 counterparts. The majority of the ∼ 8, 000
counterparts follow the one-to-one relation indicated by the cyan
dashed line. The scatter increases at z ≳ 0.8. Two additional fea-
tures are apparent: a bias between the two photometric-redshift
estimates at 0.5 ≤ z ≤ 0.9 and an apparent hard cut-off in the LS
DR10 photo-z distribution at z ∼ 1.5. As outlined in Appendix B,
there is evidence that the bias at 0.5 ≤ z ≤ 0.9 is primarily caused
by biased redshifts in the KiDS DR5 catalog. The apparent hard
cut-off at z ∼ 1.5 is caused by biased photo-z estimates in LS
DR10, likely driven by the lack of near-infrared photometry and
the limited training sample for the photo-z calibration. The ob-
served colors available in LS DR10 alone provide limited infor-
mation for constraining the redshifts of passive galaxies beyond
z = 1.5, and the lack of passive galaxies at z > 1.5 in the training
sample causes galaxy photo-z estimates in LS DR10 to be lim-
ited to z ≈ 1.5. Only galaxies with quasar-like colors can reach

higher photometric redshifts. A more detailed discussion of the
redshift performance is provided in Appendix B.

From Fig. 10, the completeness of the UHF-band counter-
parts reaches ∼ 81%, whereas the L-band counterpart complete-
ness reaches only ∼ 66%. Besides possible differences caused by
the radio data, one explanation may be the differences between
the KiDS and LS DR10 datasets. While the LS DR10 data over
the L-band survey area are very heterogeneous, KiDS covers
∼ 36% of the UHF-survey footprint. We therefore cross-match
KiDS data with the LS DR10-based host galaxies to estimate
the fraction of LS DR10 hosts that are also detected by KiDS.
Differences between the two surveys should be driven predom-
inantly by imaging depth and, at very low redshift, potentially
by the different treatment of very extended nearby sources. In
Fig. 12, we show the redshift distribution of UHF-band hosts
identified with LS DR10 data. We also show the distribution of
the subpopulation also detected by KiDS DR5, scaled by a fac-
tor of 2.78 to account for the difference in survey coverage. The
scale factor is derived by comparing the number of matches at
0.1 < zphot,LSDR10 < 0.6 with the total number of sources in
this redshift range. Assuming that the KiDS data are complete
in this redshift range, the ratio of all LS DR10 sources to KiDS-
matched sources provides a direct estimate of the relative sur-
vey area covered by KiDS. The difference between the scaled
KiDS-matched distribution and the full LS DR10 sample then
provides an estimate of the KiDS completeness with respect to
LS DR10, as well as the redshift range in which sources are miss-
ing from KiDS. We measure a KiDS completeness of 84 ± 1%
relative to LS DR10, suggesting that this is the main reason for
the lower counterpart fraction in the KiDS-based L-band follow-
up. From Fig. 12, one can see that the majority of the missing
sources lie at 0.9 < z < 1.5, the redshift regime dominated by
radio galaxies with passive hosts. At higher redshifts, the rela-
tive incompleteness decreases because quasars are intrinsically
brighter and bluer in the optical bands than passive galaxies.

In summary, the cross-comparison yields reasonable agree-
ment in redshifts and Ptrue at z < 1 and for bright sources. Photo-
z estimates for passive hosts from LS DR10 are biased low for
true redshifts z > 1.5, while KiDS photo-z estimates show a mild
bias at 0.5 ≤ z ≤ 0.9. The relative completeness of KiDS and LS
DR10 is the main cause of the different counterpart fractions in
the two radio surveys.

5. Properties of the counterpart catalogs

In this section we present the outcome of the counterpart search
with SEDA for the L-band and UHF-band surveys. The coun-
terpart catalogs will be provided on CDS after acceptance of the
paper, the column desciption of the most relevant columns can be
found in Appendix A. In this section focus on the overall coun-
terpart fractions, the redshift distributions, and the comparison
between photometric and spectroscopic redshifts. More detailed
source-population studies, including the dependence on radio lu-
minosity, stellar mass, and optical color, will be presented in fu-
ture work.

