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Unknown unknowns

It was already recognised in the 2004 and 2014 SKA Science Case Chapters:
"The Exploration of the Unknown" and "The SKA and the Unknown Unknowns",
respectively, that the exploration of the unknown is an extremely important concept
in realising the potential of any new instrument. This is especially true in an era
of limited budgets but expanding analysis algorithms and capabilities. While
this Chapter considers transients and environments, the ethos of these previous
Chapters should be considered and embraced broadly and can be applied more
broadly across SKAO science. We do not repeat in detail the important background
these Chapters provide but encourage the reader to review them before reading this
Chapter. In the last decade of radio transient astronomy, we have seen the value of
these approaches with the expansion of the FRB population, the discovery of long
period pulsars and transients and radio emission from white dwarfs to name just
a few. With the SKAO, we should push the explored parameter space further and
in new directions in all of the sensitivity, field-of-view, time, spectral, spectro-
dynamic, polarisation and imaging domains. We should utilise approaches such
as machine learning in allowing us to address the complexity that arises from the
expanded parameter space and increased data rates and candidate sources. We will
briefly summarise some of the impressive progress that the SKA pathfinders and
precursors have made in these areas and what these mean for the SKA telescopes.
We will also discuss ways in which it might be possible to push the current
capabilities.
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Unknown unknowns

1 Introduction

Serendipity has previously been a fundamental factor that has driven progress in transient astro-
physics. For example, an experiment that was designed to explore a certain parameter space results
in unexpected discoveries. However it is important to note that this serendipity very often goes hand
in hand with an advancement in technology that results in probing a new parameter space and/or the
development of a new data processing capability that enables such unexpected discoveries (Harwit,
1984). It is in this sense that we can try to plan for the unknown unknowns by being as open as
possible to facilitating the use of these extensions in capabilities and parameter space, even if they
cannot be utilised immediately.

Radio astronomy is rich in such serendipity, with two especially pertinent cases in transient discovery
specifically that best exemplify this. In 1967, Dame Jocelyn Bell Burnell was undertaking an
experiment to study inter-planetary scintillation using a new telescope and a newly developed chart
recorder that could sample data at speeds shorter than 100 milliseconds. That led to the discovery
of pulsars, the first manifestation of neutron stars seen in the Galaxy (Hewish et al., 1968). This
has led to an, at the time unimaginable, range of fundamental physics and astrophysics which are
described in the Chapters of this volume. Some 4 decades later the revision of an old technique,
single pulse searches, was being used to find pulsars in the Magellanic Clouds. When combined
with the increased parameter space, in the form of the larger dispersion measures that needed to be
searched for these extragalactic pulsars, this resulted in the discovery of Fast Radio Bursts (FRBs,
Lorimer et al., 2007). Here too the discovery has implications across a wide range of astrophysics
(Curtin et al., 2026).

A more recent example of success in transient searches which has come from keeping an aspect
of parameter space open are the (ultra)-long-period transients (LPTs). The development of the
precursor interferometers to the SKA telescopes inspired proposals to undertake searches for rapidly
varying sources in the image plane. However the requisite compute capacity meant that these
searches were either not undertaken at the time or were limited in scope. Now, in some cases
more than 2 decades later, improvements in techniques and computing capacity have enabled these
searches and has resulted in the discovery of at least a couple of new types of sources with timescales
from minutes to hours (see Miller-Jones et al., 2026, and references therein) as expanded upon below.

2 History of this topic with in the SKAO context.

The science case for the SKA telescopes has evolved considerably over the years (Schilizzi et al.,
2024; Braun et al., 2015; Carilli and Rawlings, 2004). First conceived as a "Hydrogen Array" the
case as described in 2004 already expanded well beyond that and even more so in the 2014 case.
The 2004 case included a Chapter called the Exploration of the Unknown (Wilkinson et al., 2004)
which made the clear point that "If history is any example the excitement of the SKA will not be in
the old questions which are answered, but the new questions that will be raised by the new types of
observations it will permit". They also discuss in detail a whole range of search methodologies and
observing modes. The transient ones we summarise here as they are all still highly relevant and
have proved extremely useful in pathfinder and precursor searches.
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Slow Transient Searches: These are imaging based and can be utilised to find sources which vary
on timescales from seconds, minutes and hours (e.g. the newly discovered LPTs), to days
for sources like GRB afterglows and emission from X-ray binaries. They also provide the
possibility of rapid, repeated, short timescale all-sky surveys.

Fast Transient Searches: For these we need to maximise the field of view through appropriate
choices of baselines and numbers of coherent beams while maintaining sensitivity. They also
require consideration of the effects of dispersion and the associated computational resources
(e.g. the expanded population of FRBs).

