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Citizen Science Research with the SKAO Ananda Hota et al.

Over the past two decades, internet-enabled citizen science research (CSR) has
contributed to significant discoveries while involving millions of people in the re-
search process. Our review highlights CSR in extragalactic radio astronomy and
emphasises that such approaches will become increasingly relevant across radio
astronomy in the era of the Square Kilometre Array (SKA). As astronomical data
volumes grow, CSR is converging with Artificial Intelligence and Machine Learn-
ing (AI/ML), creating hybrid human–machine frameworks suited to face big-data
challenges. Two CSR platforms, such as Radio Galaxy Zoo and RAD@home,
demonstrate success: the former excels in large-scale, web-based catalogue cre-
ation, while the latter combines structured training with collaborative discovery.
Following this, we propose CSR with the SKA, SKA@home, with two modes, one
purely web-based and the other in collaboratory mode with national training pro-
grammes. We argue that CSR can complement, and at times surpass, automated
AI/ML pipelines, particularly in identifying rare, intricate, or unexpected features.
Illustrative CSR discoveries include an episodic wide-angle-tailed radio galaxy,
a jet–galaxy interaction, a collimated synchrotron thread, a twin-ring odd radio
circle, and a large-scale shock ahead of a cluster-infalling galaxy. Consistent with
the IAU’s recognition of CSR as a driver of Astronomy for Development and the
United Nations’ affirmation of participation in science as a universal human right,
both the SKA construction proposal and outreach strategies show commitments
to enabling CSR with SKA. Proposed SKA@home would not only enhance early
discovery potential of SKA data but also initiate deeper meaningful connection
with the larger society.
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1 Introduction

The pursuit of knowledge and the advancement of research have historically been primarily driven by
individual curiosity and intellectual passion. In earlier eras, scholars who engaged in the generation
and dissemination of new knowledge were often supported through royal patronage. Over time, this
scholarly class evolved into professional educators and scientists employed within academic and
research institutions funded by government or public bodies. Prior to the institutionalisation and
professionalisation of scientific inquiry and teaching, the pursuit of science was largely undertaken
by individuals who, in essence, were amateur researchers motivated by a profound commitment to
understanding the natural world.

In astronomy, the term amateur astronomer remains a respected and popular informal designation,
unlike in many other branches of science. These individuals observe the Sun by day and other
celestial objects by night in their quest for knowledge and to satisfy intellectual curiosity. Some
amateurs develop considerable expertise and acquire their own equipment (telescopes) that is
capable of contributing valuable data to international research publications and databases (Romanov,
2022)with. This enduring tradition of voluntary, high-quality contributions to knowledge creation,
recognised by professional astronomers, is being redefined in modern times as "citizen science"
which is synonymous to terms like community science, crowd science, crowd-sourced science, and
civic science (Irwin, 1995; Haklay et al., 2021; Robinson et al., 2018; Franzoni and Sauermann,
2014; Nielsen, 2011). In this chapter, we will refer to it as Citizen Science Research (CSR).

With time, telescopes became too big for individuals to build and own. Research or educational
institutions built and operated large observatories that are mostly located away from the city. Modern
observatories now produce digitised data that can be accessed by anyone via the internet. These
observatories conduct all-sky imaging surveys and generate catalogues that continue to be valuable
to astronomers worldwide, even after the initial refereed publications by the teams involved in
data acquisition. Recognising that a large portion of data collected by publicly funded telescopes
and astronomers often remained unpublished, observatories introduced a policy to make such data
publicly available after a proprietary period. This open release of previously unpublished data has
become a vital resource for underfunded astronomers working outside national observatories. The
practice of public data release has evolved into a new and inclusive research culture in astronomy.
In some cases, independent researchers have published more papers from the archival data than the
Principal Investigators using that telescope (White et al., 2009; National Academies of Sciences,
Engineering, and Medicine, 2021). This represents a remarkable, open, and collaborative model of
scientific progress in the field of astronomy.

Although astronomical survey data are fully accessible to the general public, only skilled astronomers
were initially able to utilise them (mine the data) for serious research publications (Borne, 2009).
However, certain types of image analysis can be performed by anyone with basic computer literacy
and high-school–level understanding. Simple tasks such as classifying galaxies into spiral, elliptical,
or irregular types can easily be carried out by the public following clear online instructions. This
approach — engaging non-specialists in pattern recognition and image classification — led to the
creation of projects like Galaxy Zoo. In its first galaxy classification study, multi-colour optical
images from the Sloan Digital Sky Survey (SDSS) were classified by over 100,000 volunteers
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worldwide (Lintott et al., 2008).

Since then, nearly three million people have registered on the Zooniverse platform1, which evolved
from the Galaxy Zoo astronomy project and now hosts dozens of initiatives across both science
and the humanities. The web interface for contributing to Zooniverse � through human pattern
recognition of images � is so intuitive that it can be used even on a smartphone with internet access,
without the need for a computer. This simplicity embodies the empowering nature of CSR, where
data collected by sophisticated world-class instruments are analysed by individuals anywhere in the
world, including those in small, resource-limited villages. Such accessibility has been recognised
as a great social equaliser. The inclusive and non-discriminatory character of modern CSR, uniting
people globally for a common scienti�c purpose, is unprecedented. Consequently, organisations
such as the International Astronomical Union (IAU) regard CSR as a vital component in achieving
Astronomy for Development2 and the United Nations Sustainable Development Goals (SDGs)3.
Some scholars have even argued that the right to participate in CSR should be recognised as a
human right, ensuring that people at the base of the socio-economic pyramid share in the bene�ts
of scienti�c progress. Considering all these factors, many new astronomical observatories are
incorporating science-ready data archives, astronomical user support centres, education and public
outreach (EPO) infrastructures to increase both scienti�c and societal bene�ts (Metzger, 2023;
National Academies of Sciences, Engineering, and Medicine, 2021; Serjeant et al., 2024; Franzoni
and Sauermann, 2014). Therefore, integrating CSR into future large-scale research facilities � such
as the Square Kilometre Array Observatory (SKAO) � funded by taxpayers from the participating
countries, should be strategically planned well before commissioning. It can be planned as an EPO
infrastructure or through a separate technical/social science working group. Doing so will help
foster inclusivity and contribute to building a more equitable and harmonious world.

