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ABSTRACT

Radio galaxies can extend far beyond the stellar component of their originating host galaxies, and their radio emission can
consist of multiple discrete components. Furthermore, the apparent source structure will depend on survey sensitivity, resolution
and the observing frequency. Associated discrete radio components and their originating host galaxy are typically identified
through a visual comparison of radio and mid-infrared survey images. We present the first data release of Radio Galaxy Zoo,
an online citizen science project that enlists the help of citizen scientists to cross-match extended radio sources from the Faint
Images of the Radio Sky at Twenty Centimeters (FIRST) and the Australia Telescope Large Area Survey (ATLAS) surveys, often
with complex structure, to host galaxies in 3.6 um infrared images from the Wide-field Infrared Survey Explorer (WISE) and
the SpitzerSpace Telescope. This first data release consists of 100 185 classifications for 99 146 radio sources from the FIRST
survey and 583 radio sources from the ATLAS survey. We include two tables for each of the FIRST and ATLAS surveys: (1)
the identification of all components making up each radio source and (2) the cross-matched host galaxies. These classifications
have an average reliability of 0.83 based on the weighted consensus levels of our citizen scientists. The reliability of the DR1
catalogue has been further demonstrated through several parallel studies which used the pre-release versions of this catalogue
to train and prototype machine learning-based classifiers. We also include a brief description of the radio source populations

catalogued by RGZ DRI.
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1 INTRODUCTION

Radio galaxies, a subset of Active Galactic Nuclei (AGNs), may be
single compact structures, simple doubles, or large, multicomponent
structures with complex morphologies. Identifying which discrete
radio components belong to a single source, and which optical or
infrared galaxy is their host, can thus be a complex task. For example,
a line of three radio components might represent three individual
AGNSs or star-forming galaxies, or a single radio AGN with a core
and two extended radio lobes, or three possible combinations of a
double radio source and an unrelated additional source. A reliable
characterization of the radio source requires a recognition of both
the underlying morphology and the host galaxy.

Morphological classifications of radio galaxies have traditionally
been done by eye (e.g. Norris et al. 2006; Lin et al. 2010; Proctor
2011; Andernach, Jiménez-Andrade & Willis 2021; Simonte et al.
2022, 2023). Radio Galaxy Zoo'(RGZ) is an online citizen science
project that enlists the help of the public to cross-match radio sources,
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often with complex structure, to host galaxies in infrared images
(Banfield et al. 2015). The online infrastructure and methodology of
RGZ is based on the original Galaxy Zoo project (Lintott et al. 2008)
which classified galaxy morphologies using optical observations
from the Sloan Digital Sky Survey Data Release 7 (York et al.
2000; Abazajian et al. 2009). The primary output from RGZ is the
association of radio source components from an existing catalogue
into single- or multiple-component radio sources as well as the
identification of the host galaxy, if it is present.

The online classification part of RGZ concluded on 2019 May
6 after 5.5 yr of operation. In this period, over 12000 registered
users contributed over 2.29 million radio source classifications
for approximately 140000 input ‘subjects’ (as defined below). In
addition to providing classifications, interested RGZ citizen scientists
had the option of using the RadioTalk” forum, where they could post
questions and ideas, and interact with the RGZ project scientists.
This forum led to serendipitous discoveries, such as the discovery
of a new poor cluster of galaxies (Banfield et al. 2016) and the
identification of radio galaxies with hybrid or giant radio galaxy

Zhttp://radiotalk.galaxyzoo.org/
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morphologies (Kapinska et al. 2017; Tang et al. 2020). The radio
classifications enabled the investigation of cosmological alignments
of radio sources (Contigiani et al. 2017), statistical studies of bent
sources (Garon et al. 2019; Rodman et al. 2019) and the exploration
of machine learning-based methods for radio galaxy studies (e.g.
Slijepcevic et al. 2022; Tang et al. 2022; Chen et al. 2023). To
date, a total of 15 papers have been based on this first generation
RGZ project. Second generation RGZ projects such as Radio Galaxy
Zoo LOFAR (Hardcastle et al. 2023) and Radio Galaxy Zoo EMU
(Bowles et al. 2023) are also underway.

In this paper, we present the Radio Galaxy Zoo’s Data Release
1 catalogue, which consists of 100 185 classifications for 99 146
radio sources from the Faint Images of the Radio Sky at Twenty
Centimeters (FIRST) survey (Becker, White & Helfand 1995) and
for 583 radio sources from the Australia Telescope Large Area
Survey (ATLAS) survey (Norris et al. 2006). This catalogue contains
entries with well-defined parameters and reproducible quantities.
An expanded version of the catalogue, with additional entries
that are limited by various biases, sample incompleteness and
reliability uncertainties, can be made available on request to the
authors.

Section 2 defines the specific terminology used throughout this
paper and briefly summarizes the data samples. In Section 3, we
describe the user classification tasks and how the users’ choices
were used to build a consensus classification. The DR1 catalogues
are described in Section 4. Section 5 provides a brief description and
demonstration of the source properties of the FIRST-WISE sample
that are available from the RGZ DR1 catalogues. We refer the reader
to Franzen et al. (2015) and Alger et al. (2018) for a more detailed
description of the ATLAS source properties. Section 6 summarizes
this work. Following Banfield et al. (2015), we adopt a A Cold
Dark Matter cosmology of €2, = 0.3, 2, = 0.7, and a Hubble
constant of Hy = 70km s~! Mpc~! throughout this paper. The WISE
IR magnitudes refer to the Vega magnitude system.

2 RGZ - TERMINOLOGY AND SAMPLE

This section defines the classification terminology and samples used
for the RGZ project. We also refer the reader to Banfield et al. (2015),
the RGZ project description paper that includes a more detailed
discussion of the sample selection and project operations.

2.1 Terminology

The following terminology is used throughout the paper, and where
appropriate, was communicated to the users.

(i) Subject: an image of a fixed size, 3 arcmin x 3 arcmin centered
on an entry from the FIRST or ATLAS radio catalogue. The subject
is what is presented to the user, who classifies whatever is visible
within the field.

(i) Component: a discrete patch of radio emission enclosed by a
contour of constant brightness.

(iii) Peak: a localized maximum within a component, identified
only in the analysis stage. It should be noted that peaks need not be
present in all components.

(iv) Source: a group of one or more components that the user
considers to be part of the same physical system.

(v) Host (counterpart): the infrared object selected by the users as
the physical origin of the radio source.

(vi) Classification labels: sources are classified by their number of
components and the total number of peaks within those components,
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Figure 1. RGZ DRI morphologies are described in terms of the number of
associated discrete radio components and flux density peaks (as described in
Section 2.1). Here, we provide two examples: (a) a 1-component, 2-peaks
source (1c2p) and (b) a 2-component, 3-peaks source (2c3p). The black
crosshairs mark the locations of the peaks.

in the analysis stage. 1c2p, for example, would describe a source
with one component (as defined above) with two peaks. 2¢c2p, by
contrast, would be a two component source, each with one internal
peak. In the case of a 2¢c2p, there could also be two components
whereby one of the component consists of two peaks. For the
reasons of reproducibility, we do not follow traditional radio galaxy
classes such as the Fanaroff-Riley (FR) types from Fanaroff &
Riley (1974); but instead classify sources in terms of their observed
radio structures, that is the number of associated components and
peaks. While it is possible to translate from the RGZ morphologies
to FR classes, there is a large fraction for which clear FR classes
can only be determined through further follow-up multiwavelength
observations.

An illustration of these classifications is shown in Fig. 1. On the
left, a single set of contours enclose all the radio emission, so this
source has one component. Within the single set of contours, we find
two local maxima (peaks), so the source is classed as a source with
1-component and 2-peaks (1c2p). On the right, by contrast, there
is no single enclosing contour, so if these two components were
classified by users as being physically associated, they would form a
two component source. One component has only a single localized
peak, whereas the other has two peaks. Thus, the source would be
labelled as 2c3p.

2.2 The RGZ image sample

RGZ is based primarily on position-matched radio image cutouts
from the FIRST survey (north of declination +1.5 deg; Becker et al.
1995; White et al. 1997) and the 3.4 um (W1) AIIWISE images
from the Widefield Infrared Survey Explorer (WISE; Wright et al.
2010; Cutri et al. 2013). A smaller additional sample (comprising
1.4 per cent of the total) was taken from the ATLAS Data Release
3 (Franzen et al. 2015) and the 3.6 um Spitzer Wide-area Infrared
Extragalactic Survey (SWIRE; Lonsdale et al. 2003). In addition to
our sample description in this section, we also refer the reader to
the RGZ project description paper (Banfield et al. 2015) for a more
comprehensive description of the sample selection.