5.1. General properties of the resulting catalogs

In Figs. 9 and 10 we show key diagnostic quantities, including
the sample purity as a function of the Ptrue threshold, the map-
ping between Ptrue and Passoc, and completeness as a function
of purity. While users can define selection thresholds according
to their scientific needs, we emphasize two useful reference val-
ues. The first is Passoc = 0.5 (Ptrue ≈ 0.44), which marks the
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Fig. 11: Comparison of KiDS and LS DR10 results on L-band survey. Left: Comparison of L-band counterpart probabilities Ptrue
for common counterparts in the joint high-quality KiDS and LS DR10 footprint (red). Sources with differing counterparts are shown
in grey. Right: Comparison of photometric redshifts from KiDS and LS DR10 for common counterparts.

Fig. 12: Distribution of photometric redshifts of LS DR10 iden-
tified (Ptrue > 0.5) counterparts in the UHF-survey (red). Shown
in blue is the distribution of counterparts also detected in KiDS
DR5, scaled by a factor of 2.78 to account for partial coverage
of the footprint.

point where the calibrated probability that a counterpart is a true
association is 50%. Including sources below this value adds can-
didates for which chance associations are more likely than true
associations, which is likely undesirable for most scientific ap-
plications. The second threshold is Ptrue = 0.5 (Passoc ≈ 0.61),
for which we find the estimated purity and completeness with re-
spect to the maximum achievable completeness to be ∼ 94.5%.
This threshold therefore provides a balance between lost sources
and number of chance associations remaining in the sample. In
the subsequent discussion, we use Ptrue > 0.5 as the default
threshold for showing results.

The main difference between the counterpart catalogs of the
two surveys lies in their completeness. One possible explanation
is related to differences in optical source detection and survey
depth. Sources in KiDS are detected from deep r-band imaging
data, while LS DR10 uses combined g, r, and z-band detection

Fig. 13: Redshift distribution of confirmed counterparts in the L-
band survey (top) and UHF-band survey (bottom).

images. The typical hosts of radio galaxies are passive galaxies
and therefore appear red in optical data. The inclusion of redder
bands, such as the z band, therefore gives LS DR10 an advantage
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for identifying hosts of high-redshift radio galaxies compared
to the r-band-based KiDS detection. Additional contributions to
the difference in completeness may come from the incomplete
KiDS coverage of the L-band footprint and from differences in
the depth of the radio surveys.

5.1.1. L-band catalog

We find 20,400 counterparts with Ptrue > 0.5 in the KiDS-based
catalog, corresponding to 66% of all L-band sources within the
KiDS footprint. In the top panel of Fig. 13, we show the redshift
distribution of KiDS counterparts using the KiDS photometric
redshifts for two probability thresholds, Ptrue > 0.5 and Ptrue >
0.7, corresponding to purities of approximately 95% and 97%,
respectively. The redshift distribution shows three main features:
a low-redshift peak at z < 0.4, a second peak around z ≈ 1, and
a steep drop-off followed by a long tail to high redshift.

These features broadly reflect the mixture of the main host
populations. The low-redshift excess is associated with star-
forming galaxies, while the peak around z ≈ 1 is dominated by
radio galaxies. The subsequent steep decline is driven primar-
ily by incompleteness in the optical catalog of host galaxies for
radio galaxies. Cross-matched sources at z > 1.5 are predomi-
nantly quasars, which remain detectable in optical and infrared
data out to much higher redshifts than the typical radio AGN
host galaxies.

We find spectroscopic redshifts for 22% of the counterparts
with Ptrue > 0.5. In the top panel of Fig. 14, we compare pho-
tometric and spectroscopic redshifts for these counterparts. The
majority of sources show reasonable agreement, but we find bi-
ases at 0.6 < zphot < 0.8 and a number of significant outliers. In
particular, some high-redshift quasars are assigned low photo-
metric redshifts by KiDS, illustrating the limitations of galaxy-
optimized photometric-redshift estimates for rare quasar popula-
tions. We measure a median absolute deviation-based scatter of
σ∆z/(1+z) = 0.03 for zphot < 1 and σ∆z/(1+z) = 0.14 for zphot > 1.0.
The corresponding outlier fractions, defined as sources exceed-
ing five times the measured scatter, are 6.5% and 11.5%, respec-
tively. However, we note that the distribution of redshift differ-
ences, especially in the high-redshift bin, appears to consist of
a subpopulation with well-estimated redshifts and a significantly
broader component. Fitting a Gaussian function only to the well-
estimated subpopulation would yield a much smaller scatter es-
timate and a much higher outlier fraction. The adopted measure
is therefore intended to provide a robust summary statistic for
comparison with the LS DR10 measurements for the UHF-band
survey, rather than a full description of the observed distribution.