2 Citizen Science vs Research-Education-Outreach

The traditional research, education, and outreach system is often visualised as a pyramid, especially
due to the number of people involved in it (Fig.1, left panel). Progress upward through this structure
requires increasing levels of e�ort, expertise, and specialisation, resulting in fewer and fewer people
involved. At the broadest base are public lectures and outreach programs, which engage the largest
number of participants. These are open to everyone without eligibility criteria, allowing unrestricted
public participation. Education forms the next level, involving fewer people due to merit-based
selection, admission requirements, a limited number of seats available, and quantitative evaluation
before advancement to higher levels. The knowledge gained through education, from any source,
can be freely shared, making one a teacher, either as a professional educator earning fees from
students or as a salaried instructor in public institutions. At the narrowest top of the pyramid lies
research, involving the smallest number of participants and the highest level of expertise. Unlike
education, research lacks standardised quantitative measures for comparison between individuals.
A researcher's primary role is to create new knowledge through sustained e�ort, which must then be

1https://www.zooniverse.org/
2https://astro4dev.org/
3https://sdgs.un.org/goals
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Figure 1: Schematic for the pyramidal structure of the traditional Outreach, Education and Research system
based on the number of people involved (left panel). Schematic Venn diagram of modern citizen science,
which has signi�cant overlap with all Outreach, Education and Research and large public involvement (middle
panel). The image shows how the number of papers mentioning "citizen science" in their abstracts has been
growing over the years, plotted since 2005 and as available in the Astrophysics Data System (right panel).

carefully documented and peer-reviewed before global publication. Researchers, often supported
by public funds, receive salaries and grants to advance this process of knowledge creation. They
also develop new instruments and methodologies to enhance investigation and further the frontiers
of understanding.

The enormous volume of data generated by modern research facilities has become increasingly
di�cult to manage by the relatively small number of scientists at the top of the traditional research
pyramid (Bell et al., 2009). With the advent of the internet, it was soon realised that certain simple
data analysis tasks � such as well-de�ned pattern recognition in images- could be distributed to
a large number of participants, even at the student level. This approach has enabled many more
people to engage directly in the research process, though they may not contribute to every stage
required for producing a formal scienti�c manuscript. Through participation in such web-based
interfaces, individuals learn passively yet meaningfully, depending on their curiosity, e�ort, and
the opportunities provided by the project. In this way, modern CSR blends the boundaries between
research, education, and outreach (see Fig. 1 middle panel) and involves millions of people, even
before they complete University Education, in the research process (National Academies of Sciences,
Engineering, and Medicine, 2018). News of a scienti�c discovery can inspire today's students to
become tomorrow's researchers, and through CSR, those same students may even participate as co-
discoverers in scienti�c breakthroughs. Though their contributions may be modest, this experience
helps them grow into more capable and well-rounded scientists through continued formal education
and engagement (Vohland et al., 2021).

There are inherent limitations in the traditional Research�Education�Outreach system that internet-
enabled CSR can largely help to overcome. Although quality research and educational institutions
select their members based on merit, they are typically located in urban areas, limiting access for the
public in remote regions. Every attempt should be made to address various socio-economic and geo-
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political inequalities in our access to quality education4. To mitigate this, many outreach programs
are now organised online, with recorded lectures made freely available. The bene�ts of Massive
Open Online Courses (MOOCs) are undeniable; however, the rigour of such online education and
the credibility of their merit certi�cates are often questioned (Hollands and Tirthali, 2014; Diana,
2016). Internships and project-based learning have become essential for helping university students
transition smoothly from education to research (Lopatto, 2007). Yet, educational institutions often
struggle to provide meaningful projects to large numbers of students due to limited faculty capacity.
Similarly, research institutes typically accept only a small number of highly meritorious students
for internships involving genuine research participation. CSR can help address this gap if suitably
adapted to award participants with merit certi�cates and recommendation letters (Mitchell et al.,
2017; Lopatto, 2007). Like outreach, if every observatory were to allocate even a small fraction
of its telescope time to CSR projects using unpublished data, several limitations of the existing
Research�Education�Outreach model could be mitigated, enhancing human resource development
across nations (Bonney et al., 2014). For instance, the Las Cumbres Observatory program focuses
primarily on education and training, though its telescopes are designed for instructional rather
than research-grade use (Brown et al., 2013). The Spitzer Space Telescope Research Program for
Teachers and Students exempli�es a world-class research facility that provides data for educational
purposes in an organised manner (Spuck et al., 2010) . Similarly, the Vera C. Rubin Observatory
(formerly the Large Synoptic Survey Telescope) is developing education and public outreach (EPO)
programs that will provide support to researchers who create CSR projects using Rubin Observatory
data5. This EPO activity is fully funded even during the construction phase before any science data
release (Metzger, 2023). A signi�cant growth in the use of the citizen science approach to scienti�c
research publications can be seen over the last two decades. A plot of the number of research
papers published/presented over the years, with "citizen science" in its abstract, as available in the
Astrophysics Data System6 shows that over 100 research publications every year since the last ten
years(Fig. 1 right panel). There is a growing need for all world-class facilities to contribute a
portion of their unpublished data to CSR -potentially through quali�ed CSR-projects which would
guarantee its scienti�c use - to advance education, inclusivity and global participation in research7.

3 Various Models of Citizen Science Research

In other academic disciplines, such as the social sciences, the level of collaboration between
volunteers and professional researchers can be so deep as to involve the volunteers at every stage
of the �research cycle" (inasmuch as it's ever cyclic in practice), including involving volunteers in
the formulation of the fundamental research questions. This approach is sometimes referred to as
"participatory research". However, it is largely impossible in practice to apply this in the physical
sciences, because the necessary starting point for having su�cient background to formulate the
fundamental research questions is, almost always, a graduate or postgraduate degree. Modern CSR
can be broadly classi�ed into four models, distinguished primarily by the nature of the volunteer's

4https://unesdoc.unesco.org/ark:/48223/pf0000373718
5https://www.lsst.org/about/epo
6https://ui.adsabs.harvard.edu
7https://astro4dev.org/
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contribution. We elaborate on each of these below with examples.