2.2.1 The FIRST and WISE sample

FIRST observed over 9000 square degrees of sky at a frequency
of 1.4GHz, a resolution of Sarcsec, and a lo sensitivity of
150 uJybeam™', using the (Jansky) Very Large Array in New
Mexico, USA (White et al. 1997). Objects from the survey, which
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we designate here as components, were selected to be spatially
resolved and have a sufficiently high signal-to-noise, resulting in
an initial sample of approximately 200000 components. Based on
noise fluctuations, approximately 15 per cent of these are expected
to be unresolved (Banfield et al. 2015). Such sources are useful for
control purposes in an experiment such as RGZ, since they may also
be classified (with host identifications) using automated position-
matching algorithms.

Using the online, and publicly available data set from the FIRST
survey (White et al. 1997) that was available in the year before the
launch of the RGZ project (2013 December), 3 arcmin by 3 arcmin
cutouts were created and centred on each of the initial sample of
approximately 200 000 components. The rms level for each of these
cutouts was estimated and from this, contours were drawn from the
lowest level of 40 and increase by factors of +/3. The radio images
can be displayed either as a set of contours or as a blue colour scaled
image.

The AIIWISE W1 images have a resolution of 6.1 arcsec (Cutri
et al. 2013). As shown in Fig. 1, the AHUWISE W1 images are near
the confusion limit because the density of detected sources is larger
than one in a few tens of beam areas. This limits the reliability of host
identifications to the brighter objects, as discussed in Section 3.3. In
RGZ, the WISEW 1 images were displayed with a log stretch using
an orange (or ‘heat’) colour scheme.

2.2.2 The ATLAS and SWIRE sample

The ATLAS subjects are 2 arcmin by 2 arcmin in size, and the radio
images from ATLAS have elliptical beamshapes that are either
12.2 arcsec x 7.6arcsec or 16.8 arcsec x 6.9 arcsec (Norris et al.
2006; Franzen et al. 2015). These ATLAS images are then cross-
matched to 3.6 pum maps from SWIRE which have a resolution of
1.2 arcsec (Lonsdale et al. 2003).

The justification for the smaller fields of view (FOV) for the
ATLAS subjects comes from the design perspective of the project’s
online interface. As the SWIRE angular resolution is much finer than
any of the other surveys, it was thought that the participants might
have difficulty distinguishing between the unresolved IR sources for
a larger FOV. Furthermore, both the ATLAS and the SWIRE surveys
are nearly a factor of 10 more sensitive than the FIRST and WISE
surveys, leading to greater visual confusion. Similar to the FIRST
sample, the ATLAS contours begin at 40 and increase by factors
of v/3. An example of a subject based on the ATLAS and SWIRE
sample is shown in Fig. 2.

Even though the ATLAS subjects have smaller FOV than the
FIRST subjects, there are in general a greater number of radio sources
per ATLAS-based subject. The median numbers of radio sources per
subject for the ATLAS-based and FIRST-based subjects are three and
one, respectively, noting that single component sources dominate
the ATLAS sample. This suggests that source overcrowding and
confusion may be issues that affect the classification of ATLAS-based
subjects, consistent with the results of Alger et al. (2018). Further
details about the ATLAS sample can also be found in Franzen et al.
(2015) and Alger et al. (2018).

3 CLASSIFICATION, CONSENSUS, AND
RELTABILITY

In this section, we summarize the classification work performed by
the users and how their choices were used to establish a consensus
classification for each source and a corresponding consensus value.
Specific to this data release, we investigate the reliability of the
user classifications as a function of consensus levels using expert
verification on a limited sample.

3.1 The user classification tasks

The RGZ user interface instructed users to examine the contoured
radio component at the centre of each subject. In this process of
examination, users were encouraged to use the slider tool that is
illustrated in Fig. 2, to change the relative prominence of the radio
(blue colour scale) and infrared (orange colour scale) emission. After
this examination, the users are asked to carry out the following tasks:

(1) Identity (by clicking) any other radio components in the subject
which appear to be associated with the central component;

(ii) Click on the position of the likely infrared host galaxy associ-
ated with the central component and its associated radio components;

(iii) Identify (by clicking) any significant radio components that
appear to be other sources in the field (not associated with the central
component), and all components associated with that additional
source;

(iv) Click on the position of the host of the additional source;

(v) When all additional sources and hosts have been identified,
the user has the option to add comments, other diagnostic infor-
mation, and raise questions about each source of interest through
the ‘Discuss’ button which transfers them to the RadioTalk pages.
Alternatively, they can progress to the next subject.

Figure 2. Example of an ATLAS-SWIRE subject containing a single extended radio source as presented to the citizen scientists. The five panels demonstrate
the function of the slider tool to transition between the AT L AS radio image (blue) and the SWI RE infrared image (orange), on which the radio emission is
marked as white contours. The contours start at 4o and increase with factors of +/3.
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Within the RadioTalk pages, users also had the option of looking
at images that were twice as large in each dimension, and to examine
the corresponding optical and higher sensitivity (but lower angular
resolution) radio images from SDSS (Ahn et al. 2014; Alam et al.
2015) and the NRAO VLA Sky Survey (NVSS; Condon et al. 1998)
of the same field. These additional images were used by a small
number of users in the identification of the WAT described in Banfield
et al. (2016). All of their ‘clicks’, however, are located (by design)
within the original radio/IR subject.

Fig. 1 provides an example of the classification choices that are
faced by the users. In Fig. 1(a), there is a clear double radio source,
but since it is all enclosed within the lowest contour, a single click
by the user would indicate that the entire area within the contour
was chosen to indicate the full extent of the source. In Fig. 1(b), by
contrast, there are two isolated components, so the user would click
on both of them, indicating that they were associated.

In terms of identifying the infrared host position, for panel (a),
users might click on the central infrared source located between the
two radio lobes. In panel (b), experienced users would recognize the
blend of two or more infrared components near the centre, and would
likely click at the location of the radio core to indicate the likely
host. Less experienced users might click anywhere in the burnt-out
infrared image overlapping with the radio contours. Experts, and the
most experienced users would check the corresponding SDSS image,
and find that there is an optical galaxy coincident with the radio core,
so come back to the original IR image and click at that location.

3.2 Measuring consensus

Classification consensus refers to the agreement in source classifica-
tion (the identification of associated radio components) between all
users who have examined the same source. At the most simple level,
the consensus level is the fraction of users who agreed upon a single
source classification. In other words, if all users converged upon the
same classification for the one source, that one source would have a
consensus level of 1.0. Specifically for RGZ DR1, a user-weighted
consensus level which takes into consideration the user weighting
scheme (described in Section 3.2.2) is used to quantify the level of
agreement or disagreement among the users. Banfield et al. (2015)
also provide a description of the data processing and for how source
classifications are determined from the user identifications.

3.2.1 Consensus algorithm

In the simplest scenario where all users agree on the same number of
sources within a subject, then the combination of components which
is most commonly selected is chosen as the consensus classification.
The consensus level is then calculated as the ratio of the number
of classifications which match the consensus to the total number of
classifications. The number of classifications used to estimate the
consensus level also include user weightings (see Section 3.3).

In the more common case where the users do not all agree on
the number of sources in the subject, a more detailed process is
followed. For example, if there are three radio components in the
subject, users could identify them as three separate sources, or one
combined source, or three different permutations of two sources,
one with a single component and one with two components. In this
case, the consensus algorithm first separates the classifications by
the number of sources in the subject, (NNs). For each separate value
of N ;, the most common assignment of components to the different
sources is identified. The N;; with the highest number of votes is

Radio Galaxy Zoo DRI 3491

deemed to be the consensus radio source. Ties between vote counts
are broken by randomly selecting among combinations with the same
number of votes.

Once the consensus radio source(s) have been identified, the IR
consensus (the agreement between the associated host to the source)
is determined, based on the position in the subject indicated as
the host position. Data are only included for users whose radio
classification for that source matches the consensus classification.
The positions indicated by these users are used in a 2D Gaussian
kernel-density estimator (KDE) to estimate the probability density
function of the host in pixel coordinates. If there are enough data
to calculate the KDE (requiring at least 3 non-colinear points), we
evaluate the KDE on the same grid size as the original infrared image
and apply a 10 x 10 pixel maximum filter to locate peaks. There may
be more than one peak in cases such as that shown in Fig. 1, especially
if multiple possible hosts are present. The location of the maximum
of the probability distribution function is used for the position of the
IR host. WISE sources are identified as host galaxies when they are
matched to within a 6-arcsec radius of the RGZ IR host positions
(see Banfield et al. 2015 for more details).

