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Introduction: Astrophysics at the Extreme
Many astrophysical systems attain extremes of physical parameters that exceed those of everyday life
and any Earth-bound experiment. The most exotic of these conditions commonly exist within and
around compact objects – white dwarfs, neutron stars, and black holes (Figure 1). The compactness of
these objects naturally creates extremes of density and strong gravitational fields. At the same time,
this strong gravity yields a raft of other physical processes related to the infall, accretion and outflow of
material. These systems then provide a route to probing extremes of gravity, density, energy,
temperature, velocity and magnetic field (Figure 2).
The emission from such objects is often luminous and non-thermal: spanning from the longestwavelength radio waves to the highest-energy gamma-rays. Extreme astrophysics was transformed by
the multi-wavelength revolution that swept through astronomy in the second half of the twentieth
century, starting with the identification of radio-loud Active Galactic Nuclei (AGN) and quasars. The
serendipitous discoveries of pulsars, X-ray binaries and gamma-ray bursts all happened thanks to our
ability to probe across the electromagnetic spectrum and time domain. New objects, such as fast radio
bursts (FRBs), that test our understanding, continue to be identified as our observing capabilities
improve. Future gains come from multiple directions. Our current capabilities will expand via wide-field,
multi-wavelength surveys with depths matching those currently only attainable by premier narrow field
observatories (e.g. VRO, Euclid, MeerKAT). Alternatively, smaller facilities with a cadence or field-ofview that allow a wider parameter space to be explored can identify some of the rarest but
astrophysically insightful sources including rare supernovae, fast radio bursts, gamma-ray bursts, stellar
mergers, tidal disruption events, extreme AGN variability (e.g. wide-field fast optical surveys, CHIME,
eROSITA). These surveys will find many new objects for intensive follow-up with dedicated facilities
(e.g. XMM-Newton, Swift, VLT, Chandra, JVLA, EVN). Simultaneously, the next generation of flagship
facilities will push far deeper into the physical conditions within individual systems, providing stringent
tests of our current understanding of extreme astrophysics (e.g. Athena, IXPE, SVOM, ELT, SKA, EHT,
CTA).

Figure 1: Core questions and tools for extreme astrophysics. A central theme is the use of compact
objects to access physical conditions beyond those attainable anywhere else in the Universe, and to
use these to address a range of questions in contemporary physics and astronomy.

Figure 2: The extremes
of the Universe. The
figure shows the range
of physical parameters
(velocity, temperature,
density, energy,
gravitational and
magnetic field) that can
be found in Earth-bound
locations, and in different
astrophysical conditions.
Conditions in and around
compact objects are far
more extreme than
everyday experience and
often lie beyond the
reaches of Earth-bound
experiments. Hence,
these systems provide
powerful laboratories to
test physics and
astrophysics to its limits.

While physical conditions at their most extreme exist in many systems, they are sometimes hidden from
observations using electromagnetic radiation. Here, new techniques and messengers offer a route to
the understanding of highly complex and astrophysically rich systems (Figure 3). Gravitational waves
provide a means of directly probing the behaviour of mass; at the same time, the generation of neutrinos
in core-collapse supernovae offer direct real-time insight into the physical processes at play in merging
or collapsing stars. Thirty years on from the first multi-messenger signal – identifying neutrinos from
SN 1987A – we have finally succeeded in observing light in tandem with both gravitational waves, and
likely high-energy neutrinos. Gravitational waves and neutrinos become powerful probes of extreme
phenomena, especially if paired with more traditional electromagnetic observations. The capabilities of
gravitational wave detectors are rapidly improving: gains in sensitivity of several orders of magnitude
and new energy/frequency windows are opening with upgrades to ground-based detectors (e.g.
LIGO/VIRGO/KAGRA) and new ground- and space-based facilities (e.g. LISA, ET). A new generation
of neutrino detectors is offering similarly enhanced prospects (IceCube, Antares/KM3NeT, BaikalGVD). These improved capabilities will expand this work from single-source detection to samples of
tens to hundreds of objects. With such samples, we have an unprecedented opportunity to make
decisive progress towards addressing the many issues that such observations can impact, from the
equation of state of neutron stars, to the origin of heavy elements, the growth and merger history of
black holes and the very limits of general relativity.
Extreme conditions also create the opportunity to probe new physics. Dark matter should cluster
strongly around very massive objects. The interaction of dark matter with either those massive systems
or with itself in regions of sufficient density can provide a route to finally identifying its nature.
Annihilations or decays resulting in neutrinos can be probed, with heavy dark matter decays a possible
candidate for the origin of some of the observed high energy neutrino flux. Minute differences in the
speed of light as a function of energy, or between the speed of light and that of gravitational waves or
neutrinos, are greatly amplified by the very long path lengths to extragalactic sources, providing
exquisite probes of some quantum gravity models (by so-called Lorentz factor violation).