Cognitive input (pattern recognition/classi�cation): In this model, the data are created by pro-
fessionals at a central facility, and volunteers provide cognitive input through distributed processing
or classi�cation. There are many popular CSR projects in this model with large public partici-
pation. Huge amounts of digitised data require a simple, well-de�ned task to be performed by
online volunteers. Preliminary online training material familiarises participants with the identi�-
cation/classi�cation task. Images will appear in the online interface one after another to identify
speci�c features. The identi�cation tasks can range from identifying brightness dips in stellar light
curves (used for the discovery of potential exoplanets) to recognising galaxy morphologies such
as spiral, elliptical, barred spiral, or irregular. Participants have no control over the images being
displayed; however, they can �ag unusual or intriguing objects for discussion on project forums.
To minimise human error in confusing cases or mistakes made by new participants, each image is
independently classi�ed by multiple participants before professional review. One prime example
is Galaxy Zoo, launched in 2007 to classify galaxies from the images collected by the SDSS. This
quickly became popular and has now been expanded to the Zooniverse project with dozens of
science and humanities CSR projects.

One of the well-known success stories of Galaxy Zoo is the discovery of a relic ionised gas cloud
near the spiral galaxy IC 2497, for which the source of ionising radiation, a quasar, switched o�
long before the epoch of observation. The CSR discoverer, Hanny van Arkel, a school teacher by
profession, was awarded authorship in a mainstream research journal paper (Lintott et al., 2009).
In that paper, with 20 authors, she earned the fourth author position for her contribution. Follow-up
observations, including both deep optical imaging and long-slit spectroscopy, were performed to
enhance the quality of this discovery paper. The newly discovered object was dubbed �Hanny's
Voorwerp� (Dutch for `object'), and since then, dozens of new `voorwerps' have been spotted
by Galaxy Zoo. Similarly, a few other new classes of objects discovered by Galaxy Zoo citizen
scientists are Green Pea galaxies (Cardamone et al., 2009), red spirals (Masters et al., 2010), and
bulgeless AGNs (Simmons et al., 2013).

Other successful examples of this model include Galaxy Cruize: galaxy morphology classi�cation
using deep optical images from the Subaru 8 m optical telescope (Tanaka et al., 2023), Planet
Hunters: exoplanet detection using Kepler and Transiting Exoplanet Survey Satellite (TESS) light
curves (Schwamb et al., 2013), Disk Detective: identi�cation of debris disks around young stars
using Wide-�eld Infrared Survey Explorer (WISE), Spitzer, and Hubble data (Kuchner et al., 2016),
Backyard World: Planet 9: search for faint moving objects such as brown dwarfs and Planet Nine
candidates using WISE images (Kuchner et al., 2017) etc.

Observational input (personal data collection):In this model, the data are generated/collected by
volunteers at distributed locations, while professionals perform analysis at the centralised locations.
This form of CSR requires data to be collected at the time and location of the event, which is a
basic requirement of the scienti�c investigation itself; a condition that centralised research facilities
cannot ful�l. The role of the citizen scientist cannot even be replaced by an expert, as s/he can not
be present in multiple locations at the same time. This has been particularly true in projects such
as GLOBE at Night, a citizen science light pollution education project (Kyba et al., 2013). Night
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sky luminescence measurement, air quality monitoring, and the environmental sensor network
are a few examples. The iSPEX add-on to smartphones makes the quality of the data being
collected uniform by enabling the same spectro-polarimeter instrument and reporting system to
become almost omnipresent, simply because it can be attached to smartphones (Burggraa� et al.,
2020). A recent discovery of an atmospheric phenomenon known as Strong Thermal Emission
Velocity Enhancement (STEVE) is also a beautiful example of this mode of CSR, where centralised
processing of reports from multiple locations helps the progress of science that otherwise was not
possible (MacDonald et al., 2018). Traditionally, observation of eclipses, meteors, and variable
stars also falls in this class of CSR. The American Association of Variable Star Observers (AAVSO)
is a prominent example of this model of CSR8.

In summary, unlike in the previous model, the research instrument that generates the basic scienti�c
data is in the hands of the citizen scientists, while the analysis of the collected data is conducted by
experts at a central location in a research institute for quality international publications of a research
paper or the publication of a database.

Computational input (no cognitive role): This is primarily a passive mode of CSR where the
participants do not contribute their human pattern recognition or intelligent interpretation of the
data, but contribute their computational resources only when not otherwise in use. Search for
Extraterrestrial Intelligence, or SETI@Home, is a well-known name in this model (Anderson et al.,
2025). Since SETI is an important goal of human civilisation, numerous volunteers contribute
their computer resources for the data analysis or signal processing of the data collected through the
Arecibo radio telescope. This distributed computing approach to CSR, launched in 1999 by the
University of California, became one of the earliest and largest examples of public involvement in
scienti�c research. Although it was suspended in 2020, it has inspired many other CSR projects
through distributed computing. Some project names are Einstein@home: Searches for gravitational
waves and pulsars using data from LIGO and radio telescopes (Abbott et al., 2009), Rosetta@home:
studies protein folding and design for biomedical research (Kaufmann et al., 2010), LHC@home:
simulates particle accelerator experiments for CERN's Large Hadron Collider (Barranco et al.,
2017), etc.

Semi-professional input to Pro-Am Collaboratory: A professional�amateur collaboratory in
which trained volunteers contribute interpretative insight and work closely with experts, supported
by major research facilities to enhance the scienti�c output of a CSR project. This model represents
a more advanced form of CSR, where trained volunteers work closely with professional astronomers
in a collaborative framework. In this model, the initial discoveries made by the trained citizen scien-
tists are scienti�cally promising but require deeper, higher-quality, or multi-wavelength follow-up
observations that can only be obtained through major research facilities. This professional�amateur
partnership allows the preliminary identi�cation to be transformed into a publication-quality scien-
ti�c result.