Incoherent Summing Modes: The combination of the antennas/stations incoherently gives the
widest field-of-view for that instrument but reduced sensitivity, however, it does allow for use
of all available antennas/stations independent of baseline. When combined with the coherent
beams these will allow the SKAO to probe both the brighter and fainter end of the luminosity
distributions of transients (e.g. both Galactic neutron stars/magnetars and FRBs).

An important component recognised by Wilkinson et al. (2004) was the value in ensuring that
the developers of the telescopes have vision of the flexibility of the instrument they are building
and wherever possible not to preclude a mode or capability. They also noted that the users of
the telescope be trained to be familiar enough that they are able to spot anything that might
represent a new astrophysical phenomenon. We strongly support this view, but also acknowledge
the challenges of the complexity of the SKA telescopes, data processing and data volume and
consider in this Chapter the important role of new data analysis approaches but advocate that
training and documentation be provided which enables a deeper understanding of the end-to-end
data flow.

In the follow up Chapter in the 2014 Science book Wilkinson (2015) noted three SKA Level 0
Science Requirements that had been captured in the document from Braun et al. (2015): the
capability to carry out small-scale experimental observations utilising sub-arrays, the capability to
rapidly reconfigure the observing mode based on triggers and to enable commensal observations.
These are still very important considerations for the SKA telescopes and should continue to be
supported. Wilkinson (2015) was already concerned that they might be lost when cost pressures
came to bear.

3 The motivation for parameter space expansion, recent examples and future
extensions.

Wilkinson (2015), building on the considerations by Harwit (1984), already did an excellent job of
identifying a large range of parameters that should be considered for exploration. Alongside those
that are clear from the transient phase space diagram in Figure 1, i.e. time resolution and luminosity
there are some others which are particularly important for transient searches. These are polarised
intensity (e.g. LPTs and planet-star interactions), spectral patterns (e.g. FRBs and stars), spectral
resolution (again e.g. FRBs), temporal patterns (e.g. stellar flares, X-ray binaries) and observing
time which, for example, allows one to detect transients that repeat. Wilkinson (2015) also noted
the importance of the availability of past observations, and their value has again been borne out
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Figure 1: Two representations of the transient phase space diagram in a format based on Pietka et al. (2015)
and Cordes et al. (2004). The top panel is taken from the 2014 Science book Chapter by Macquart et al.
(2015). The bottom panel is an updated version which demonstrates the progress made in expanding the
parameter space with the SKA pathfinders and precursors.

with the studies of LPTs, for example. Here we also note that for transient discovery and study
maximising the field-of-view and on-sky time are crucial. This has been clearly demonstrated by the
SKA precursor and pathfinder discoveries and we will consider below a few of the newer/expanded
populations that have been unveiled since the 2014 science book. It is not possible for us to do
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a full review of this topic, and so refer the reader to the other Chapters in this book on transients
(Miller-Jones et al., 2026): Gamma-ray Bursts and Kilonovae from Gravitational Wave Events
(Colombo et al., 2026), Interacting Compact Object Binaries (Beri et al., 2026), Tidal Disruption
Events and Transients from the Centres of Galaxies (An et al., 2026), Fast Radio Bursts (Curtin
et al., 2026; Caleb et al., 2026), Active Galactic Nuclei (Bignall et al., 2026), Supernovae (Chandra
et al., 2026), Novae and Symbiotic Stars (Lico et al., 2026), Long Period Transients (Qiu et al.,
2026) and Stars (Driessen et al., 2026) and the recent comprehensive review and outlook on image
plane transients by Murphy and Kaplan (2025) for more details.

Figure 1 shows two representations of the transient phase space diagram. The top panel was
presented in the 2014 science book by Macquart et al. (2015) which includes the first few FRBs, the
first LPTs/GCRTs (GCRT J1745−3009, Hyman et al., 2006). It was mainly used then to highlight
the range of parameter space which is still left to explore. The lower panel shows the excellent
progress in expanding the parameter space that has been made using the SKA precursors and
pathfinders. There has been a dramatic increase in the number of FRBs, the LPTs are now a
population and we have started to fill in the gap between the pulsars and the FRBs with lower
luminosity FRBs and very luminous radio pulses from the magnetars. There are also expansions
of the populations of X-ray binaries (Beri et al., 2026), radio emitting stars (Driessen et al., 2026)
and other sources summarised in Miller-Jones et al. (2026) and discussed in the aforementioned
chapters in this volume. It is clear though that there is still space that can and should be probed.
Noting also from the wide range of possible origins for FRBs that have been proposed (Platts et al.,
2019) that there are many other types of potential sources to be revealed.

The higher time-resolution searches that will be possible with SKA-Mid will allow us to push to
the left in the transient phase space diagram. High time-resolution searches with SKA-Low will
also be interesting, but limited to the nearest by sources due to scattering. The combination of the
wider pulse width searches with the image plane searches will push us to the right, and even more
so when combined with the higher frequency capabilities of SKA-Mid. The combination of wide
field-of-view and sensitivity of both telescopes will allow us to probe an increased volume of space
as well as a large area, accessing both the rare bright things and the fainter more common events.
There are also likely populations of objects for which we just haven’t had the sensitivity to discover
them at their given distances and so whole new populations could become apparent.