To increase coverage and completeness, we provide a
merged catalog that combines counterparts from KiDS and LS
DR10. LS DR10 counterparts are added to the catalog for all
sources without KiDS coverage. In the overlapping region, we
accept an LS DR10 counterpart if either Ptrue,LSDR10 > 0.7 and
Ptrue,LSDR10 > Ptrue,KiDS + 0.1, or if Ptrue,LSDR10 > 0.9 and the
LS DR10 host candidate is closer to the radio position than
the KiDS host candidate. The first criterion limits the impact
of adding false detections to the host-candidate list, while the
second accounts for cases in which multiple radio sources were
falsely associated with the same host because the true host was
initially missed by KiDS. The merged catalog provides counter-
parts with Ptrue > 0.5 for 73% of all candidates, adding a total
of ∼ 5000 counterparts to the catalog. We note that, because of
the patchy LS DR10 coverage over the L-band footprint, many
of the LS DR10 sources do not have photo-z estimates. Conse-

quently, the combined catalog lacks photo-z estimates for 14%
of the sources.

5.1.2. UHF-band catalog

Out of 75,823 UHF-band radio sources, we find 61,633 coun-
terparts with Ptrue > 0.5, corresponding to 81% of the sample.
Increasing the threshold to Ptrue > 0.7 reduces the counterpart
fraction to 71%, while increasing the purity from approximately
95% to 97%. In the lower panel of Fig. 13, we show the red-
shift distribution of the LS DR10 counterparts for the UHF-band
radio sources. The distribution is qualitatively similar to that of
the L-band sample, but the peak redshift is higher and the steep
decline due to incompleteness in the optical catalogs begins at
higher redshift than for the KiDS dataset. The median photomet-
ric redshift is z = 0.81 for Ptrue > 0.5, compared to z = 0.77 for
the L-band sample selected with the same threshold. For the LS
DR10 counterparts, the decline appears steeper than for KiDS
beyond z ∼ 1.5, potentially reflecting the lack of near-infrared
photometric bands and the limited training data available to cali-
brate the machine-learning-based photometric-redshift code be-
yond this redshift. As a result, radio-galaxy hosts at z ≳ 1.5 are
often assigned photometric redshifts in the range 1 < zphot < 1.5.

The SDSS and DESI coverage provides a high density of
spectroscopic redshifts in the UHF-band footprint, resulting in
spectroscopic redshifts for 44% and 48% of counterparts with
Ptrue > 0.5 and Ptrue > 0.7, respectively. In Fig. 14, we compare
spectroscopic and photometric redshifts for both counterpart cat-
alogs. A zoom-in version showing the z < 1 regime is provided
in Fig. B.1. The photometric redshifts are largely unbiased for
the bulk of the sample, but show substantial scatter at z > 1.5.
We also note a feature at 1.6 < zspec < 1.7, which is a known is-
sue related to the DESI spectroscopic sample. Spectroscopic red-
shifts in this redshift range should therefore be considered with
care. We measure a median absolute deviation-based scatter of
σ∆z/(1+z) = 0.02 for zphot < 1 and σ∆z/(1+z) = 0.12 for zphot > 1.0.
The corresponding outlier fractions, defined as sources exceed-
ing five times the measured scatter, are 4.5% for the low-redshift
bin and 6.7% for the zphot > 1 bin.

This mildly better performance compared to the KiDS-based
counterparts of the L-band survey is less obvious in Fig. 14, be-
cause the UHF-band sample has six times more spectroscopic
redshifts, leading to saturation effects close to the one-to-one re-
lation.

5.2. Leveraging additional information from counterpart
catalogs

Besides photo-z and stellar mass, the counterpart catalogs of-
fer additional information on host properties that can be used to
study the samples in greater detail. We already use WISE colors
and magnitudes to identify quasars within the counterpart can-
didates. Another potentially useful source of information is the
morphology inferred from the optical imaging data. This infor-
mation is provided in the LS DR10 catalog by the TYPE column,
which gives the best-fitting light-profile model. Sources classi-
fied as Sérsic (SER) or de Vaucouleurs (DEV) are typically re-
solved sources in LS DR10. In the context of this work, this pro-
vides a simple way to select a comparatively clean sample of
star-forming galaxies and radio galaxies without using color in-
formation from the catalog.