Research journals require submitted manuscripts to meet both quantity and quality standards for
publication. It is possible that a newfound object from a CSR project is not good enough for

8https://apps.aavso.org/jaavso/
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direct publication and requires follow-up observation, either with deeper observation at the same
wavelength or investigation in other wavelengths. Typically, CSR projects, by design, do not have
guaranteed observatory times. Gems of Galaxy Zoos is a project in which follow-up observations
of objects identi�ed by Galaxy Zoo citizen scientists were carried out using the Hubble Space
Telescope, which resulted in many beautiful publications (Keel et al., 2022).

Similarly, preliminary discovery reports submitted by the trained citizen scientists of the RAD@home
Collaboratory are followed up with the GMRT for deeper/multi-frequency investigations. This ob-
servation, spread over multiple cycles of the Time Allocation Committee reviews, led to a better
quality of publication than would have been possible without follow-up. For example, what was
originally a wild interpretation, jet-galaxy interaction, based on NVSS, FIRST and TGSS images
only, could be convincingly presented in a refereed publication thanks to new data from GMRT.
This newfound object, named RAD-12, was found to be shooting a unidirectional radio jet which
hits the neighbouring galaxy and bounces back, forming a mushroom bubble (Hota et al., 2022).

4 CSR in Astronomy - A brief Chronology

Some �elds of science, such as biology, geology, and astronomy, have some aspects that require
data collection or observations speci�c to a location on Earth; thus, these naturally lend themselves
to CSR. Since ancient times, phenomena such as eclipses and meteors, which occur at speci�c
locations and speci�c times, but are scienti�cally interesting to all, have been almost a natural
form of CSR. For a broader understanding of public engagement in astronomy, through informal
education systems institutionalised by planetaria and museums, including CSR, an extensive review
is available in Pompea and Russo (2020). For a focused review on CSR in astronomy, we refer
readers to Marshall et al. (2015). However, for a simple understanding of how the �eld has evolved,
a chronological history of CSR may be helpful.

Pre-1900: Long before �citizen science� was coined, astronomy relied heavily on dedicated am-
ateurs. Notable examples are Frederick William Herschel (discovered Uranus, 1781); Caroline
Lucretia Herschel (discovered several comets); John Goodricke (discovered many variable stars,
including the famous Algol); Antoine Darquier de Pellepoix (discovered a planetary nebula), etc.
These amateurs often worked independently yet made fundamental discoveries because telescopes
were accessible at an individual level and sky observations required patience and perseverance,
rather than institutional support.

Early 1900s: The rise of organised amateur networks and systematic variable-star observing marked
a major shift. Groups like the American Association of Variable Star Observers (AAVSO), founded
in 1911, formalised the contributions of non-professional observers. Thousands of volunteers sys-
tematically monitored stellar brightness variations that remain scienti�cally valuable in professional
studies today.

Mid-1900s: This was the era of photographic plate collections and amateur contributions. Ob-
servatories amassed millions of glass plates, and amateurs often helped to catalogue or identify
transient events. Individuals such as Albert Francis Arthur Lo�ey Jones (New Zealand) and George
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Eric Deacon Alcock (UK) became famous for their comet and nova discoveries made visually or
photographically.

1980s�1990s:Then came the era of the digital revolution and early computer-assisted searching.
A�ordable CCD cameras and personal computers transformed amateur astronomy. Amateurs
began making scienti�cally calibrated measurements (photometry, spectroscopy). Networks like
the British Astronomical Association Variable Star Section and the IAU Circulars began integrating
amateurs into professional work�ows for nova/supernova discoveries.

1998�2005: Then came the explosive era of internet-enabled distributed searches. The SETI@home
project (1999) pioneered distributed computing, allowing volunteers' personal computers to analyse
radio signals for extraterrestrial intelligence. This marked the start of large-scale, data-driven public
participation in astronomy.

2007: The internet-based participatory image analysis, or real CSR, was born. Galaxy Zoo was
launched in 2007, inviting the public to classify galaxies from the SDSS. Within days, hundreds
of thousands of volunteers participated, leading to major discoveries such as �Hanny's Voorwerp�.
This success led to the creation of the Zooniverse platform, hosting dozens of astronomy (and
non-astronomy) CSR projects.

2010s: In a few years, the CSR expanded into time-domain and multi-wavelength astronomy.
Citizen scientists began contributing to supernova searches, exoplanet transits, and variable-star
monitoring using both robotic telescope data and home observatories. Examples include Planet
Hunters, Disk Detective, and Backyard Worlds: Planet 9.

2010�2020: Without a custom-built web interface or using existing image analysis tools, various
Professional-Amateur (Pro-Am) collaboratory models for CSR evolved. Near-Earth asteroid dis-
covery from SDSS data led by the Spanish Virtual Observatory (Solano et al., 2014), and training
and discovery of unusual radio sources in the TIFR GMRT Sky Survey (TGSS) by the RAD@home
Astronomy Collaboratory (Hota et al., 2014) are such examples.

2020s: In recent times, we see the rise of AI-assisted, survey-scale CSR programmes. With the
advent of huge datasets (LoTSS from LOFAR, MeerKAT, EMU from ASKAP), citizen scientists
now help train AI models and verify rare objects found by algorithms. Hybrid approaches combine
machine learning (ML) with human veri�cation to handle terabytes of data. Interestingly, the
results of cosmological simulations have also been compared with CSR using real observational
data (Dickinson et al., 2018).

5 CSR in Radio Astronomy

Radio astronomy covers a large range in distance to the objects it can investigate. It starts from un-
derstanding the local ionosphere, through galactic and extragalactic astronomy, out to the Epoch of
Reionisation (EoR) and cosmic microwave background radiation (CMBR). Similarly, there are var-
ious science working groups in SKAO, namely Cosmology, Cradle of Life, Epoch of Reionisation,
Extragalactic Continuum, Extragalactic Spectral Line, Gravitational Waves, High Energy Cosmic
Particles, HI Galaxy Science, Magnetism, Our Galaxy, Pulsars, Solar, Heliospheric & Ionospheric
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Physics, Transients and VLBI. Several CSR projects in radio astronomy have been listed on the
SKAO website for the general public to get involved in and get oriented towards science with the
SKA. Here, we describe a few CSR projects in radio astronomy that have proven popular using
pre-SKA facilities (precursors and path�nders) and may be useful to review before designing a CSR
with the SKA.