If there are not enough data (fewer than three user classifications)
to calculate the KDE then this algorithm will not be able to identify
an IR host. Another disadvantage of the KDE method is that we
are not able to identify more than one possible host galaxy for a
radio source. Therefore, the RGZ DR1 catalogue contains fewer host
galaxies in dense fields due to the inability for KDE to converge on
a single locus of user clicks, when multiple host options are present.
If the most common response for an individual radio source was to
select ‘No Infrared’, then the source is labelled as having no host.

3.2.2 User weighting

The above process is based on each user’s classifications counting
equally towards the final consensus for each source. However, there
is a broad range of experience among the users that we sought to
leverage. Among the registered users, the distribution of effort was
highly unequal, with a Gini coefficient of G = 0.887 (Glasser 1962).
This indicates that the bulk of the source classifications are performed
by the most prolific classifiers — consistent with values measured for
other citizen science projects (Cox et al. 2015; Spiers et al. 2019) —
and signals the presence of a core group of dedicated users.

We therefore made use of these different levels of experience
by calibrating each registered user on their success in matching
the classifications made by experts on a ‘Gold Sample’ (GS). The
GS is a set of 20 subjects which represent a range of classification
complexities. These subjects are never withdrawn (see Section 3.2.3)
and are presented at regular intervals to the users until all 20 have
been completed by each individual user. As described in section 4.2
of Banfield et al. (2015), many RGZ participants will encounter
several (if not all) of the Gold Sample (GS) sources from which their
RGZ classifications can be calibrated and weighted.

Anonymous users (not registered with the system) provided 25.4
percent of the total classifications. If a user is anonymous, their
classifications cannot be collated. If a user has classified fewer than
five GS sources, and independent of whether these were correct or
not, they are assigned one ‘vote’ in the weighted consensus. Users
with sufficient GS classifications are then assigned a number of
‘votes’ from zero to five, based on how well they matched the expert
classifications on the GS. For example, a user’s classification will be
upweighted to five votes if their GS classification is a perfect match
to the experts’ classification of the GS.
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Figure 3. Comparison of consensus level distributions for 2-component
sources for catalogues with no user weighting (pink shaded histogram) with
respect to catalogues which adopt three different user maximum weightings
(+5, +10, and +20). The catalogue that adopts the +5 weighting is
represented by the distribution filled with diagonal lines. The catalogues
with +10 and +20 weightings are represented by the distributions outlined
by dashed and dotted lines, respectively.

In practise, the vast majority of RGZ classifications will be derived
from weighted users because the majority of the classifications have
been completed by the very experienced users. In this section, we
show the effect of user weighting on the FIRST sample.

Prior to the application of user weighting, we find the raw mean
and median consensus levels for single component sources to be
0.86 and 1.0, respectively. It is unsurprising that the classifications
of simple single component sources result in excellent consensus
from our users. For RGZ sources with two components, the median
consensus value increased for 0.63 to 0.69 when weights were
applied. The shift in the distribution of consensus levels due to
weights is shown in Fig. 3, which also illustrates the results of higher
levels of weighting (up to 10 and 20), with which we experimented.
The higher level weightings led to little or no improvement for two
component sources, so we adopted a maximum weighting of five.
With this maximum weighting, the consensus levels for three to five
components increased by similar amounts to the two component
case.

The majority of the FIRST sample (99.9 percent) have 5 or
fewer radio components. In general, when the number of components
and angular size increase, the consensus fraction decreases. The
weighted catalogue results in an increase of consensus levels for
multiple component sources. However, the maximum angular sizes
(or largest angular extents) for the FIRST sample are not changed by
the implementation of user weightings.

Based on the improvements with the use of weights, the weighted
consensus level is used, hereinafter and for DR1, and simply referred
to as the ‘consensus’ or ‘consensus level’.

3.2.3 Retirement

Once an individual subject has enough user classifications to establish
a consensus value, the object is ‘retired,’ i.e. it is not shown to any
more users. This enables the efficient classification of subjects. This
does not mean that a high level of consensus has been reached; a
lack of agreement among an initial group of users would generally
persist if more user classifications were obtained, and the consensus
level would still be low.

The limit for retiring an individual subject was initially set at
20 classifications for every image (Banfield et al. 2015). However,
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Figure 4. Distribution of weighted consensus level for two component
sources (top panel) and three component sources (bottom panel) in the FIRST
sample. The low and high consensus populations are represented by the
dashed and dotted distributions, and the distribution outlined by the thick
grey solid line is the sum of the two distributions.

based on early results, we found that there was little or no added value
beyond 5 classifications for the simplest cases of a single component
in a subject. That 5-classification threshold was thus adopted for
single components on 2014 June 20, after ~ 750 000 classifications
were completed. For more complex sources, a retirement threshold
of 20 remained.

3.3 Consensus thresholds and reliability for the FIRST sample

The consensus levels are an indicator of the reliability of source
classifications. In this section, we examine the distribution of
consensus levels and assess how the reliability depends on that level.
Choosing a threshold consensus level for inclusion in the catalogue
inevitably involves compromises between the number of sources
that can be studied and their reliability. We therefore set a threshold
consensus level for DR1 that we believe to provide sufficiently large
and reliable samples for many scientific studies. It is possible to also
examine classifications with consensus below the DR1 threshold;
this is beyond the scope of this paper.

The distributions of (weighted) consensus levels for all 2-
component and 3-component sources are shown in Fig. 4. These
are broad, asymmetric distributions which we model as the sum of
two populations for each class: low-level and high-level consensus
distributions. There is no natural consensus level at which a distinct
high-level population begins to dominate, so independent of the
detailed modelling, there is substantial overlap in levels associated
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Figure 5. The fraction of classifications (from the test sample of 1000) that
are verified to be correct by the science team as a function of catalogued
consensus levels. The vertical dotted line shows the threshold of consensus
required for inclusion into this data release.

with the two populations. For both two and three component sources,
the two populations are better separated with the use of user
weighting.

3.3.1 Reliability using expert classifications

To characterize the reliability of the DR1 sources as a function of
consensus level, we assessed the agreement between the radio mor-
phology consensus classifications and the corresponding classifica-
tions provided by experts. We selected a random sample of 1000 DR1
sources with user consensus levels between 0.6 and 0.8, in the overlap
region between the two assumed populations where we had the most
uncertainty about the reliabilities. These included one-, two-, and
three-component sources. A subset of the science team (OIW, LR,
HA, SS, and RN; hereafter known as verifiers) then independently
classified the 1000 sources, and an expert radio morphology con-
sensus classification was determined for each source. These verifiers
were shown a single IR image overlaid with the FIRST radio contours
and were asked to verify if the DR1 classification is plausible or
not. The verifiers used the IR information to help classify the radio
morphology, but did not separately indicate the corresponding IR
host. Disagreement in source classifications occurred between the
verifiers for approximately 10 per cent of the sources — indicating
that the level of irreducible subjectivity in these measures. Comparing
the user and verifier consensus classifications, we found them to be
in agreement 85 percent of the time when the user consensus
level was above 0.65. As can be seen in Fig. 5, the agreement
between users and experts significantly drops below a level of 0.65,
as expected from the distributions in Fig. 4. Hence, we therefore
establish a consensus level threshold of 0.65 for RGZ DR1. We note
that earlier analysis by Banfield et al. (2015) followed the principles
of Galaxy Zoo’s ‘clean’ sample consensus cutoff of 0.8 (Lintott et al.
2008; Willett et al. 2013) and thus used a more conservative level
of 0.75.

Using a consensus level of 0.65 as our consensus threshold,
DRI1 has successfully enabled early efforts to utilize machine
learning experiments for automated radio source classification (Alger
et al. 2018; Lukic et al. 2018). For example, the reliability of
RGZ DRI is consistent with the mean average precision obtained
for ClaRAN (a deep-learning based radio morphology prototype
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Figure 6. Reliability as a function of the WISE W1 magnitude, averaged over
all radio classifications. The average reliability above and below magnitude
17 are indicated by horizontal lines. We also show the number of sources per
bin at the bottom of the plot. It should be noted that ‘No_IR’ represents the
sources for which no IR host has been identified.

end-to-end source classifier; Wu et al. 2019). As a result, recent
reviews (Becker et al. 2021; Huertas-Company & Lanusse 2023)
for the application of machine learning methods to astronomy have
commended the use of citizen science catalogues such as RGZ
DRI as valuable training data sets for training supervised learning
models.