As an example, we show in Fig. 15 galaxies with Sérsic or
de Vaucouleurs profiles from the UHF counterpart catalog, se-
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Fig. 14: Comparison between photometric and spectroscopic
redshifts for counterparts in the L-band survey (top) and the
UHF-band survey (bottom).

lected with Ptrue > 0.5 and zphot < 1. The counterparts selected
in this way occupy a distinct region in the radio-luminosity–
stellar-mass plane and follow a broad relation. The region with
log10(M⋆/M⊙) < 11 and log LRadio < 23.5, where the stellar-
mass–radio-luminosity relation is tighter, is occupied by star-
forming galaxies, while radio galaxies occupy the high-mass,
high-luminosity part of the distribution. A clean quasar sample,
in contrast, can be constructed by imposing WISE color cuts,
such as those described in Sect. 3.1.2, and excluding sources
with Sérsic or de Vaucouleurs profiles. Quasars occupy the high-
luminosity region of the radio-luminosity–stellar-mass plane and
do not show a correlation between stellar mass and radio lumi-
nosity. For visibility, we show in Fig. 15 only iso-density con-
tours for the quasar population, because it overlaps with the pop-
ulation of radio galaxies.

This plot illustrates why stellar mass is not considered in the
SEDA estimate of Ptrue for the quasar population, while it re-
mains informative for the other host populations. Future stud-

Fig. 15: Sources in the Radio luminosity-stellar mass plane from
the UHF-band catalog: Shown in red are ∼ 23, 800 sources
with Ptrue > 0.5, zphot < 1, and light profiles following Sérsic
(SER) or de Vaucouleurs (DEV) profiles. Shown in blue are iso-
density contours of sources following the WISE color selection
for quasars. The contours are based on ∼ 14, 500 sources over
the full redshift range.

ies based on these counterpart catalogs can further use color or
SED-fitting information, such as star-formation rates, to study
the host populations and their properties in more detail.

5.3. High-redshift sources

High-redshift radio-loud quasars are rare objects, but they pro-
vide important probes of early black-hole growth, jet activity,
and the build-up of massive galaxies at early cosmic times.
Their identification in wide-area radio surveys is therefore an
important by-product of large counterpart catalogs. Within both
MeerKLASS surveys we find a tail of radio-loud quasars extend-
ing to high redshift.

At these redshifts, both photometric and spectroscopic red-
shifts require careful inspection. Photometric redshifts can fail
for quasars, as shown in the top panel of Fig. 14, where KiDS
assigns very low photometric redshifts to some spectroscopi-
cally confirmed high-redshift quasars. Spectroscopic redshifts
can also fail if emission lines are misidentified. Redshifts for
the highest-redshift candidates therefore need to be treated with
care, especially when photometric and spectroscopic estimates
are inconsistent.

Both optical catalogs used for host identification are based
on source detection in optical bands. Given the imaging depth
presented in Sects. 2.2.2 and 2.2.1 and the typical stellar-mass
distribution of radio-galaxy hosts, passive host galaxies are ex-
pected to become increasingly incomplete at z ≳ 1.4. Quasar-
mode hosts are intrinsically more luminous and bluer than pas-
sive galaxies and can therefore be detected to z ≈ 4 and beyond.

Quasar spectra show a strong suppression of flux blueward
of Lyα at 1216 Å due to absorption by intervening neutral hy-
drogen, together with an even sharper break below the Lyman
limit at 912 Å. At high redshift, these features move through the
optical bands and produce the drop-out signatures widely used
to identify high-redshift quasars (e.g. Fan et al. 2001). For the
present counterpart search, the Lyα absorption is the more rel-
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Fig. 16: High-redshift quasars identified in the L-band and UHF-band surveys. Left: MeerKLASS_L_DR1 J231818.3-311346.5
(z = 6.44), the highest-redshift spectroscopically confirmed quasar identified in this work, located in the L-band footprint. Middle:
MeerKLASS-UHF_DR1 J+111111.8+053626.6 (z = 5.24), the highest-redshift spectroscopically confirmed quasar in the UHF-
band sample. Right: MeerKLASS-UHF_DR1 J+102838.8-084437.8 (z = 4.27), one of several quasars with 4 < zspec < 5. Squares
mark the position of the MeerKLASS detections.