The availability of the transient buffer capability for the SKA precursors has already proved ex-
tremely valuable (e.g. Bannister et al., 2019; Michilli et al., 2021; Ravi et al., 2019; Rajwade et al.,
2024) and expanding this capability for SKA telescopes for both internal and external triggers
will extend this capability. In particular for triggers from other facilities, e.g. high-energy, grav-
itational wave and optical/IR wide-area monitors (see also the rapid response Chapter, Anderson
et al., 2026), the capability to "look back in time" could probe prompt emission and provide vital
important constraints on the astrophysics which is discussed further below and allow the search for
unknown unknowns, by providing offline data that can be studied in more detail.

We now consider three source populations which have been newly uncovered, or greatly expanded
with the SKA precursors and pathfinders and also consider the value of opening up the polarisation
search dimension.
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3.1 The long-period radio pulsars

The recent detection of pulsars with very long rotation periods of (Caleb et al., 2022; Wang et al.,
2025a; Dong et al., 2025) previously thought implausible, has expanded the known parameter space
of neutron star radio emission dramatically (see Qiu et al. (2026) for details). Their appearance
in surveys with existing pathfinder facilities demonstrates how much of the slow-pulsar discovery
space remains unexplored. With the vastly improved sensitivity, survey speed, and low-frequency
coverage of the SKA telescopes, combined with improved techniques (e.g the FFA; Morello et al.,
2020), we will be able to probe for even longer-period pulsars and related exotic neutron star
populations, almost certainly uncovering new, unexpected classes of radio emitters.

3.2 The Fast Radio Bursts

As mentioned above, the SKA pathfinders and precursors enabled giant steps forward for FRB
science (see Chapters (Curtin et al., 2026; Caleb et al., 2026)). Of particular interest for the SKA
telescopes will be pushing the discovery potential into reaching higher time resolution as well as
sensitive image plane searches to extend the variety and sample of FRBs. With the enhanced
sensitivity and localisation precision of the SKA telescopes and redshift estimation enabled by the
JWST and Rubin observatories. While the sensitivity of SKA-Low should allow us to find a greater
population of nearby FRBs which may have multi-wavelength counterparts (see the Chapter on
FRB Cosmology for more details, Caleb et al., 2026).

3.3 The long-period radio transients

In 2002 the discovery of GCRT J1745−3009 hinted at a new population of radio transients (Hyman
et al., 2006) but as discussed in the LPT Chapter (Qiu et al., 2026) it was only with the new, “fast
imaging” searches that these new “long-period radio transients” were established and they may have
multiple progenitors. The SKAO will likely detect more both via dedicated and commensal searches
(see the commensal searches chapter (Andersson et al., 2026)), and be a powerful instrument for
follow-up (see the rapid response Chapter (Anderson et al., 2026)).

3.4 Surveys in polarisation

A further window opened by the SKA precursors is the expansion of untargetted surveys in circular
polarisation (e.g. MWA (Lenc et al., 2018), LOFAR (Callingham et al., 2021, 2023), and ASKAP
(Pritchard et al., 2021; Wang et al., 2022)). These efforts have resulted in the discovery of new
pulsars (e.g. Kaplan et al., 2019; Wang et al., 2024; Sengar et al., 2025), an LPT (Bloot et al., 2025)
and stellar emission (e.g. radio-first discovery of a cold brown dwarf (Vedantham et al., 2020a)),
along with linear polarisation from Main-sequence Radio Pulse emitters (MRPs; Das et al., 2025),
and tantalising hints of star–exo-planet interactions (SPI; Vedantham et al., 2020b; Zhang et al.,
2025a). See the Chapter on the variability of stars (Driessen et al., 2026) for a more detailed
discussion.

Another set of unusual objects that produce circular polarisation have been found using more
traditional search methods but more could be found using circular polarisation searches. Ex-
amples include GCRT J1746−2757 (Hyman et al., 2002), GCRT J1742−3001 (Hyman et al.,
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2009), ASKAP J173608.2−321635 (Wang et al., 2021), VAST J172841.2−334548, and VAST
J174917.3−204841 (Wang et al., 2022).

Given the paucity of interfering sources in the circularly polarised sky, transient searches of circularly
polarised images are emerging as a convenient way to select for coherent Galactic transients with
the SKAO.