3.3.2 Host galaxy effect on reliability

The reliability of the radio classification may also depend on the the
relative distribution of potential host galaxies traced by the infrared
image. Here, we investigate whether the reliability of the radio source
classifications was dependent on the presence of a bright infrared
host. Hosts, as described above, were identified by the peak in the
KDE distribution of user clicks identifying the host position. For
our sample of 1000 expert classified sources, approximately half
were identified with hosts brighter than W1 magnitude 17, and half
either fainter or having no consensus host. We set up bins in W1
magnitude, and performed a weighted average over all the various
radio classifications and their respective reliabilities for hosts in that
bin. This produced a characteristic radio reliability as a function of
W1 magnitude® as shown in Fig. 6.

The mean classification reliability for sources with hosts brighter
than W1 magnitude of 17 but fainter than 13 was 0.91 £ 0.01, while
the mean reliability for fainter or no infrared hosts (or brighter than
W1 magnitude of 13) was 0.75 &£ 0.02. This means that the DR1
sample has a mean reliability of 0.83. Thus, the presence of a bright
host did increase the reliability somewhat, but was not essential for
a reliable radio classification. In fact, W1 hosts brighter than 13 mag
result in reduced reliability, possibly due to source saturation or
confusion in the reference IR image. It is likely that a more careful
investigation of this dependence with large samples of each type of
radio source would find niches where bright hosts made a significant
difference.

1
3Reliability, R(W1) = E°‘T§7“l’(¥:jf§(ﬁlﬁwn !
cl=0 4

fraction, N is the number of sources (Fig. 5), cl is the weighted consensus
level and W1 is the WISE W1 magnitude.

, where F is the verified
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Figure 7. Panel (a): Median consensus levels for single component radio
sources in the FIRST-based (grey open circles) and the ATLAS-based (solid
black squares) subjects. The thick grey dashed error bars and the thin black
error bars show the 10th- and 90th- percentile consensus levels for the FIRST-
based and the ATLAS-based subjects, respectively. Panel (b): Distribution of
consensus levels for isolated single component ATLAS sources.

3.4 Consensus thresholds and reliability for the ATLAS sample

The main impact of user weighting on the RGZ classifications of
the ATLAS sources is the upward-shift in consensus levels after the
weighting is introduced — comparable to the effect of user weighting
for the FIRST sample. To explore the impact of multiple sources and
confusion, we examine the weighted consensus levels of isolated
single-component radio sources (i.e. single component radio sources
which happen to be the only radio source within the subject). Such
a source is likely to be the simplest form of classification for the
participant. Fig. 7(a) shows the median consensus levels for single
component sources as a function of the number of radio sources
within the same subject. The general result here is that the median
consensus levels decreases with increasing number of sources per
subject. As can be seen from Fig. 7(a), there exists a larger scatter (as
shown by the error bars which indicate the 10th- and 90th- percentile
levels) in consensus levels for the ATLAS-based sample relative to
that of the FIRST sample.

The median weighted consensus level for an isolated single-
component ATLAS-based radio source is only 0.63 (relative to 1.0
for the FIRST sample). The consensus level distribution for isolated
single-component ATLAS-based radio sources shows that the num-
ber of isolated single-component ATLAS-based radio sources with
consensus levels less than 0.8 is a factor of 1.6 greater than the
number of isolated single-component ATL.AS-based radio sources
with consensus levels above 0.8 (Fig. 7b).

With the exception of one two-component radio source, the
remaining ATLAS-DRI1 sources are all single-component compact
radio sources. The large number of ATLAS-based compact radio
sources is due to the initial RGZ sample selection which included
a random sample of ATLAS sources that is not biased towards
more extended source morphologies (unlike the selection made for
the FIRST-based sample; Banfield et al. 2015). The percentage of
extended sources for the ATLAS sample is approximately 17 per
cent (Franzen et al. 2015).

What is driving the low-consensus levels for single component
sources in the ATLAS sample? Fig. Al in Appendix A presents
examples of isolated single-component ATLAS souces with the 12
lowest consensus levels. Visual inspection of the isolated single-
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Figure8. Verified fraction (solid line) and the cross-match confusion fraction
(dashed line) of ATLAS subjects as a function of consensus levels. Cross-
match confusion can arise when multiple IR sources are coincident with, and
could be matched to a single ATLAS radio source.

component ATLAS-based radio sources with low consensus levels
(Fig. A1) suggests that the uncertainty in classifications may be due
to the disparity in angular resolution of the radio and IR images that
are being cross-matched. In other words, it is possible to match the
radio emission with multiple host galaxies. Furthermore the greater
uncertainty in the centre position of the radio emission relative to the
IR resolution is likely to result in a perceived misalignment between
the position of the radio emission and that of the corresponding host
galaxy.

To verify the reliability of the DR1 classifications for the ATLAS
sample, a subset of the ATLAS-DR1 subjects that are based upon the
ATLAS survey were independently examined by the science team
(OIW & JS). We find that the fraction of agreement in classifications
between the science team and DR1 is uniformly high (agreement
fraction of 0.9 and greater) regardless of DR1 consensus levels (Fig.
8). We attribute the high agreement (or consensus) fractions to the
dominance of single-component compact sources within the ATLAS-
DRI1 sample. Due to the larger difference in angular shapes and
resolution between the ATLAS and SWIRE observations, there may
be multiple IR sources which can be matched to the position of the
ATLAS radio source. We refer to this as a cross-match confusion. In
Fig. 8, we show the fraction of sources which are affected by cross-
match confusion (where it is possible to match multiple IR hosts
to a single radio source), as open circles (connected by the dashed
line). Similar to the recovered fraction of classification agreement,
the fraction of confused ATLAS test subjects is relatively flat at a 10
per cent level at consensus levels of greater than or equal to 0.65, and
increases to approximately 23 per cent at a consensus level of 0.4.
While confusion affects a significant fraction of the ATLAS-SWIRE
cross-identifications, the fraction in agreement is high because
the majority of the ATLAS-DRI1 sources are single-component
sources. Therefore, the ATLAS-DR1 sources represent the control
sample of classifications for the Radio Galaxy Zoo project, rather
than the type of radio sources that benefits most from visual
identification.

4 RGZ DATA RELEASE 1

The Radio Galaxy Zoo Data Release 1 consists of 100 185 radio
source classifications (from both the the FIRST and ATLAS samples)
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with user weighted consensus levels greater or equal to 0.65;
this represents approximately 70 per cent of the full sample of
classifications that were derived from the project.

In RGZ DR1 catalogues, there are more classifications than radio
sources because (1) the same extended radio source may appear in
more than one subject and (2) there are multiple possible source
classifications that share the same radio component (e.g. Class C
sources described in Banfield et al. 2015). Classifications that relate
to the same radio sources are cross-associated and flagged within the
radio component catalogue.

The main data products that we provide in this data release are
(1) the radio source ‘morphology’, described by the number of
components and peaks each source comprises (Tables 1 and 3) and
(2) the possible IR host counterpart (Tables 2a, 2b, 4a, and 4b).
As described in Section 2.1, our catalogue defines radio source
morphology in terms of the number of associated radio source
components and peaks in emission (as observed from the FIRST
or ATLAS images).

We present the measured consensus levels for each classification
generated by the project as opposed to devising an automated
method to estimate the combined consensus level from multiple
classifications for each radio source. For example, multiple sources
may share individual components in different classifications. Due to
the irreducible ambiguity in the dataset, it may not be possible to
determine which source is truly associated with any one component
via our current use of the KDE method. However it is reassuring that
we are able to report the statistical reliability of this catalogue that is
empirically demonstrated by earlier RGZ publications.

We describe the RGZ FIRST radio morphology and host galaxy
catalogues in Sections 4.1 and 4.2, respectively.

4.1 FIRST-WISE radio source morphology catalogue

The RGZ DRI radio source morphology catalogue for the FIRST
sample lists 16 parameters pertaining to each radio source clas-
sification. Table 1 presents the first 10 lines of the FIRST-based
radio morphology catalogue. The full machine-readable version of
this table is included in the supplementary material of this paper
(filename: ‘DR1_FIRST _radio_classifications.csv’). The 16 columns
presented are Column I: the catalogue identification number or
index. Column 2: the Radio Galaxy Zoo source identifier in the
IAU-accepted format of RGZ Jhhmmss.s + ddmmss, determined
by either (1) the WISE counterpart or in its absence, (2) the centre
position of a box that encapsulates the entire radio source where a
WISE counterpart has not been identified. It should be noted that
the RGZ names are truncations (as opposed to rounding) of the
sexagesimal positions. Column 3: the Zooniverse subject identifier,
corresponding to the subject identity from the web interface of the
project*. Columns 4 and 5: right ascension (J2000) and declination
(J2000) of the radio source centre (which does not necessarily
correspond to the host position). Column 6: number of votes for
this source classification (includes user weighting). Column 7: total
number of votes relevant to this source (includes user weighting).
Column 8: consensus level (CL) for this radio source classification
(includes user weighting). Column 9: number of distinct radio source
components. Column 10: total number of radio source peaks. To
estimate the total number of peaks, a local maximum filter and

“Each Zooniverse subject can be found online via the URL https:/radiotalk.
galaxyzoo.org/#/subjects/ ARGsssxxx where the asterisks represent the
individual identifier characters.