evant limitation for optical source detection. Lyα enters the g
band at z ∼ 2.3 and moves beyond it by z ∼ 3.5, leading to
increasingly suppressed g-band flux and eventually to g-band
drop-outs. It enters the r band at z ∼ 3.5 and moves through
it by z ∼ 4.8–5.0, making r-band-selected catalogs increasingly
incomplete for quasars at z ≳ 4.5–5. The Lyman-limit break en-
ters the r band only at higher redshift, around z ∼ 5, and reaches
the red end of the r band at z ∼ 6.5–6.7; however, by this point
Lyα absorption has already strongly suppressed most of the r-
band flux. While a dedicated high-redshift quasar search using
drop-out selection is beyond the scope of this paper, these effects
have direct consequences for the present counterpart search. The
KiDS catalog used here is based on source detection in the r
band, implying that quasar identification becomes increasingly
inefficient once Lyα absorption moves through the r band and is
expected to be strongly incomplete for quasars at z ≳ 5.

Consequently, MeerKLASS_L_DR1 J231818.3-311346.5,
the counterpart with the highest spectroscopic redshift in
our sample (z = 6.44), was missed by KiDS but was iden-
tified by SEDA using LS DR10 within the MeerKLASS
L-band footprint (see color composite image in Fig. 16).
MeerKLASS_L_DR1 J231818.3-311346.5, also known as
QSO J2318-3113, was the most distant radio-loud quasar known
at the time of its radio detection (Ighina et al. 2021) and remains
one of the highest-redshift radio-loud quasars currently known.
It is therefore encouraging that our automated counterpart
search, which is optimized for the bulk of host galaxies, is
capable of identifying counterparts even at the highest redshifts.

The source with the highest reliable spectroscopic
redshift in the UHF-band sample is MeerKLASS-
UHF_DR1 J+111111.8+053626.6, with z = 5.24 (Yang et al.
2023). In Fig. 16, we show LS DR10 color-composite images
of this source, QSO J2318-3113, and a third quasar at z = 4.27,
illustrating the visual change in color as Lyα absorption and the
Lyman break move through the optical bands.

While these results are encouraging, we expect a significant
fraction of high-redshift quasars to lack spectroscopic redshifts
or to have failed or imprecise photometric redshifts. We there-
fore plan a dedicated high-redshift-optimized study of radio-loud
quasar candidates in the MeerKLASS fields.

6. Conclusions

We presented optical and infrared counterpart catalogs for ra-
dio sources detected in the MeerKLASS L-band and UHF-band
surveys. The UHF-band catalog is based on LS DR10 imaging,
while the L-band catalog primarily uses KiDS DR5 and is sup-
plemented by LS DR10 where available. Together, these datasets
provide wide-area optical and infrared coverage matched to the
first MeerKLASS OTF continuum releases.

Counterparts were identified with the Stellar-mass Enhanced
Density Association (SEDA) method, a data-driven framework
that estimates empirical counterpart probabilities by compar-
ing the distribution of candidate counterparts around radio po-
sitions to the corresponding distribution measured in a position-
displaced control catalog. The method uses radio-optical posi-
tional offset, stellar mass, and redshift to estimate the probabil-
ity that a selected optical or infrared source is the true host of
the radio emission. Quasar-like sources are treated separately
and identified with the help of WISE mid-infrared data. The
method therefore avoids imposing a strict separation between
star-forming galaxies and radio AGN, while exploiting the fact
that stellar mass is informative for counterpart identification in
the non-quasar population.

For the L-band sample, we identify 20,400 KiDS counter-
parts with Ptrue > 0.5, corresponding to 66% of the radio sources
within the KiDS footprint. For the UHF-band sample, we iden-
tify 61,633 LS DR10 counterparts with Ptrue > 0.5, correspond-
ing to 81% of the radio sources. The spectroscopic-redshift frac-
tion is 22% for the L-band counterparts and 44% for the UHF-
band counterparts at this probability threshold, reflecting the
stronger overlap of the UHF footprint with past and current spec-
troscopic surveys.

The resulting redshift distributions show the expected mix-
ture of low-redshift star-forming galaxies, radio galaxies peak-
ing around z ≈ 1, and a tail of high-redshift quasars. In
particular, the SEDA algorithm enables the recovery of sev-
eral radio-loud quasars at z > 4, including QSO J2318-
3113 at z = 6.44 in the L-band footprint and MeerKLASS-
UHF_DR1 J+111111.8+053626.6 at z = 5.24 in the UHF-band
sample. These examples demonstrate that a counterpart search
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optimized for the bulk of the radio population can still recover
rare high-redshift objects, although a dedicated high-redshift
quasar search will be required for a complete census.