4 Expanding the parameter space

Radio astronomers now probe an expansive transient parameter space, defined by time, frequency,
spatial scale, and all senses of electric field polarisation. This progress is the result of significant
advances in instrumentation and techniques, including the development of wideband receivers
and high-throughput digital backends, which have pushed the boundaries along each of these
dimensions, unveiling new classes of radio transients and deepening our understanding of known
phenomena. Unsurprisingly, advances along one axis often enable or sharpen insights along the
others: for example, faster time sampling uncovered millisecond bursts that polarisation analysis
then linked to extreme, magnetised environments (Michilli et al. (2018)), while higher spatial
resolution secured host-galaxy associations for such events (Chatterjee et al. (2017)). Below,
we discuss each dimension of this multi-dimensional parameter space in turn, highlighting key
examples and the interplay between domains.

Time. A striking feature of the radio transient zoo is the enormous range of temporal scales, spanning
over 17 orders of magnitude. Progress rests on three methodological pillars: high time resolution to
resolve intrinsic structure, improving sensitivity for transients with durations seconds to minutes to
capture longer period sources, and long-term monitoring to chart long-term variability. High time
resolution has exposed rich sub-structure in FRBs (Hessels et al., 2019; Nimmo et al., 2022; Sand
et al., 2025), with some exhibiting hints of quasi-periodic structure (Pastor-Marazuela et al., 2023)
akin to magnetars (Caleb et al., 2022; Kramer et al., 2024), strongly supporting a neutron-star origin.
Long-term monitoring has enabled the study of synchrotron-powered transients such as supernovae
and GRB afterglows (e.g. Weiler et al., 2002; Granot and van der Horst, 2014) and SN 1993J for
example (Weiler et al., 2007; Martí-Vidal et al., 2011). These slow variables—usually found via
triggered follow-up—were broadly anticipated. Unexpected, however, and revealed only through
searches for wider pulses, were the ultra-long-period coherent transients, for which archival data
have been pivotal, as in the case of GPM J1839-10 (Hurley-Walker et al., 2023), see the Chapter on
longer period transients (Qiu et al., 2026) for more details.

Frequency. The spectral behaviour of radio transients is a second, critical axis of their characterisa-
tion. Sources can be grouped by whether their emission is intrinsically narrow-band or broadband,
and by the richness of their frequency-dependent structure. Progress along this axis has come
from wide frequency coverage, which boosts instantaneous sensitivity and reveals unusual spectral
windows in both known and newly discovered sources, and from high spectral resolution, which is
essential for resolving fine structure and disentangling intrinsic features from propagation effects.

Wide fractional-band observations and simultaneous multi-band observations indicate that many
FRBs are band-limited. This behaviour is, for example, seen in observations with the Ultra-
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Wideband receivers and by using multi-frequency sub-arraying with MeerKAT (Tian et al., 2025)
and appears more prevalent among repeaters (Pleunis et al., 2021). Crucially, these insights also
motivated sub-band search strategies (Kumar et al., 2021; Trudu et al., 2024) that explicitly target
bursts confined to limited frequency ranges.

The recent identification of a Type II radio burst with a limited spectral extent in the LOFAR high
band from an M dwarf, which is indicative of a coronal mass ejection (Callingham et al., 2025),
also highlights the value of a broad band, but also of sophisticated searches in the dynamic spectra
of stars and other targets to find new and interesting emitters.

LPTs have been seen to be brightest in different specific frequency bands (e.g. Hurley-Walker et al.,
2022, 2024; Lee et al., 2025; Wang et al., 2025c); while it is currently unclear whether this is an
intrinsic (emission mechanism) or extrinsic (absorption along the line-of-sight) effect, it motivates
untargetted searches across both SKA Low and all Mid bands.

The wide frequency coverage of the SKA telescopes will be instrumental in extracting the maximum
science from incoherent synchrotron emission sources, such as GRBs and accreting compact objects
with masses from stellar to super massive (e.g Pietka et al., 2015). Often the peak emission in these
sources evolves with frequency and so a range of frequencies observed (quasi-) simultaneously are
crucial to understand the emission processes and viewing geometry. The possibility of sub-arraying
using SKA Mid and potentially simultaneous observing with SKA Low, or the use of other SKA
precursor and pathfinder telescopes, therefore provides exciting opportunities. For more details on
these sources we refer the reader again to other Chapters in this volume, Beri et al. (2026); An et al.
(2026); Colombo et al. (2026); Driessen et al. (2026).

The unprecedented sensitivity of the SKA at meter-wavelengths is a unique asset because we expect
a class of objects (non-relativistic magnetospheres) that have hard spectral cutoffs making them
unobservable at higher frequencies. The classic example is the cyclotron emission of Jupiter that
has a hard cut off around 40 MHz. More massive gas-giant planets and planetary mass brown
dwarfs are expected to have their cut-offs in the SKA-low band (Reiners and Christensen, 2010).
Currently, planetary mass brown dwarfs are identified via their thermal emission but due to the 𝑇4

dependence of thermal luminosity, it is current not feasible to discover the population of (isolated)
planetary mass objects below ≈ 300 K (Luhman et al., 2024). Radio emission being non-thermal in
origin need not follow the precipitous luminosity drop with temperature and the sensitivity of the
SKA-Low may open up this discovery space.