Table 1. The first 10 lines of the FIRST-based radio source morphology classification catalogue.
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0.19

29.79

0.81
0.72

128.56

18.6
139

1.0
1.0
1.0

0.12
0.32
0.14

3.97
18.59

69.95
304.39

RGZ_J140600.14232249

0.89
0.73

0.77
0

374

RGZ_J105512.04+232306

0.2
0.2
0.22
0.1
0.12
0.17

7.14
7.77
10.37
15.08
2.05
1.97

23.75

.93
0.88
0.65

0.8
0.73

88.86
151.25
105.87
56.72

141.8
49.16
130.45

16.6
20.1
2.3
1.3
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1.0
1.0
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1.0
1.0
1.0
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32
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40
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251.67924
138.96043
149.273 62
126.215 16
167.94751

RGZ_J084831.6+232245
RGZJ171515.34232247
RGZ.J164643.04232254
RGZ_J091550.4+232254
RGZJ095705.64232253
RGZ_J082451.64+232254
RGZJ111147.34232253

Note. The full machine-readable version of this table (filename: ‘DR1_FIRST _radio_classifications.csv’) is available at the journal website and at Zenodo. A portion is shown here for guidance on form and content.

10
11

15
18
19
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Table 2a. FIRST-based AIIWISE infrared host properties (columns 1 to 11) of the first 10 lines of the host galaxy catalogue.
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a binary erosion function from SCIPY (Virtanen et al. 2020) was
used to extract the location of radio intensity peaks within a source.
The sum of these peaks provide the total number of peaks within a
source. Column 11: largest angular extent (LAE) of the radio source
in arcseconds, the diagonal of a rectangle that encompasses the entire
radio source at the level of the lowest (40 ) radio brightness contour.
Column 12: total solid angle (TSA) of the radio source in arcseconds
squared, the sum of the area contained within the 40 contour level.
Column 13: outermost level (OL) radio brightness in uJy beam™',
corresponding to the lowest contour level which is 40 above the noise
of the radio image. Column 14: total flux (TF) of the radio source
in ply, estimated from the sum of the flux in all associated source
components. Column 15: total flux error (TF err) or uncertainty
in TF, in ply, calculated from the summed quadrature of the flux
uncertainties for each of the associated components. Column 16:
duplicate components (DC), which identifies the other catalogue
index (or indices) with which this radio source has component(s)
in common. Duplicate classifications can occur as a radio source
may be associated with more than one entry in the FIRST catalogue
(White et al. 1997). See Fig. 9 for an example of a pair of duplicate
classifications from two Zooniverse subjects, ARG00025jk (panel a)
and ARG00025kh (panel b). ARG00025jk and ARG00025kh relate
to the same source and the same host, but are centred on different
radio source components.

4.2 FIRST-WISE host galaxy catalogue

The FIRST-based DR1 host galaxy catalogue tabulates 23 parameters
pertaining to the host galaxy that has been cross-matched to the
classified radio sources. Tables 2a and 2b present these 23 parameters
for the first 10 lines of the host catalogue. The full machine-readable
version of Tables 2a and 2b are included in the supplementary
material of this paper (filename: ‘DR1_FIRST _host_properties.csv’).
The first three columns of Table 2a are the same as those of Table 1.
We also note that WISE band magnitudes without uncertainties are to
be understood as upper limit values. A description of WISE infrared
host properties provided for the FIRST-based classifications are as
follows: Column I: the catalogue identification number or index.
Column 2: the Radio Galaxy Zoo source identifier. Column 3: the
Zooniverse subject identifier. This identity corresponds to the subject
identity from the web interface of the project. Column 4: right
ascension in degrees (J2000) of the host location via participant
consensus. Column 5: declination in degrees (J2000) of the host
location via participant consensus. Column 6: the AIWISE infrared
source identifier of the host galaxy. Column 7: the AIIWISE source
right ascension (J2000) in degrees. Column 8: the AIWISE source
declination (J2000) in degrees. Column 9: 3.4 um WISE Band 1
(W1) magnitude. Column 10: W1 magnitude uncertainty. Column
11: W1 signal-to-noise ratio. Column 12: 4.6 um WISE Band 2
(W2) magnitude. Column 13: W2 magnitude uncertainty. Column
14: W2 signal-to-noise ratio. Column 15: 12 um WISE Band 3
(W3) magnitude. Column 16: W3 magnitude uncertainty. Column
17: W3 signal-to-noise ratio. Column 18: 22 um WISE Band 4
(W4) magnitude. Column 19: W4 magnitude uncertainty. Column
20: W4 signal-to-noise ratio. Column 21: number of matches to the
AINIWISE catalogue (N\avey)- Column 22: Duplicate WISE Match
(DWM), which identifies the catalogue index of any other catalogued
classification(s) which share the same WISE host. This duplication
arises when the same radio source and host appear in more than one
subject. Column 23: Photometric redshifts (zphow) of the matched
WISE host from Beck et al. (2022)
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Table 2b. Description of columns 12 to 23 for the AIIWISE host galaxy catalogue.
w2 W2Eror W2 SNR w3 W3 Error W3 SNR w4 W4 Error ~ W4SNR  NYSE.  DWM Zphot0
mag mag mag mag mag mag
(12) (13) (14) (15) (16) 17 (18) (19) (20) (21) (22) (23)
14.20 0.04 29.7 12.94 0.48 2.3 9.38 - -0.9 1 - 0.35785
— — — — _ — — _ — 0 _ _
15.76 0.18 6.0 11.97 - 0.7 8.52 - 0.4 1 - 0.41442
— — — — _ — — _ — 0 _ _
16.34 0.19 5.7 12.66 - 0.2 9.31 - —-1.2 1 - -
15.27 0.08 14.4 12.20 - 1.1 9.16 - -0.5 1 - 0.24539
15.58 0.13 8.6 11.90 - 1.2 8.79 - 0.1 1 - 0.984 94
15.49 0.11 9.7 12.11 0.37 2.9 8.94 - —1.2 1 - 0.502 67
_ — _ _ _ _ _ _ — 0 — _
15.89 0.16 6.7 12.59 - —0.8 8.84 - 0.1 1 - 1.007 17

Note.The entire combined, machine-readable version of Tables 2a and 2b (filename: ‘DR1_FIRST_host_properties.csv’) is available at the journal website and
at Zenodo (DOI: 10.5281/zenodo.14195049). A portion is shown here for guidance on form and content.

Figure 9. An example pair of Zooniverse subjects which have resulted in
a pair of duplicate classifications within RGZ DRI1. The radio emission
is overlaid as grey contours over the WISEW1 image in both panels. The
contours start at 4o and increase with factors of +/3. Panels (a) and (b) show
the Zooniverse subjects ARG00025jk and ARG00025kh, respectively. The
host galaxy for these subjects is the same, WISEA J103944.16+231303.1.

4.3 RGZ DR1 ATLAS catalogues

The DR1 ATLAS radio morphology catalogue for the ATLAS sample
consists of the same 16 parameters that describe the DR1 FIRST
sample (see Section 4.1). Table 3 presents the first 10 rows of the
DRI radio morphology catalogue for the ATLAS sample.

The infrared host properties of the ATLAS-based DR1 sources
originate from the SWIRE survey (Lonsdale et al. 2003). The infrared
photometry provided as part of this data release is derived from the
SWIRE version 2 and 3 catalogues (Surace et al. 2004). Tables
4a and 4b present the information for the first 11 columns, and
that for columns 12 to 19, for the first 10 lines of this table,
respectively. The full machine-readable version of this table is
included in the supplementary material of this paper (filename:
‘DR1_ATLAS _host_properties.csv’). The 19 host properties and
parameters provided by this host catalogue are as follows: Column
I: the catalogue identification number or index. Column 2: the
Radio Galaxy Zoo source identity. Column 3: the Zooniverse subject
identifier. This identity corresponds to the subject identity from the
web interface of the project. Column 4: Right ascension in degrees
(J2000) of the host location via participant consensus. Column 5:
Declination in degrees (J2000) of the host location via participant
consensus. Column 6: the SWIRE source identifier of the host galaxy.
Column 7: the SWIRE source right ascension (J2000) in degrees.
Column 8: the SWIRE source declination (J2000) in degrees. Column
9: aperture-corrected 3.6 pm Spitzer IRAC Band 1 (f3¢) flux in pJy.