5.1 Radio Galaxy Zoo

Figure 2: Left panel: Image of the episodic wide-angle tailed radio galaxy (RGZ J082312.9¸ 033301)
discovered by the RGZ project from Ban�eld et al. (2016). Right Panel: A HyMoRS from the same RGZ
project displaying FR-I nature on the southern and clear edge-brightened FR-II nature on the northern side
from Kapi«ska et al. (2017).

Radio Galaxy Zoo (RGZ) is a CSR project launched in 2013 on the Zooniverse platform to
involve the public in classifying and identifying radio galaxies (Ban�eld et al., 2015). The project
addresses a major challenge in radio astronomy: modern radio surveys detect millions of sources,
but associating radio emissions with their host galaxies in optical or infrared images requires human
pattern recognition that computers cannot yet reliably perform. In RGZ, volunteers examine images
that overlay radio data (from surveys like FIRST and ATLAS) on infrared backgrounds (from WISE
and SWIRE). Participants identify which radio components belong to the same galaxy and mark
the likely position of the �host galaxy�. Each image is independently classi�ed by many users,
and their collective results are aggregated to produce reliable catalogues of radio galaxies. The
project has attracted tens of thousands of volunteers worldwide and has yielded signi�cant scienti�c
results. RGZ citizen scientists have helped discover giant radio galaxies (GRGs; Tang et al., 2020),
hybrid morphology radio sources (HyMoRS; Kapi«ska et al., 2017) with peculiar lobe structures
that expand our understanding of galaxy evolution and black hole activity (Fig. 2 right panel).
Results from RGZ have been published in peer-reviewed journals, more than 15 so far, and some
volunteers, with signi�cant contributions, have been recognised as co-authors.

A good example is the discovery of RGZ J082312.9¸ 033301, a giant episodic Wide Angle Tailed
(WAT) radio galaxy (Fig. 2 left panel), suggesting a poor-cluster environment (Ban�eld et al., 2016).
The published research paper awards authorship to the discoverer citizen scientists T. Matorny and
I.A. Terentev, with the Zooniverse project as their a�liation. Interestingly, after the initial �nding
of the object, so much further analysis of the archival data has gone into it that the author list
contains eighteen authors from �ve di�erent countries and the citizen scientists are placed ahead of

11



Citizen Science Research with the SKAO Ananda Hota et al.

other professional astronomers. The discovery of the object, added with multi-wavelength archival
data, was signi�cant enough that it did not require further follow-up observation before publication.
Beyond its discoveries, RGZ serves as a training ground for developing ML algorithms, using
human classi�cations to teach computers how to recognise radio galaxy patterns. The project also
acts as a model for future large-scale radio surveys, including those from ASKAP, MeerKAT, and
the upcoming Square Kilometre Array (SKA). By combining the power of public participation with
professional research, RGZ has demonstrated that citizen scientists can make genuine contributions
to frontier astrophysics, helping to map and understand the radio universe.

5.2 Radio Galaxy Zoo: LOFAR

The Radio Galaxy Zoo: LOFAR (RGZ: LOFAR) project is a large CSR e�ort that pairs human
visual classi�cation with algorithmic cross-matching to identify radio sources and their optical/IR
host galaxies in wide-area low-frequency radio surveys conducted with the LOw Frequency AR-
ray (LOFAR). RGZ: LOFAR extends the RGZ concept to the unprecedented surface-brightness
sensitivity and high angular �delity of LOFAR Two-Metre Sky Survey (LoTSS) images, enabling
volunteers to inspect complex, extended radio structures that automatic source-�nders frequently
fragment or disassociate. The primary scienti�c goals are to produce robust source associations
and radio�host identi�cations, classify radio morphologies (e.g., compact core, jets, lobes, double,
bent/tailed), and thereby facilitate population studies of active galactic nuclei (AGN), star-forming
galaxies and rare extended systems (GRGs, restarted/episodic sources, remnant lobes).

LoTSS provides the foundational data for the project: it generates wide-�eld 120�168 MHz
maps with arcsecond-level, direction-dependent calibrated images that reveal di�use, low-surface-
brightness emission on large scales. Because LoTSS detects a very large number of resolved and
multi-component sources, automated cataloguing and cross-identi�cation (e.g., source �nders and
likelihood-ratio methods) must be supplemented by visual association to avoid incorrect host as-
signments and to capture morphological complexity. RGZ: LOFAR therefore integrates volunteer
classi�cations with ML algorithmic approaches developed by the LoTSS team (e.g., Barkus et al.,
2022); the outputs feed into LoTSS data releases and downstream science catalogues, improving
both completeness and reliability of optical identi�cations.

Operationally, RGZ: LOFAR runs on the Zooniverse platform and presents volunteers with radio
cutouts (normally overlaid on optical/IR images) together with simple, guided questions to indicate
the number of radio components belonging to a single physical source and to mark the most
likely host galaxy (Hardcastle et al., 2023). The project work�ow captures multiple independent
classi�cations per object; consensus algorithms and expert vetting are then used to produce a
high-quality association catalogue. This human-in-the-loop procedure is particularly valuable for
extended or asymmetric radio sources�cases where ML algorithms either fragment emission into
separate entries or fail to link jets and lobes to a central host. The project proved popular: initial runs
amassed large numbers of volunteer classi�cations in weeks, enabling a rapid, community-driven
inspection of bright and complex LOFAR sources.