Polarisation. Retaining the full polarization information yields valuable diagnostics of the magneto-
ionic environment surrounding the transient’s source and along the line of sight. As noted in Section
3.4 it also enables discovery of highly polarised emitters that are more readily detected in Q/U/V,
which are often more resilient to terrestrial RFI. For instance, polarimetric studies have revealed
that many FRBs are highly linearly polarised (often tens of per cent and in some cases approaching
∼ 100 %, Michilli et al., 2018), with occasional but typically modest circular polarisation (Kumar
et al., 2022). Getting the polarisation properties of one-off bursts will be key and searches in
polarisation space may reveal new FRBs.

Depending on the emission mechanism we are likely to see polarised emission. Gyrosynchrotron

9



Unknown unknowns

emission is expected to result in circular polarisation and for electron cyclotron maser emission we
also expect high degrees of circular polarisation, up to 100%, and these mechanisms are known to
be active in stellar systems (see Driessen et al. (2026) in this volume for more details).

Further detailed study of the polarisation properties of all transient sources discussed in this volume,
especially those that may be one off will be essential. This can be achieved by storing the polarisation
data products from the original detection. The analysis of data in the transient buffers will allow
greater fidelity polarisation studies, i.e. with improved calibration, and at higher spectral and
temporal resolution. This will be especially important for the unknown unknowns where extracting
the maximum data from any detection will allow for more detailed comparison with source models.

5 Commensal observing

The importance of commensal observing for the discovery of transients in general, but for the
discovery of “unknown unknowns" in particular, cannot be overstated. It has been at the core of the
discussion around transients (e.g Fender et al., 2015) and the unknown unknowns (e.g Wilkinson
et al., 2004; Wilkinson, 2015) with the SKA telescopes for decades. By definition, it is impossible to
design a search strategy optimised to discover objects whose properties are unknown. Commensal
searches offer two key advantages: the ability to access large amounts of observing time (essential
for discovering rare events), and the probing of regions of parameter space that would not be chosen
for dedicated observations. While commensal searches cannot completely eliminate selection bias,
they can significantly reduce biases across important axes of parameter space such as observing
frequency and sky area. As already highlighted unanticipated discoveries made as a result of
commensal observing include pulsars, LPTs and FRBs.

A detailed discussion of the techniques and motivation for image plane surveys is discussed in
the chapter on commensal imaging in this volume (Andersson et al., 2026) and that for the fast
transients cases (using both beamforming and dedispersed (where/if needed) imaging searches) can
be found in the Chapters Anderson et al. (2026); Curtin et al. (2026) and Qiu et al. (2026) as well
as in publications such as Rajwade et al. (2022) and Wang et al. (2025b).

While commensal observing provides access to “free" observing time, it is important to recognise
that the total cost of commensal observing is non-zero. Cost categories include computational
(to produce and/or analyse the additional data products), storage (scratch space while processing is
occurring, or long term archiving of the final commensal data products), calibration overhead (if the
commensal observations have different/additional requirements to the primary science goal), and
personnel (the time requited to plan, monitor, and exploit the commensal observations). However,
with proper planning, these costs can be held low relative to the science return.

Further counterbalancing these costs are the additional non-science benefits of commensal data
products. For instance, the high time and frequency resolution used for commensal transient
searches can highlight error sources such as narrow-band or low temporal occupancy RFI that
corrupts primary science data products at a level that is material yet difficult to diagnose in the
time- and frequency-averaged final data. Once identified, they can be masked or (even better) the
source identified and eliminated. Instrumental effects (due to calibration, missed packets, or the
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like) are similarly prominent in high-resolution data and can be identified and the underlying cause
corrected, improving the data quality for all science users. A well-rounded commensal program
aligned with the reporting and quality assurance procedures leverages these capabilities to maximise
the investment in commensal capabilities beyond those purely gained from the commensal science.

6 Multi-wavelength and Multi-messenger approaches

Time domain astronomy has entered an era where we no longer focus on single wavelengths,
and instead study transients using the entirety of the electromagnetic spectrum, neutrinos and
gravitational waves. It has long been the case that many of the transients that are studied in the radio
are discovered at other wavelengths (see e.g. Fender et al., 2016; Murphy and Kaplan, 2025) and
that will definitely continue into the SKAO era. However, the sensitivity and wide-field-of-view
means that one might expect that some of these sources might also be seen initially (e.g. through
prompt emission, or afterglows) in the radio. The prompt channels are in particular interesting
as they may be indicative of new sources and/or new physics. They in turn would trigger follow
up across the multi-wavelength and multi-messenger phase space. The past decade has yielded a
variety of “unknown unknowns” that demonstrate the need for a holistic approach and we consider
some of them here.