The flux is measured from an aperture with a radius of 1.9 arcsec.
Column 10: f36 flux uncertainty in ply. Column 11: aperture-
corrected 4.5 um Spitzer IRAC Band 2 ( fy5) flux in wJy. The flux is
measured from an aperture with a radius of 1.9 arcsec. Column 12:
fa.5 flux uncertainty in uJy Column 13: aperture-corrected 5.8 um
Spitzer IRAC Band 3 (f5 g) flux in puJy. The flux is measured from an
aperture with a radius of 1.9 arcsec. Column 14: fsg flux uncertainty
in Wly. Column 15: aperture-corrected 8.0 um Spitzer IRAC Band
4 (fs0) flux in pwly. The flux is measured from an aperture with a
radius of 1.9 arcsec. Column 16: f3 flux uncertainty in Wy Column
17: Number of matches to the SWIRE catalogue (NSWRE ). Column
18: spectroscopic redshift (z,,) of the matched SWIRE host where
available (Rowan-Robinson et al. 2013). Column 19: photometric
redshift (zpp) of the matched SWIRE host where Ay is modelled as
a free parameter (Rowan-Robinson et al. 2013)

5 DR1 PROPERTIES

RGZ DRI is one of the largest catalogues of extended radio sources
ever compiled through visual classification. In this section, we focus
on the properties of the FIRST-based catalogues, which accounts for
99.4 per cent of DR1. Comparisons to previously known correlations
further verifies the scientific readiness of this data release.

5.1 Radio properties of DR1 sources

The main strength and core outcome of the RGZ project is the
classification of radio source morphologies through the mutual
association of discrete radio components. Of the 99 146 FIRST
radio sources (from 99 602 catalogue entries) presented, 16 354 DR1
radio sources are composed of more than one component. DR1’s
FIRST-based catalogue of visually classified radio morphologies is
greater than than that from the Combined NRAO VLA Sky Survey
(NVSS; Condon et al. 1998)-FIRST Galaxies (CoNFIG; Gendre &
Wall 2008) sample by two orders of magnitude. The number of
multicomponent radio sources presented by DRI is of the same
order of magnitude as radio source samples that have been compiled
via automated algorithms such as those from Proctor (2011) and
van Velzen, Falcke & Kording (2015), in addition to recent surveys
such as Williams et al. (2019). The advantage of the DR1 catalogue
over that of Velzen et al. (2015) is that we are able to classify radio
sources which have angular extents larger than 1 arcmin, and that all
classifications have been visually inspected. Such visual inspection is
important; e.g. visual host-galaxy identifications for the G4Jy Sample
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Table 4b. ATLAS-based SWIRE infrared host properties (Columns 12 to 19) for the first 10 lines of the catalogue.

fa.5 uncertainty fs.8 f5.8 uncertainty fs.0 fs.0 NSRE, Zsp Zph
uly Wy Wy Wy Wy

(12) (13) (14) (15) (16) a7 (18) (19)
1.11 — - - - 1 — —
1.02 109.28 3.89 158.46 3.77 1 - -
1.32 47.38 4.86 - - 1 - -
0.64 — - - — 1 - 0.69
1.16 — - - - 1 - -
2.45 567.93 4.41 750.78 5.18 1 - 0.236
0.81 102.19 3.84 83.92 2.88 1 - -
2.16 286.58 5.32 959.02 5.69 1 - -
0.77 - - - - 1 - -
1.24 - - 65.42 5.06 1 - 1.148

Note.The entire combined, machine-readable version of Tables 4a and 4b (filename: ‘DR1_ATLAS _host_properties.csv’)
is available at the journal website and at Zenodo (DOI: 10.5281/zenodo.14195049). A portion is shown here for guidance

on form and content.

log S(1.4) [mJy]

0 50 100 150
LAE [arcsec]

Figure 10. Integrated flux as a function of largest projected source angular
extent for RGZ DR1 sources with more than one radio component. The dashed
blue line marks the median angular size.

(White et al. 2020a, b), found discrepancies for several very bright
sources that overlapped with the catalogue of van Velzen et al. (2012).

5.1.1 Angular sizes of multicomponent sources

The angular size of each source is measured here by the largest
angular extent (LAE; Section 3.1) parameter in the catalogue. The
RGZ DR1 FIRST sample consists of 5310 radio sources larger than
1 arcmin. Fig. 10 shows the total 1.4 GHz flux (7 F) as a function of
L AFE for the RGZ DR1 sources with more than one radio component.
In a similar study, Magliocchetti et al. (1998) found two distinct
populations when comparing the sizes and total fluxes of double
sources (which could be sources with two components or two peaks
in DR1) from the FIRST survey. In Magliocchetti et al. (1998),
the second concentration of double sources with extents greater
than 1arcmin are thought to consist of unrelated pairs of sources.
Since Fig. 10 does not show a secondary population of extended
sources with angular sizes greater than 1 arcmin, we conclude that
DRI1’s extended radio source sample is relatively free of such
misclassifications. Our result is consistent with recent findings from
the VLASS survey which suggest that double sources with sizes that
are larger than 100 arcsec are likely to be unrelated pairs of sources
(Gordon et al. 2023).

1.00

Redshift

1000

Number

of | ‘ ‘ ]
0 50 100 150 200 250
Angular size [arcsec]

Figure 11. Panel (a): The observed angular size as a function of redshift
assuming the cosmology constants described in Section 1. Constant lines
of angular size are plotted with solid lines and labelled accordingly. The
dashed line represents the constant linear size of 380 kpc, which is the largest
linear size, at any redshift, that is consistent with the median angular size of
the multicomponent DR1 sources. This result suggests that at least half of
the multicomponent DR1 sources have physical sizes that are smaller than
380 kpc. Panel (b): Distribution of angular extents for DR1 multicomponent
sources. The dotted vertical line in both panels mark the median LAE at
44.7 arcsec.

We show the distribution of LAE for the 11 092 multicomponent
radio sources in Fig. 11(b). The median LAE is 44.7 arcsec (repre-
sented by the vertical dotted line in Fig. 11). Only 56 per cent of the
FIRST-based DR1 classifications are matched to WISE host galaxies
with W1 SNR greater than or equal to 4.0. We deduce from the
median angular size in both panels (a) and (b) of Fig. 11 that at least
half of the multicomponent radio sources in DR1 are likely to have
physical extents that are smaller than 380 kpc (represented by the
dashed line in Fig. 11a). Following the recent publications of large
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Figure 12. Distribution of physical LAE for multicomponent DR1 FIRST
sources based on photometric redshifts from Beck, Dodds & Szapudi (2022).
The vertical black line marks the median LAE of 275 kpc.

photometric redshift catalogues (e.g. Bilicki et al. 2016; Beck et al.
2022; Délya et al. 2022; Duncan 2022), we cross-matched our WISE
host galaxies to that of Beck et al. (2022) to determine the projected
physical extents of the DR1 multicomponent radio sources from the
estimated redshifts. Consistent with our estimation from Fig. 11, we
find that the DR1 multicomponent radio sources have a mean and
median projected LAE of 311 and 275 kpc, respectively (Fig. 12).

We note that at low redshifts, there may be an additional contri-
bution of smaller sources with angular extents that are larger than
the observed median angular size. Some local Universe sources with
large angular extents may also be missed or inaccurately classified
due to the 3 arcmin size of the RGZ subjects.

Conversely, any large radio source with a physical extent of
500kpc corresponds to an observed minimum angular extent of
approximately 1 arcmin (Fig. 11a) at redshifts between 1 and 2. Giant
radio galaxies (e.g. Ishwara-Chandra & Saikia 1999) are typically
defined to have minimum extents of 700 kpc (Dabhade et al. 2017;
KuZmicz et al. 2018) to 1 Mpc (Andernach et al. 2012; Andernach
et al. 2021). Hence, the 3 arcmin field-of-view of each RGZ subject
is sufficient for the identification of such sources at redshifts between
0.2 and 5.0. A description of giant radio galaxies from RGZ DR1
can be found in Tang et al. (2020).