We also introduced an automated treatment of complex ra-
dio sources by repeating the counterpart search using additional
candidate positions derived from neighboring radio components
and radio source-detection runs with low-deblending. This ap-
proach allows many multi-component systems to be associated
with a single optical host and provides combined radio fluxes
for such systems. Very extended or strongly asymmetric sources
remain challenging and will require additional algorithmic im-
provements in future catalog releases.

The catalogs presented here provide the basis for future stud-
ies of the MeerKLASS radio source population, including radio
luminosity functions, the relative contributions of star forma-
tion and AGN activity, and searches for rare high-redshift radio
quasars. The data used here represent only a small fraction of
the full planned MeerKLASS survey, which is expected to cover
10,000 deg2. The SEDA framework is designed to scale to fu-
ture MeerKLASS data releases, where the larger sky coverage
and greater number of radio sources will allow a more refined
treatment of redshift, stellar mass, and source morphology.
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Table A.1: SEDA-based columns added to the original MeerK-
LASS columns for the main UHF-band counterpart catalog.

Name Description
RA_MEERKLASS Right ascension MeerKLASS
E_RA_MEERKLASS error on Right ascension
DEC_MEERKLASS Declination MeerKLASS
E_DEC_MEERKLASS error on Declination
RA_HOST_FINAL Right ascension counterpart
DEC_HOST_FINAL Declination counterpart
TYPE_FINAL LS DR10 Morph. model
STAR_GAL_FINAL optical star galaxy separator
G_MAG_FINAL g-band magnitude
R_MAG_FINAL r-band magnitude
I_MAG_FINAL i-band magnitude
Z_MAG_FINAL z-band magnitude
W1_MAG_FINAL w1-band magnitude
W2_MAG_FINAL w2-band magnitude
G_MAG_E_FINAL error on g-band magnitude
R_MAG_E_FINAL error on r-band magnitude
I_MAG_E_FINAL error on i-band magnitude
Z_MAG_E_FINAL error on z-band magnitude
W1_MAG_E_FINAL error on w1-band magnitude
W2_MAG_E_FINAL error on w2-band magnitude
Z_SPEC_FINAL spec-z
Z_PHOT_MEDIAN_FINAL robust photo-z (default)
Z_PHOT_STD_FINAL uncertainty on photo-z
LG_MSTAR_FINAL stellar mass
P_OFFSET_FINAL prob. solely using offset
ELL_OFFSET_FINAL radio-optical offset
P_TRUE_FINAL Ptrue
TOTAL_FLUX_COMB radio flux incl.

other components
HOST_FLAG 0 if component of other

radio source
SOURCE_ID_HOST source ID if only component
P_ASSOC_FINAL Passoc
Purity_CUMULATIVE total cumulative purity

Appendix A: Column description of the counterpart
catalogs

In Tables A.1 and A.2, we provide an overview of the main
columns added by the counterpart search to the original MeerK-
LASS catalog. The column names are similar for the L-band
and UHF-band catalogs, except for columns specific to the KiDS
and LS DR10 photometric catalogs. The combined KiDS and LS
DR10 catalog follows the same naming convention and contains
additional columns with names ending in COMB, which merge
entries from both catalogs. We note that this merged catalog is10

heterogeneous and should be treated with care. No attempt was
made to merge multiple radio components derived from a mix of
KiDS and LS DR10 counterparts.

Additional SEDA-based catalog entries, such as the nearest
counterpart or the best counterpart before component merging,
can be provided upon request and follow a similar naming con-
vention.

Appendix B: Photo-z performance

In Fig. B.1, we show photometric redshifts plotted against spec-
troscopic measurements out to z = 1 for the L-band (KiDS)20

and UHF-band (LS DR10) counterparts. Although KiDS uses

Table A.2: SEDA-based columns added to the original MeerK-
LASS columns for the main L-band counterpart catalog.