The detection of the optical transient AT2018cow led to the establishment of the class of “Fast
Blue Optical Transients” (FBOTs) which are relativistic transients of as-yet unknown origin. Radio
observations from cm to mm wavelengths (e.g Ho et al., 2019) were vital in establishing their
relativistic nature and will remain key in determining their underlying origin. The Einstein Probe
(EP) mission, with its large field of view and rapid localisation capabilities has also led to the
establishment of the class of Fast X-ray Transients (FXTs). Whilst consensus is not yet reached, the
radio-study of FXTs has constrained their outflow energetics and Lorentz factors (e.g. Shu et al.,
2025), indicating that some FXTs demonstrate moderately relativistic outflows, indicating that they
may originate from the deaths of massive stars similar to gamma-ray bursts. Similarly, revealing
the nature of the recently discovered class of Long Period Transients has required comprehensive
UV, optical, infrared and X-ray observations to supplement the information gained from their radio
emission (see the associated Chapter in this volume; Qiu et al., 2026)). In the case of FRBs,
beyond the obvious need to locate the host galaxies, detecting a multi-wavelength counterpart to an
extragalactic FRB would be a very important component in determining their origin(s). To that end
truly simultaneous observations would be needed (see below) for the one-off sources, but follow up
or externally triggered observations would be needed for repeating FRBs.

These four classes of “unknown unknowns“ demonstrate the symbiotic relationship between differ-
ent observing wavelengths. This relationship will only escalate in the coming decade with a variety
of new facilities coming online that will completely revolutionise the transient parameter space at
their retrospective wavelengths. The radio follow up of the afterglow from the neutron star merger
GW170817 (e.g Hallinan et al., 2017; Dobie et al., 2018) proved crucial for putting constraints on
the structure, opening-angle, and viewing geometry. Prompt follow up of more of these GW sources
in the radio will be vital for improving our understanding of these systems (see also Colombo et al.
(2026); Anderson et al. (2026) in this volume).
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There are a large number of facilities that have just, or will be coming online in the SKAO era, that
will be revolutionising the transient phase-space in their particular waveband or messenger type. It
isn’t possible to discuss them all, but we will briefly consider a few.

Chapter 8 of the science book for the The Large Synoptic Survey Telescope (LSST Science Collab-
oration et al., 2009), makes the case for studying the transient and variable Universe. Of particular
interest here are the objects that explode, and the variable stars. In both cases radio follow up of
as many discoveries as possible will be very valuable, not only to study the known (knowns and
unknowns) but also to search for the unknown unknowns. Wide field of view, rapid follow up,
sub-arraying and commensal observing will all be useful attributes of the SKA telescopes to match
the large area of sky that will be covered with the LSST.

Synergies between radio and X-ray observatories allow us to probe extremely energetic events. As
discussed in the joint white paper on (New)Athena and SKA(O) (Cassano et al., 2018). Amongst
other things they allow one to study the relationship between the energy released and the properties
of the accretion (e.g. rate, geometry, optical depth and temperature) with combined radio and X-ray
observations. NewAthena should be operating on a timescale commensurate with the SKAO, but
earlier (combined) observations with the existing X-ray telescopes will also be vital for progressing
this field, as has been possible for example with the ThunderKAT (Fender et al., 2016) project on
the SKA precursor MeerKAT.

The Nancy Grace Roman Space Telescope will be conducting two transient surveys that will be
particularly interesting for the potential for unknown unknowns. The High Latitude Time Domain
Survey1 will capture supernovae, TDEs, and merging neutron stars, while the Galactic Bulge Time
Domain Survey2 will search for exoplanets, brown dwarfs, stellar mass black holes and neutron
stars via their microlensing signatures. Both surveys will naturally probe the unknown. Radio
follow up of the huge numbers of sources expected to be unveiled by the Nancy Grace Roman Space
Telescope will not only reveal unusual manifestations of known sources, but also reveal completely
new source classes.

Co-operation between these facilities and many others we do not have the space to discuss, will yield
science results that are greater than the sum of their parts. SKAO capabilities such as automated
triggering and transient buffers will allow us to obtain detailed radio information about transient
and variables as they occur, and conversely, automated SKAO transient alerts will result in detailed
multi-wavelength information by triggering external facilities. Direct coordination in the form
of simultaneous observing campaigns will also yield “unknown unknowns” (e.g. Andreoni and
Cooke, 2019). Pushing this further, having in place a dedicated co-observing facility such as the
MeerKAT and MeerLICHT (Groot et al., 2024) combination will allow one to take advantage of
the commensal observing with the SKA telescopes and enhance the science output. This will be
very useful as some classes of radio transients need contemporaneous (or near contemporaneous)
optical band data for secure categorisation (e.g Gal-Yam et al., 2006). Moreover this co-observing
can also be crucial given the dispersive delay for some sources will mean the radio arrives after
the multi-wavelength/multi-messenger signal. The unbiased approach of co-observing provides an

1High Latitude Time Domain Survey
2Galactic Bulge Time Domain Survey
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opportunity to immediately get a detailed data set on transients and variables "as they occur". This
parameter space is relatively unexplored (e.g. Rigney et al., 2022; Dobie et al., 2023; Freeburn
et al., 2024; Hanmer et al., 2025), and the sensitivity and infrastructure provided by next generation
facilities is necessary to probe them comprehensively.