5.1.2 Extended radio sources with no infrared counterparts

Infrared faint radio sources (IFRS) are thought to reside at cosmo-
logical redshifts (Norris et al. 2006; Collier et al. 2014; Herzog et al.
2014; Orenstein, Collier & Norris 2019; Patil et al. 2019; White
et al. 2020a). In DR1, there are 17 025 FIRST-based extended radio
sources (i.e. sources with more than one radio peak) with no WISE
counterpart, hereafter referred to as no-IR sources.

How similar are extended no-IR sources to extended radio sources
with matched WISE hosts? While the two populations of extended
radio sources show similar total flux distributions, we find that the
L AE for extended no-IR sources and extended sources with hosts are
significantly different (Fig. 13). A two-sided Kolmogorov—Smirnov
(KS) test of the two sample-normalized L A E distributions finds a KS
p-value of 0.005. The median L A E for the no-IR sources (35 arcsec)
is also greater than that of the sources with matched WISE hosts
(21 arcsec). While larger objects are typically nearer, we know that
the sensitivity of WISE limits us to a view of the MIR Universe to
redshifts below one (Yan et al. 2013; Jarrett et al. 2017) and so if the
larger radio sources are nearer, the host galaxy should be apparent in
the WISE observations. The larger median L A E of the no-IR sources
therefore suggests that these sources could be more powerful radio
galaxies at higher redshifts (e.g. Briiggen et al. 2021; Delhaize et al.
2021).
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Figure 13. Distributions of the LAE (panel a) and total flux density (panel
b). No-IR extended (multiple-peak) radio sources are shaded in light green,
while extended (multiple-peak) sources with matched WISE host galaxies are
shaded in dark green. The no-IR extended radio sources are typically larger
in angular size than those matched with WISE host galaxies. The light and
dark green vertical dashed lines mark the median values for the no-IR and
radio sources with known hosts, respectively.
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Figure 14. The upper limit estimates of 151 MHz luminosities from scaling
the W1 upper limit to distances of z = 0.012 (=50 Mpc) and z = 0.35 (solid
black inverted triangles). These upper limit estimates are then compared to
the median (green squares), and interquartile ranges (vertical error bar), of
the 151 MHz luminosities for the sample of extended no-IR sources. The
green squares and interquartile ranges are estimates which assume the W1
detection limit and the assumption that the extended no-IR sample all reside
within each of the 7 fiducial redshift bins.

To constrain the redshift of the extended no-IR DR1 sample, we
combine the WISEW 1 flux limit of 54 pJy (Cutri et al. 2013) with
known scaling relationships between galaxy stellar masses (Wen
et al. 2013), black hole masses (Reines & Volonteri 2015) and
the 151 MHz luminosities (Meier 2001; Godfrey & Shabala 2013).
Consistent with the limits on the stellar mass scaling relationships
described by Wen et al. (2013), we estimate the upper limits of the
151-MHz luminosities at redshifts 0.012 (corresponding to a distance
of 50 Mpc) and 0.35 from the W1 detection limit (represented by
black inverted triangles in Fig. 14). For comparison, we place the
sample of DR1 no-IR extended sources at 7 fiducial redshifts, and
estimate the 151 MHz luminosities from the total 1.4 GHz fluxes
(T F) by assuming a power-law spectral index of « = —0.7 (where
S, o v¥). The medians of these fiducial 151 MHz luminosities and
interquartile ranges are represented by the green open squares and
error bars in Fig. 14. In this comparison, we find that the no-IR
sample is unlikely to be located in the local Universe (50 Mpc)
because the upper limits inferred from a W1 non-detection are
much greater than that estimated by the median fiducial 151 MHz
if we placed the entire no-IR sample at a distance of 50 Mpc. The
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Figure 15. Redshift distribution of the cross-matched extended no-IR sample
to LoTSS-deep DR1 (Duncan et al. 2021).

inferred low luminosities (at 50 Mpc) are not consistent with the
typical luminosities of extended radio galaxies. The median upper
interquartile range of estimated 151 MHz luminosities for no-IR
sources at z = 0.35 is consistent with the luminosity upper limit
derived from the W1 detection limit. Similarly, the median of the
estimated 151 MHz luminosities assuming z > 0.5 is consistent with
luminosities that are expected for extended radio-loud galaxies (e.g.
Sejake et al. 2023). As such, the FIRST DR1 no-IR sample of 17 025
sources may be a useful starting point for future follow-up studies of
extended radio galaxies at intermediate redshifts (z > 0.35).

Similar to Section 5.1.1, we cross-matched the radio source
positions of the extended no-IR sample with that of the LOFAR
Two-metre Sky Survey deep fields Data Release 1 (LoTSS-deep
DR1; Duncan et al. 2021) and found a mean redshift of 1.584
for our cross-matched sample of 38 extended no-IR sources. Fig.
15 shows the redshift distribution from the cross-matched LoTSS-
deep to the no-IR DRI sources. We find 2 cross-matched no-
IR DRI sources that reside at redshifts lower than 0.35. While
one of these (RGZ_J142557.84-351258) has a ‘probable’ quality
flag to the catalogued spectroscopic redshift estimate of 0.123, the
other source (RGZ_J143100.4+353631) has a reliable spectroscopic
redshift measurement of 0.162. We note that the fraction of lower
redshift interlopers (two of 38) within the no-IR sample is consistent
with the expected reliability of DR1.

5.2 DRI host galaxy properties

The RGZ DRI catalogue includes the WISEW 1, W2, W3, and W4
magnitudes of the cross-matched WISE host galaxies. A total of
7656 FIRST-based DR1 sources are matched to host galaxies with
WISEW 1, W2 and W 3 detections with a minimum of 4o significance
in each band. Consistent with previous results (e.g. Kurcz et al. 2016),
the signal-to-noise requirement for W3 has eliminated &~ 86 per cent
of the sources from the parent DR1 FIRST catalogue that have been
matched to AIIWISE sources detected in W1 (at > 40). The W1 —
W2 versus W2 — W3 distribution of DR1 sources with matched
WISE hosts indicates that the DR1 sample is consistent with the
MIR colour distributions typical of the QSO-Seyfert population, the
elliptical galaxies, the star-forming (LIRGs, starburst, or LINERS)
population, in addition to the intermediate colour region between that
of the elliptical and star-forming populations (Wright et al. 2010;
Jarrett et al. 2017; Hardcastle et al. 2019). Jarrett et al. (2017) also
refer to the intermediate colour region as the ‘intermediate disc’
region within the MIR colour distribution. The dashed lines in Fig.
16 mark the location of these MIR colour—colour regions that are
dominated by the different population of sources at low redshifts
(Jarrett et al. 2017; Alger 2021).

Radio Galaxy Zoo DRI 3501
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Figure 16. WISE colour—colour diagram for RGZ sources with small (<
44.7 arcsec; panel a) and the largest top 20 per cent of angular extents of the
2888 extended sources (Npeaks > 1; panel b). The colour scale represents the
number density per area where the area is defined to have colour bin sizes of
(W1 —W2)=0.1and (W2 — W3)=0.2.

Of the 7963 DRI1 sources (with SNR> 4 in W1, W2, and W3
simultaneously), 2888 are extended and have Npeas > 1. We divide
this extended sample of multipeak radio sources into two classes:
one with LAE less than the median LAE of 44.7 arcsec (1341
sources); and another with LAE that is the largest 20 per cent of
the sample (578 sources with a minimum LAE of 72.9 arcsec). Fig.
16 shows the MIR colour distribution for extended radio sources
with small (panel a) and the largest angular extents (panel b).
Typically, the MIR colours for these extended sources across all
angular sizes are dominated by colours that typify QSOs. The
relative fraction of multicomponent sources with WISE elliptical
colours (relative to QSO colours) is a factor of 3 larger for the larger
sources, compared to the smaller ones. We note that the MIR colour
regions delineated by the dashed lines in Fig. 16 are relevant to
galaxies residing at low redshifts. As we do not have spectroscopic
redshifts for our sample, the sources within the MIR colour—
colour regions will likely be contaminated with higher redshift
sources which have been redshifted into a different colour region
away from their originating MIR colours (e.g. Donley et al. 2012;
Giirkan, Hardcastle & Jarvis 2014; Mingo et al. 2016; Alger 2021;
Gordon et al. 2023). Furthermore, the initial RGZ FIRST sample
selection for extended radio sources likely affects the distribution
of MIR colours that are observed. For example, many bright and
compact radio sources will not be included in the RGZ FIRST
sample.