Name Description
RA_MEERKLASS Right ascension MeerKLASS
E_RA_MEERKLASS error on Right ascension
DEC_MEERKLASS Declination MeerKLASS
E_DEC_MEERKLASS error on Declination
RA_HOST_FINAL Right ascension counterpart
DEC_HOST_FINAL Declination counterpart
MAG_GAAP_G_FINAL g-band magnitude
MAG_GAAP_R_FINAL r-band magnitude
MAG_GAAP_I1_FINAL i-band magnitude
MAG_GAAP_Z_FINAL z-band magnitude
W1_MAG_FINAL w1-band magnitude
W2_MAG_FINAL w2-band magnitude
MAGERR_GAAP_G_FINAL error on g-band magnitude
MAGERR_GAAP_R_FINAL error on r-band magnitude
MAGERR_GAAP_I1_FINAL error on i-band magnitude
MAGERR_GAAP_Z_FINAL error on z-band magnitude
W1_MAG_E_FINAL error on w1-band magnitude
W2_MAG_E_FINAL error on w2-band magnitude
Z_SPEC_FINAL spec-z
Z_BC_FINAL best photo-z
Z_BC_ERR_FINAL error on photo-z
MSTAR_BESTFIT_FINAL stellar mass
P_OFFSET_FINAL prob. solely using offset
ELL_OFFSET_FINAL radio-optical offset
P_TRUE_FINAL Ptrue
TOTAL_FLUX_COMB radio flux incl.

other components
HOST_FLAG 0 if component of other

radio source
SOURCE_ID_HOST source ID if only component
P_ASSOC_FINAL Passoc
Purity_CUMULATIVE total cumulative purity

ten photometric bands, in contrast to the five bands used in LS
DR10, we see a bias of ∆z ≈ 0.05 at z ≈ 0.65 for the host galax-
ies in our sample. The redshifts based on LS DR10, shown in
the bottom panel of Fig. B.1, do not show a comparable bias.
The visual impression of broader photo-z scatter in the LS DR10
sample is misleading, because the number of sources populat-
ing the two plots differs by more than a factor of five. With
σ∆z/(1+z) = 0.02 for z < 1 and an outlier fraction of 4.5%, the
performance of LS DR10 is in fact better than that of KiDS, for 30

which we find σ∆z/(1+z) = 0.03 and an outlier fraction of 6.5%.
To improve our understanding of the LS DR10 photo-z per-

formance and to test whether features seen in the right panel
of Fig. 11 are caused by LS DR10 measurements, we use the
overlap between LS DR10 and the COSMOS photo-z catalog
(Weaver et al. 2022). After cross-matching sources within 1.5
arcsec, we select two subsamples representing two of the three
main host types of MeerKLASS sources: quasars and massive
galaxies. We expect star-forming galaxies to lie mostly at low
redshift, where photo-z estimates perform well. For the quasar 40

sample, we apply the same color cuts as used for the bright
quasar sample defined in SEDA, while for massive galaxies we
impose a stellar-mass cut of log(M⋆/M⊙) > 11 in COSMOS
to select galaxies similar to the typical hosts of classical radio
galaxies in our sample. In Fig. B.2, we show the comparison be-
tween LS DR10 photo-z estimates and high-quality COSMOS
photometric redshifts.
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Fig. B.1: Redshift comparison of confirmed counterparts in the
L-band survey (top) and the UHF-band survey (bottom).

The observed behavior appears similar to that seen in Fig. 11.
While quasar-like sources extend beyond z ≈ 1.5, the subset of
massive galaxies appears to be truncated at zphot,LSDR10 ≈ 1.5.50

The redshift distribution of the same galaxies measured in COS-
MOS extends out to z ∼ 3. There are two main reasons for this
behavior in the LS DR10 redshifts. First, the available bands and
corresponding colors provide limited information on redshifts
beyond z ≈ 1.6. Second, the calibration of the redshift measure-
ments themselves is based on spectroscopic redshifts and bright
photometric galaxies. Because of the lack of redshifts for mas-
sive non-quasar galaxies that are faint in the optical bands, the
applied machine-learning technique is not able to correctly pre-
dict redshifts beyond z ≈ 1.5, as the corresponding galaxies are60

not represented in the training sample.
Future studies that rely on photometric redshifts of massive

and passive galaxies beyond z = 1 should take this limitation of
LS DR10 photo-z estimates into account.

Fig. B.2: Comparison of LS DR10 photo-z estimates and COS-
MOS photometric and spectroscopic redshift measurements.
COSMOS galaxies with stellar masses similar to those of radio
galaxies (log(M⋆/M⊙) > 11) are shown in red. Galaxies fol-
lowing the bright QSO selection applied in the SEDA runs on
MeerKLASS candidates are shown in blue.
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