7 Data processing and machine learning.

It is recognised that the data volumes that will be generated with the SKA telescopes are so vast that
we cannot keep everything. This means that careful consideration should be given to understanding
and reviewing what should and will be kept. This requires careful dialogue between the SKAO, the
Science Regional Centres and the Science Working Groups. Similarly careful consideration should
be given to what searches can be performed in real time and which can be run offline. There must
also be a clear pathway for how improvements in any of the relevant algorithms, including machine
learning, are implemented, especially in the real time systems. Similarly we must consider how
this can be done both efficiently and (cost) effectively. As mentioned above, the nature of the data
products that are stored needs to be carefully considered as the value of these data products can be
immense, as we already discussed for the LPTs. At SKAO scales, machine learning will increasingly
become a core component of the scientific workflow rather than a post-processing convenience.
The volume, complexity, and latency requirements of SKAO transient searches mean that many key
discovery and data-selection decisions will necessarily rely on automated and ML-enabled systems.

As identified in the previous discussion around this topic in the earlier science books (e.g. Wilkinson,
2015) the deluge of new data will need more human capacity. Since these earlier SKA science books
were written, perhaps the most significant change in the search landscape has been the emergence and
adoption of modern machine learning and AI methods. These approaches effectively increase the
search bandwidth available to astronomers by automating tasks that previously required substantial
human inspection, enabling far larger volumes of data and parameter space to be explored than
would otherwise be practical. Already back in 2004, work was undertaken in the pulsar field
to group data and start to use heuristics and then in 2014 the first machine learning techniques
were introduced (e.g. Morello et al., 2014; Zhu et al., 2014) and see Lyon et al. (2016) for an
overview. These techniques then flowed into the fast transient regime where machine learning
implementations have been applied to heuristics or images generated after a candidate has been
detected above a set threshold in a trial dedispersed time series (e.g Connor and van Leeuwen, 2018;
Agarwal et al., 2020). The various techniques that have been applied so far in the image plane
searches are discussed in the related Chapter in this volume (Andersson et al., 2026).

The EB-scale data coming from the SKA also necessitates the use of low-latency methods for
finding transients. An example of this for multi-purpose interferometers can already be seen in
the cases of the CRAFT/CRACO (Macquart et al., 2010; Wang et al., 2025b) and MeerTRAP
backends (Stappers, 2016) employed on SKA precursors ASKAP and MeerKAT respectively.
These backends tap into the telescope datastream, commensally searching for fast transients such
as FRBs and bright single pulses from pulsars. This effort requires real-time candidate processing
and automatic filtering in order to reduce the data rate to reasonable volumes and also to enable
the triggering of the crucial transient buffers. While great progress has been made in the use
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of ML methods to reduce the candidate volume (e.g. Agarwal et al., 2020; Hosenie, 2021) they
are typically still not robust enough to trigger external facilities. To truly explore the unknown
unknowns further development work in improving these ML-based inference capabilities is threfore
needed to distinguish the sources from, in particular, radio frequency interference which can mimic
transients of interest.

When the SKA telescopes are online, the diluvial rates of even the filtered, interesting transient
candidates may prove prohibitive for follow-up with multi-wavelength facilities and the SKA tele-
scopes themselves. At this stage, more comprehensive labelling strategies will need to be adopted.
This extends the transient detection problem to one where a label is given to the transient, e.g. an
orphan GRB afterglow or an LPT. Such initial concepts have been in place in the radio domain
for a while, pre-ML (e.g Pietka et al., 2017; Stewart et al., 2018; Sooknunan et al., 2021) and
other schemes are already being developed for optical sky surveys in advance of the Vera Rubin
Observatory (Stevance et al., 2025, noting here again that capturing the vast literature in this area
is beyond the scope of this Chapter). The challenge is building up sufficiently large numbers of
candidate events to be able to train the ML models sufficiently. However, it is also important that
we remain open to the anomalous (unknown unknown) events as well.

Radio transients are relatively rare, typically present as at most a few percent of the point sources
in an image (Driessen et al., 2022; Mooley et al., 2016), whilst in the time domain they may only
be seen in a few to tens of hours of observing, and one of tens of thousands of candidates. This
makes anomaly detection techniques - an area of machine learning specifically designed to find rare
events that are different to the rest of a distribution - apt tools in the hunt for elusive radio transients.
Such approaches may prove as important for discovery as traditional targeted searches, particularly
in unexplored regions of parameter space where the expected signal population is not yet known.