MNRAS 536, 3488-3506 (2025)
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Figure 17. Distributions of 1.4 GHz total flux densities as function of W3
(12 pum) magnitudes for single component sources (panels a, b, and c¢) and
extended sources (panels d, e, and f). Panels (a) and (c) show the single
component and extended sources with elliptical (EL) MIR colours in green,
respectively. Panels (b) and (d) show the single component and extended
sources with intermediate (ID) MIR colours in green, respectively. Panels
(c) and (f) show the single component and extended sources with starburst-
LINER (SB) MIR colours in green, respectively. The single-component QSO
population (N = 1777) is overlaid as grey contours in panels (a), (b), and (c).
The extended QSO population (N = 1702) is overlaid as grey contours in
panels (d), (e), and (f). The green colour scale and grey contours represents
the number density per area where the area is defined to have binsizes of
W3 = 0.4 mag and S14 = 0.2mly.

5.3 Comparing the radio and MIR fluxes

Previous studies by Mingo et al. (2016) have found the 1.4 GHz
flux density — W3 magnitude parameter space to be an effective
discriminator between radio continuum emission arising from star
formation versus a radio AGN. Here, we compare the total 1.4 GHz
flux densities to the W3 magnitude of the host galaxy for single-
component and extended sources in Sections 5.3.1 and 5.3.2, respec-
tively. The analysis in this section is based on the subsample of 7963
DR1 sources where reliable MIR magnitudes are available (SNR> 4
in W1, W2, and W3 simultaneously, as per Section 5.2). Of the 7963
sources with reliable MIR observations, 2888 sources are extended.

5.3.1 Single component compact radio sources

The top row (panels a, b, and c) of Fig. 17 presents the 1.4 GHz
total flux densities as a function of the host W3 magnitude for 5075
single component sources that have been classed according to the
WISE colour—colour classes marked by the dashed lines in Fig. 16.
In the top row of Fig. 17, the distribution of single component sources
with QSO MIR colour properties is overlaid as grey contours in each
panel. The green shaded regions in panels (a), (b), and (c) represent
the single component sources with elliptical, intermediate discs and
star formation MIR colour properties, respectively. Consistent with
Mingo et al. (2016), we find that the single component sources with
star formation MIR colours lie offset to brighter W3 magnitudes away
from the W3 magnitudes that typify the population of ellipticals and
QSO, and also show the classic radio-IR correlation that is typical
of star-forming galaxies. On the other hand, there remains a small

MNRAS 536, 3488-3506 (2025)

sub-population of starburst/LINER-associated sources which exhibit
similar 1.4 GHz flux density — W3 magnitudes as those of ellipticals
and QSOs — suggesting that an AGN origin may also be possible in
addition to star formation.

The DRI single component sources with intermediate disk MIR
colours have a larger fraction of 1.4 GHz flux densities and W3
magnitudes that are consistent with the distributions found for the
QSO and elliptical population and a small fraction which exhibit
star-forming properties (Fig. 17b). Despite having bluer W1 — W2
colours, the majority of 1.4 GHz emission from intermediate MIR
colour region may originate from faint radio-quiet AGN rather than
star formation. This hypothesis is supported by studies that have
demonstrated that radio-quiet AGN are fairly common in many
galaxies (e.g. White et al. 2015, 2017; Wong et al. 2016).

5.3.2 Extended sources

We show the 1.4 GHz flux densities and W3 magnitudes for 2888
extended sources in the bottom row of Fig. 17 (panels d, e, and
f). Similar to Fig. 17(a)—(c), the extended sources with elliptical
intermediate disk and starburst-LINER MIR colours are represented
by the green shaded regions in Fig. 17(d)—(f), respectively. The
QSO distribution is also overlaid as grey contours in each panel.
The distributions of 1.4 GHz flux densities and W3 magnitudes
for extended radio sources are nearly identical for those of the
QSO, intermediate disc and elliptical populations (Fig. 17d and e),
suggesting a common AGN origin for these extended radio sources
found in the DR1 FIRST sample. We also note that there is a small
number of extended radio sources which exhibit MIR colours that
are typical of starbursts or LIRGs (Fig. 17f).

5.4 Limitations of this data release

The main product from this data release is the visual classification of
99 146 radio sources from FIRST and 583 sources from ATLAS with
classification consensus levels greater than or equal to 0.65. This sec-
tion has demonstrated the science-readiness of RGZ DR1, one of the
largest visually classified catalogues of radio morphologies. Further
demonstration of the scientific use of RGZ DRI classifications come
from recent successes in the development of more advanced deep
learning-based methods for automated radio source classifications.

On the other hand, we note that the L A E and the integrated fluxes
may be underestimated for the DR1 FIRST sample (Wu et al. 2019) as
the FIRST survey is less sensitive to extended diffuse radio emission
than NVSS. The latter is a survey undertaken with the same telescope
but with a shorter baseline array configuration that trades off angular
resolution for surface brightness sensitivity. For multicomponent
sources with more compact hotspots (FR-II sources), the LAE can
also be overestimated by approximately 15 per cent. We refer the
reader to White et al. (1997) for a more detailed comparison of the
radio photometry from FIRST relative to NVSS.

Since the completion of the project, deeper WISE and NEOWISE
W1 images are now available to the community, such as the 8-yr
unWISE coadds (Marocco et al. 2021; Meisner et al. 2022). As
such, it is likely that the number of no-IR sources that are currently
identified can be reduced with such enhancements in sensitivity of the
IR images. We provide two example RGZ subject comparisons of the
ANIWISE and the deeper unWISE W1 images in Fig. 18. The example
subject in Fig. 18(a) demonstrates the value of more sensitive W1
observations in revealing an IR host galaxy. We contrast this finding
with that of Fig. 18(b) where the increase in source density of the
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Figure 18. Example comparisons of AIIWISE (left column) and
unWISE (right column) W1 observations for two RGZ sources:
RGZ_J094200.0+155107 (row a) and RGZ_J13455.6+060449 (row b). The
FIRST radio contours are overlaid in cyan and start at the 40 level and
increase by factors of +/3.

deeper unWISE image did not reveal a more prominent host galaxy,
despite the increase in source density.

Pre-release versions of DR1 have been used by several team
members as input training sets for advanced deep learning algorithms
in order to further automate the classification of radio source
morphologies (e.g. Galvin et al. 2019; Ralph et al. 2019; Slijepcevic
et al. 2022; Tang et al. 2022). Such automated classification methods
are necessary for the very large number of radio sources that we
expect from the SKA era of surveys (e.g. Norris et al. 2021; Gupta
et al. 2024). However, we acknowledge that visual verification and
classification may be required for the rarer and more complex radio
morphologies. As such, automated classifications will help with
reducing the number of sources that require manual inspection,
thereby improving the discovery efficiency of future generations of
Radio Galaxy Zoo-like citizen projects (e.g. Walmsley et al. 2023).

6 SUMMARY AND CONCLUSIONS

Radio Galaxy Zoo Data Release 1 presents one of the largest cata-
logue of quantified visual classifications of radio source morpholo-
gies to-date. This data release consists of 100 185 radio classifications
for 99 146 radio sources from FIRST survey and 582 radio sources
from the ATLAS survey, with an average reliability of 0.83. Cross-
identifications of the host galaxy with mid-IR objects from the
ANIWISE and SWIRE surveys are presented for 55731 and 502
catalogue entries from the FIRST and ATLAS surveys, respectively.

The FIRST-based radio sources show MIR colour properties which
are well distributed across the MIR colour regions populated by
QSOs, intermediate disc galaxies, elliptical galaxies and starbursts or
LINER sources. On the other hand, a comparison of the 1.4 GHz flux
to the W3 magnitude finds good consistency between the sources that
have MIR colour properties similar to ellipticals and QSOs. There
are 17025 extended no-IR sources within RGZ DR1 which have
a significantly different distribution of LAE (median of 35 arcsec)
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relative to that of extended DR1 sources with matched WISE host
galaxies (median of 21 arcsec). We argue that these no-IR sources
reside at redshifts beyond 0.35, possibly related to the population of
higher redshift IFRS.
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APPENDIX A: ATLAS SUBJECTS WITH LOW
CONSENSUS

This appendix presents a subset of the ATLAS subjects which have
the lowest consensus level while containing only one source within
the subject.
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Figure Al. Twelve RGZ subjects with the lowest consensus level for ATLAS subjects which only contain one radio source per subject. Each panel shows the
ATLAS 1.4 GHz emission overlaid in white contours on the SWIRE 3.6 umm image in the background. The weighted consensus level is marked in the top-left
corner of each panel.
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