Scienti�cally, RGZ: LOFAR serves several interconnected purposes. First, it directly supplies visual
classi�cations and host associations used to construct LoTSS source catalogues and to validate
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automated cross-matching pipelines (likelihood-ratio, ML classi�ers). Second, the labelled sample
creates training and test datasets that are indispensable for developing ML models tailored to
low-frequency radio morphology and association tasks (e.g., Alegre et al., 2024); such models
aim to scale classi�cation to the millions of sources LOFAR and future SKA-path�nder surveys
will detect. Third, the human classi�cations enable targeted studies of rare populations (restarted
radio galaxies, double-double systems, GRGs, bent-tail sources), environmental in�uences on radio
morphology, and the demographics of radio AGN across cosmic time. Recent LoTSS data releases
explicitly combine ML algorithmic identi�cation with RGZ: LOFAR results to produce the most
complete optical identi�cations to date for the northern LOFAR sky (Hardcastle et al., 2023). This
paper, making use of nearly one million CSR classi�cations from over 10,000 volunteers, awarded
authorship to all the most active CSR participants who agreed to sign up to the publication, 12
individuals in total. Horton et al. (2025) used LoTSS DR2 together with LOFAR Galaxy Zoo
visual classi�cations to assemble a sample of 9985 extended radio galaxies, of which 7613 have
reliable redshifts. Morphological inspection yielded 6231 FRII, 2922 FRI, 966 hybrid, 234 spiral,
and 440 relaxed-double systems. The work highlights the reliability and scienti�c value of Galaxy
Zoo-based classi�cations for large LOFAR samples.

It is a critical bridge linking LOFAR's rich, low-frequency imaging to robust science products. Its
human classi�cations correct, validate and train automated methods; enable discovery and statistical
studies of complex radio source populations; and provide a scalable template for CSR integration in
future large surveys. As LoTSS continues to expand and as ML models mature using RGZ: LOFAR
training sets, the combined human-and-AI strategy will be central to exploiting the SKA-era radio
sky.

5.3 RAD@home Astronomy Collaboratory

A scalable CSR model advancing extragalactic radio astronomy:Since its foundation on 15
April 2013, RAD@home9 has established itself as India's �rst CSR platform in astronomy, with
the mission of enabling any motivated undergraduate (BSc/BE) or graduate student to participate in
multi-wavelength extragalactic radio astronomy research from home. It operates as a �zero-funding,
zero-infrastructure� national model, functioning entirely through online groups and experiential
training that connects volunteers with professional astronomers and large-survey data resources. The
platform follows an �Online Identi�cation to Online Publication� work�ow: trained citizen scientists
(referred to as e-/i-astronomers) identify candidate radio sources, professional collaborators conduct
follow-up analysis (archival or observational), and peer-reviewed papers are co-authored with the
participating e-astronomers (Hota et al., 2014, 2016).

The model prioritises scalability and inclusivity. By leveraging free archival survey data and
internet-based collaborative sessions, RAD@home enables research participation across socio-
economic backgrounds and independent of institutional a�liation, opening pathways into frontline
research for individuals who would otherwise be excluded from traditional academic environments.

Training and operational model: RAD@home employs a structured, step-wise training work�ow
to build citizen-scientist capability in radio continuum and multi-wavelength extragalactic astron-

9https://radathomeindia.org/
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omy. At the entry level, participants join through a Facebook group, where they learn to analyse
multi-wavelength Red-Green-Blue (RGB)¸ contour composite images of galaxies using UV, opti-
cal, infrared, and radio data. With a simple online tool (RAD-RGB-maker)10, participants generate
RGB images in a standard format and post them in the discussion group for activity-based learning
(Kumar et al., 2023). Each day, a di�erent galaxy�typically from the NGC or 3C catalogues�is
discussed, forming the activity known as �Daily Galaxy RGB Analysis.� For example, on 15 August,
participants analysed galaxies NGC 815, NGC 1815, NGC 2815, NGC 3815 . . . up to NGC 7815.
Although RGB images may be posted at any time, discussions peak during a designated session
each Saturday afternoon (2�3 pm), typically generating a high volume of image posts and analytical
comments.

Once a participant demonstrates pro�ciency, referred to as becoming �RGB-quali�ed�, they are
promoted to the i-astronomer level, where they are trained to analyse FITS images from the GMRT
TGSS survey. In addition to this online entry route, RAD@home also runs an o�ine pathway.
One-Day RAD@home Astronomy Workshops (ODRAW) are conducted free of cost at educational
institutions across India. Instead of Daily Galaxy Analysis, participants engage in the �Nationwide
Inter-University RGB-Contouring analysis� (NIU-galaxy RGBC analysis), where the last three digits
of a participant's postal (PIN) code determine the galaxy to analyse. If the digits are abc, the galaxy
becomes NGC xabc, where x ranges from 0 to 7. Participants create RGB+contour images using
the RAD-RGB-maker and discuss them during the workshop, gaining practical multi-wavelength
image-analysis experience. From here, participants may be invited to join the i-astronomer group
for regular online training and research discovery.

Through lectures and guided discussions, i-astronomers are introduced to concepts including galaxy
mergers, AGNs, radio galaxies, and galaxy�black hole co-evolution. They are trained to recog-
nise morphological classes such as FR-I, FR-II, wide-angle tail, head-tail, X-shaped, and dou-
ble�double radio galaxies. The key objective is to detect sources that deviate from these stan-
dard classes�objects that appear unusual, faint, or morphologically ambiguous. Using combined
NVSS�TGSS�FIRST radio data and DSS optical overlays generated from the RGB-maker tool,
trained participants begin identifying candidate discoveries, which are checked against the litera-
ture.

The advanced stage of training occurs through RAD@home Discovery Camps, o�ered both o�ine
and online. RGB-quali�ed participants from across India attend a week-long residential camp �
hosted free of cost by partnering institutions � or the online camp version held on weekends over
a month. Upon successful completion, they are promoted to the e-astronomer group, where active
research takes place.

Research discussions with e-astronomers are held in weekly online e-classes every Saturday from
3�4 pm. Potential discoveries are posted in the group without revealing the exact coordinates
(RA/Dec), enabling collaborative analysis while protecting the discoverer's ownership of the object.
When the group collectively agrees that a candidate appears scienti�cally signi�cant, the discoverer
submits a First Investigation Report (FIR) via a formal Google form (for more details, refer- Hota

10https://radathomeindia.org/rgbmaker
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et al., 2016). The object is then evaluated by professional astronomers (PhD-level members of
the collaboratory), who determine whether it should proceed directly to publication or if follow-up
observations are required. When further observations are needed, proposals are submitted under the
programme �GMRT Observation of Objects Discovered by RAD@home Astronomy Collaboratory
(GOOD-RAC).�

Scienti�c contributions:

Figure 3: Three examples of RAD@home CSR discoveries. Left Panel: A unique case of jet-galaxy
interaction in RAD12 from (Hota et al., 2022). Middle Panel: RAD J131346.9¸ 500320, the farthest and
most powerful Odd Radio Circle discovered by RAD@home collaboratory from Hota et al. (2025). Notice
the twin intersecting rings embedded inside the extended radio emission. Right panel: A recently discovered
unique Bow-and-Arrow-shaped Radio Galaxy (RAD-BAARG) possibly tracing a large-scale (� 560 kpc)
leading-edge shock as the galaxy falls into a nearby cluster environment from Hota et al. (2026).