Furthermore, unsupervised machine learning techniques by definition do not require a training
dataset, making them computationally less intense and suitable for immediate use with SKAO data
streams. Initial tests in this area by Andersson et al. (2025) compared the recovery of interesting
image plane transients by anomaly detection algorithms to the efforts of citizen scientists, finding
that fast anomaly detection algorithms are able to recover the sources that volunteers labeled as
transients. These unsupervised algorithms reduced the search volume of candidate transients by
an order of magnitude and the false positive rates by a factor of five when comparing to standard
statistical cuts on the data. This sort of approach is at the core of what the unknown unknowns is
all about. As we expand into new parameter spaces they can ensure that we are in a position to be
able to recognise new source types amongst the known sources and the obfuscating radio frequency
interference.

We note also that there is an extensive literature on the use of different approaches, both supervised,
semi-supervised, and unsupervised approaches, and we should continue to embrace the develop-
ments that are happening widely in these areas. One should consider the options to use simulations
to train machine learning models for specific theoretical emission patterns, for example. It is unfor-
tunately not possible to do justice to all the different approaches being trialed in the literature, but
it is vital that the community and the SKAO and science regional centres (SRCs) keep abreast of
the developments which can dramatically reduce compute requirements.
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We should also be aware of significant developments in new methods for processing data that take
advantage of machine learning approaches to speed up candidate detection and or selection. This
can also be key to finding unknown unknowns as it removes the noise that many dozens of spurious
(either noise or RFI) candidates that can mask other new interesting sources before they reach the
labelling stage. In the area of fast transients for example consideration has been given to searching
directly in the so-called DM-t (dispersion measure and time) plane which takes advantage of more
information than a standard thresholding technique does (e.g Zhang et al., 2025b; Belmonte Diaz
et al., 2025). It can also reduce significantly the number of candidates that need to be clustered
and sifted. There are also approaches that use machine learning to more efficiently sift through
candidates to avoid the more costly search steps (e.g Fu et al., 2025).

Expanding the parameter space over which transients are searched for not only greatly expands
the data rates but also increases the number of trials that are being used to probe this increased
parameter space. It is therefore important that the analysis techniques are able to correctly deal with
the statistical properties of these data sets in order to ascertain the validity of any new discoveries.
This is going to be most important when we are considering one-off events and/or when associating
events across both the photonic and non-photonic regimes. It is also going to be important that we
consider carefully the results of our application of our ML approaches and how we interpret the
results of those, especially at the limits of sensitivity.

It is also going to be important that we don’t stand still when considering our analysis of the transient
data and take advantages of the rapid developments in both algorithms and compute infrastructure.
Carefully storing and curating the data products that can be archived from the SKA telescopes will
be crucial in enabling improved ML models to be developed and tested. Building an infrastructure
the allows the easy and traceable application (to extract new science), testing (to potentially have
them be part of the real-time search pipeline) and comparison with previous results will greatly
facilitate this. While most important for models which used (semi-)supervised learning approaches,
they will also be vital for testing unsupervised and anomaly detection based models.

8 Conclusions

In this Chapter we have re-iterated the importance of the search for unknown unknowns with the SKA
telescopes. This concept has been part of the SKAO ethos since the expansion of the SKAO science
case in 2004 and was ultimately adopted into the Level 0 science goals in 2014. These captured the
ideas of enabling small-scale experimental observations using portions of the telescopes, the ability
to rapidly reconfigure based on triggers and to enable commensal observations. As discussed here
these are still essential elements of the SKAO for maximising discovery capabilities. Building on
the detailed case put forward by Wilkinson et al. (2004) in "The Exploration of the Unknown",
Cordes and the International SKA Science Working Group put out Memo 85 entitled "Discovery
and Understanding with the SKA" in 2006 which captured in great detail how to go about achieving
these dual goals with the SKA. In the 2014 science case Wilkinson (2015) returned to the idea of
discovering new classes of astrophysical objects with his "The SKA and the Unknown Unknowns".
These documents, and others, are essential reading to review how to best maximise the discovery
science possible with the SKA telescopes. We have provided evidence of the value of this approach
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when applied to the SKA precursors and pathfinders. We have discussed how expanding even
further into the corners of parameter space that will be possible with the SKA telescopes will allow
us to further pursue the unknown unknowns. We have also considered how it is vital that we embrace
the use of tools such as machine learning to not only expand the discovery space but to also pursue
anomalies in the data that may reveal new wonders. In this respect, advances in machine learning
and automated analysis should be viewed not simply as operational tools, but as a key component
of the SKAO’s ability to explore previously inaccessible regions of observational parameter space
and to recognise genuinely unexpected phenomena. Borrowing from Memo 85 we reiterate that the
SKA telescopes and associated analysis software must come together to be a discovery instrument,
both for known and unknown classes of astrophysical sources.
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