Over the past decade, RAD@home has produced several peer-reviewed research papers and notable
discoveries in the �eld of extragalactic radio astronomy. The primary scienti�c goal of the collabo-
ratory is to investigate AGN feedback and merger-driven galaxy evolution using a multi-wavelength
approach, with a particular emphasis on low-frequency radio observations. For example, Hota et al.
(2022) reported a CSR-driven discovery of an AGN generating a large unipolar radio bubble (� 137
kpc) that appears to interact with its merging companion galaxy � an extremely rare phenomenon
that provides a unique laboratory to study jet-galaxy interactions (refer to the left panel of Fig. 3).
Similarly, a rare Collimated Synchrotron Thread (CST; RAD J083109.5¸ 414738) connecting the
eastern and western radio lobes has been identi�ed by Hota et al. (2024). The nature and origin
of CST are still a mystery, and SKAO can help resolve it (see review in this volume by Fromm
et al. (2026)). Recently, Apoorva et al. (2025) identi�ed two spiral-host radio galaxies through
RAD@home in which the radio lobes extend over 30-220 kpc and display asymmetries consistent
with ram-pressure stripping of the host galaxy discs. In addition, RAD@home has published a
catalogue of ten unusual radio sources, including a candidate jet-galaxy interaction system (RAD-
Q-mark galaxy; RAD J091859.3¸ 315140), a giant episodic radio galaxy (RAD-giant DDRG; RAD
J111142.6� 132411), remnant/relic radio galaxies (RAD-Rabbit; RAD J121934.9� 132611), and a
giant extremely asymmetric episodic radio galaxy (RAD J121911.5¸ 610816), among others (for
more details refer to Hota et al., 2024). For a review on the study of such episodic radio galaxies
helping to understand AGN duty cycle and giant radio galaxies helping to trace large-scale struc-
tures like galaxy �laments and clusters, two reviews by Hardcastle et al. (2026) and Dabhade et al.
(2026), respectively, can be seen in this volume.

The most striking achievement to date is the publication of three rare radio sources discovered by
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RAD@home volunteers. One of these is the �rst "Odd radio circle" (ORC) discovered through a
CSR process: RAD J131346.9+500320 (I � 0•94). ORCs are a recent puzzle in radio astronomy.
Since its discovery in 2021, multiple models for its origin have been proposed, but none can
satisfactorily explain all the ORCs (Norris et al., 2021a, 2022). This newly discovered ORC, RAD
J131346.9+500320, exhibits two intersecting rings, each� 300 kpc in diameter, and is embedded
within an extended di�use halo� 800 kpc across (refer to the middle panel of Fig. 3). The other
two sources are GRGs with ring-like structures at the termini of their jets, both situated within
massive cluster-scale haloes� 1014M � (Hota et al., 2025). The RAD@home ORC is currently the
farthest and the second-most powerful ORC known, and importantly, it represents the �rst ORC
detected using low-frequency LOFAR data. A recent publication containing a list of new ORCs
discovered using LOFAR can be seen in De Gasperin et al. (2026). For a review on ring-like
circularly symmetric structures, ORCs and circular radio relics, articles by Pal et al. (2026) and
Koribalski et al. (2026) can be referred to in this volume.

Very recently, RAD@home discovered a unique Bow-And-Arrow-shaped Radio Galaxy (RAD-
BAARG) that traces a large-scale (� 560 kpc) bow-shock ahead of an elliptical galaxy (refer to the
right panel of Fig. 3). It is likely the �rst radio band detection of a leading-edge shock as a galaxy
falls into a nearby cluster-scale environment (Hota et al., 2026). The radio(red)-optical(RGB) image
also shows the large radio tail on the other side with S-shaped distortion, which is a possible sign of
either jet-galaxy interaction or instability. Future sensitive images with the SKAO may reveal many
such dynamical processes in the circum-galactic medium or cosmic-web, revealed by radio-plasma
supplied by large-scale AGN-jets. See a review by Dabhade et al. (2026) in this volume on giant
radio galaxies as a tracer of large-scale environment.

These discoveries highlight the unique value of human visual pattern recognition in identifying rare
and complex radio morphologies that automated pipelines frequently overlook. They also demon-
strate the emergence of a novel CSR-enabled discovery pipeline capable of operating e�ectively
in the era of massive radio surveys, and suggest that RAD@home is well positioned for scienti�c
contributions in the upcoming SKA era.

Impact on research culture and capacity building: Beyond producing refereed publications,
RAD@home's greater signi�cance lies in its contribution to human-resource development and
the democratisation of research participation. It shows that citizen science can function as a
genuine research platform, generating citable scienti�c results with trained volunteers included as
co-authors. By enabling non-institutional participants to analyse real multi-wavelength survey data,
RAD@home broadens the scienti�c talent pool, particularly for students and learners outside major
research centres.

Because it operates fully online and relies on publicly accessible archives, RAD@home o�ers
a scalable, low-cost model for resource-limited regions to engage with frontier astronomy. Its
�ABCDresearch� philosophy (Any BSc/BE Can Do research) is re�ected in a structured training
pipeline that prepares participants for next-generation facilities such as the SKAO. For details on this
socio-scienti�c process that has evolved over the years and aligning human resource development
towards participation in SKAO, readers can refer to Hota et al. (2016). After more than a decade of
re�nement, RAD@home is recognised as a framework for research-grade capacity building (Bagla
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et al., 2025; Dewangan et al., 2025; Kale et al., 2025), enabling volunteer co-discovery of rare radio
phenomena/features while cultivating a new generation of citizen astronomers.

5.4 Brief notes on other CSR in radio astronomy

Radio Galaxy Zoo: EMU: The project helps astronomers locate and identify supermassive black
holes, star-forming galaxies, and maybe discover something completely unknown with an SKA
path�nder telescope, the Australian Square Kilometre Array Path�nder (ASKAP). Following the
original, very productive RGZ, the team behind it is asking the public to analyse new radio images
from the Evolutionary Map of the Universe (EMU) survey from the ASKAP (Norris et al., 2021b;
Hopkins et al., 2025). Participants are asked to identify fragments of a radio source as a unit,
together with identifying the host galaxy from optical/IR images. The project o�ers a chance to
take on the challenging task of describing what each radio source looks like, using a preselected list
of descriptive tags that have been de�ned using machine learning methodologies such as anomaly
detection and natural language processing (Bowles et al., 2023). Due to its higher frequency (944
MHz), better di�use emission sensitivity (25̀Jy beam� 1) and reasonably high angular resolution(�
1300), the survey is not only revealing new radio sources in the sky but also revealing new faint and
di�use structures in known radio sources. These sources, from a pilot survey, have been visually
classi�ed and will be used to train the ML algorithms and ultimately classify sources automatically
when a signi�cantly large volume of survey data becomes available (Norris et al., 2025).

Bursts from Space: MeerKAT: Unlike traditional radio continuum sky surveys such as NVSS,
FIRST, and TGSS, which were primarily designed to produce static maps of the radio sky, the
exploration of the dynamic radio universe requires a fundamentally di�erent observing strategy.
Many astrophysical sources exhibit variability on timescales ranging from seconds to years: some
undergo periodic changes in brightness, while others produce rare, one-o� explosive events such
as bursts and �ares. To capture such transient phenomena, the MeerKAT radio telescope conducts
repeated observations of the same regions of the sky, often revisiting �elds on a weekly basis. This
observing cadence enables astronomers to identify and monitor radio sources whose brightness
changes over time, opening a new window on the variable and transient radio sky.

The vast quantity of data generated by these repeated observations presents a signi�cant challenge
for conventional analysis methods. To address this challenge, the Bursts from Space: MeerKAT
citizen science project was launched on the Zooniverse platform, allowing members of the public
to participate directly in frontline astronomical research (Andersson et al., 2023). Citizen scientists
inspect radio images and light curves in search of transient and variable sources that may be
associated with a wide range of astrophysical phenomena, including stellar �ares, supernovae,
pulsars, variable AGNs, OH maser stars, X-ray binaries, and relativistic jets. Remarkably, more than
a thousand volunteers contributed classi�cations, collectively examining thousands of candidate
sources in only a few months. Their e�orts led to the identi�cation of 168 radio transient and variable
sources, producing one of the largest catalogues of candidate radio variables assembled to date.
Citizen scientists successfully recovered many known transients, uncovered previously unrecognised
variable sources, and demonstrated an impressive ability to recognise complex patterns in noisy
radio data that remain challenging for automated algorithms. Analysis of the resulting catalogue
revealed that nearly 2% of AGNs exhibit measurable radio variability, while also highlighting rare
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and unusual objects worthy of detailed follow-up observations. These results demonstrate that
citizen science is not merely an outreach activity but a powerful scienti�c methodology that enables
the e�cient exploration of the time-variable radio sky and provides valuable training datasets for
the development of next-generation machine-learning tools needed for future facilities such as the
SKAO.

Pulsar Search Collaboratory (PSC):PSC trains students and citizens to analyse pulsar survey data
and identify new pulsars. It uses the data collected from the Robert C. Byrd Green Bank Telescope
for the purpose of discovering new pulsars. PSC has discovered several pulsars, including some
millisecond pulsars (Rosen et al., 2013).

PULSE@Parkes: PULSE@Parkes is a free educational program where high school students use
the CSIRO Parkes radio telescope, Murriyang, live and remotely to observe pulsars, analyse their
data and interact with professional astronomers (Hobbs et al., 2009).

Einstein@Home: Einstein@Home uses the idle time of participating computers to search for
weak signals from spinning neutron stars (or pulsars) using data from the LIGO gravitational-wave
detectors, archival data collected in the past with the Arecibo radio telescope, MeerKAT radio
telescope and the Fermi gamma-ray satellite. By joining, participants help researchers �nd more
pulsars, indirectly! Pulsars are extremely interesting objects that radio telescopes like the SKA will
use to observe gravitational waves (Abbott et al., 2009).

SETI@home: SETI@Home uses distributed computing to search for extraterrestrial radio signals
from the Arecibo Telescope data (Anderson et al., 2025). The project pioneered large-scale dis-
tributed citizen computing in radio astronomy. Over 5 million volunteers participated in it before
the project hibernated in 2020.

Radio JOVE: The NASA-sponsored Radio JOVE project is a hands-on, inquiry-based educational
project that allows students, teachers and the general public to learn about radio astronomy by
building their own radio telescope from an inexpensive kit (155 USD + shipping in the year 2006)
to observe Jupiter, the Sun and even our own galaxy at 20.1 MHz (Thieman et al., 2006).

RADIIO: Finally, we describe another project, like RAD@home, that not only pursues scien-
ti�c discovery through citizen science but focus more on development through astronomy. Radio
Astronomy Development, Innovation and Inclusion for Outreach (RADIIO) is an international edu-
cational and capacity-building initiative funded by the International Astronomical Union O�ce of
Astronomy for Development (IAU-OAD). The project uses radio astronomy as a tool for education,
skill development, and scienti�c inclusion, particularly in regions with limited access to advanced
research infrastructure. It helps participants build small, low-cost radio telescopes to detect the
neutral atomic hydrogen line (21cm) from the plane of our Milkyway galaxy. RADIIO aims to make
radio astronomy more accessible to students, teachers, and citizen scientists by developing hands-on
learning resources, training programs, and collaborative research opportunities. The project em-
phasises interdisciplinary learning by combining astronomy with physics, signal processing, data
science, electronics, and computational thinking. A central goal of RADIIO is to foster global par-
ticipation in astronomy by building networks between researchers, educators, and learners across
di�erent countries. They participate directly in the Radio Galaxy Zoo-EMU project and become
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