The next decade offers the opportunity to consolidate the gains of the past years and use new facilities
and capabilities to make decisive progress towards answering the many questions that remain open.
The nature of the emission from extreme physical systems often requires combining data and
observations from many sources. In most cases, answering fundamental questions about their nature
requires state-of-the-art facilities, but interpreting the results requires more routine observations in
tandem. Therefore, this science is best achieved by employing a broad portfolio of multi-wavelength
and multi-messenger facilities that can operate both alone or in concert. Such an endeavour benefits
from the highly collaborative nature of the high-energy astrophysics scientific community that is
accustomed to managing and running large international collaborations, necessitated by the very
complex nature of their experiments and observatories.
This chapter outlines the core scientific questions that this field will face in the next decade, and
possible routes to tackling them.
-

Figure 3: The spectrum of astrophysical messengers. In addition to multi-wavelength observations
that probe the generation and dissipation of energy within extreme events, the addition of nonphotonic information in the form of gravitational waves, neutrinos or cosmic-rays enables a far more
complete picture of the physics in a given event. The figure shows a binary neutron star merger, but
many systems will generate detectable multi-messenger signals in the next 10-15 years. Gravitational
waves and neutrinos carry information from regions inaccessible to electromagnetic observations at
any wavelength (inset figure credit, NSF).

What is the nature of matter at nuclear densities?
The central densities of neutron stars exceed the density in atomic nuclei. As such, testing the
properties of their interiors provides quite possibly the only realistic route to test fundamental physical
theories in the most extreme regimes of supranuclear density and high magnetic fields. This includes
regimes where collective and quantum effects become important.
The goal of such studies would be the determination of matter’s equation of state (EoS) at extreme
densities, which cannot be derived from first principles. Neutron stars provide a natural target for these

studies. The simplest approach to distinguish between possible theoretical EoS is to pin down the
mass-radius relation of neutron stars (e.g. Figure 4)
Progress towards this goal is being made from several directions. For example, high time resolution Xray observations (e.g. NICER instrument on-board the International Space Station) can create maps of
neutron star surfaces and directly measure their radii. Future endeavours will build upon this capability
to enlarge the sample of neutron stars for which such measurements can be made, and will provide a
higher signal to noise within the existing samples. Likewise, timing observations of radio pulsars
continue to provide high-precision mass measurements, which in some cases push the limits of what
is possible for most proposed equations of state. Indeed, millisecond pulsars are often found to have
larger masses than the canonical 1.4 solar masses, likely (in part) because they have accreted from a
stellar companion. The discovery of ultra-fast-spinning millisecond pulsars (well beyond the current
record of 716 Hz) could also help constrain the maximum radii of neutron stars.
A more precise approach would be to study proper oscillation modes of NSs. Frequencies of those
modes and their damping time would serve detailed information about internal structure of NS and so
potentially provide very tight constraints on EoS. Quasi-periodic oscillations (QPO) have been seen in
the emission of isolated NSs, e.g. following magnetar bursts. To unambiguously identify such QPOs
as manifestations on NSs oscillations, rather than magnetospheric modes, and reliably estimate their
damping times further development of theoretical models of NS magnetospheres is needed.
In addition to studying the emission from isolated neutron stars or millisecond pulsars, studying the
motion of matter around accreting neutron stars in binary systems via high time-resolution studies of
the quasi-periodic modulation in the X-ray/Optical-UV flux can help constrain the EoS of neutron stars.
This is because orbits in the vicinity of the compact object are strongly sensitive to the space-time
properties, which in turn strongly depend on the mass, spin, radius and internal structure (in the case
of neutron stars) of the collapsed object.
Investigations of the EoS is also supported by Earth-based high-energy measurements at accelerator
facilities (CERN LHC, FCC, BNL RHIC, GSI FAIR, NICA). Present and future giant experiments (e.g.
ALICE, STAR, CBM) connected to the heavy-ion colliders can complement the sky-based EoSexploration by probing the hot version of the superdense matter of neutron stars. Matter, which existed
in the early Universe microseconds after the Big Bang, can be re-created in microscopic droplets in
Little Bangs to explore the phase structure of the strongly interacting nuclear matter. This can further
constrain our celestial knowledge on neutron star matter, strange quark and hybrid states, or phases
slightly before neutron stars merge to form a black hole.
Gravitational waves offer multiple alternative routes to the measurement of the neutron star equation of
state. In a binary merger involving a neutron star, the strong interaction between the coalescing objects
creates a tidal deformation, which changes the shape of the neutron star. That in turn imprints specific
signatures in the resulting gravitational wave signal. To date, only upper limits on the neutron star
deformability are available, the most striking coming from the source GW170817. Such constraints,
while extremely valuable, only rule out extrema in plausible mass-radius relations. The determination
of the nature of the remnant following the merger provides the test of the equation of state at the highest
mass end. Discriminating whether a (possibly short-lived) neutron star, or a black hole is formed is
possible through a range of observations. For example the gravitational-wave ring-down can give a
direct measurement. Alternatively, energy injection from a neutron star can dramatically change the
appearance of the electromagnetic counterpart, even if it is only active for milliseconds before collapse.
Future progress in this field requires the identification of many more mergers that span the true
astrophysical range of properties (e.g. masses, mass ratios, spins). The planned upgrades to the LIGO,
VIRGO and KAGRA interferometers will provide this possibility with an expected source identification
rate an order of magnitude larger than in previous observing runs, while in the future new

interferometers such as the ET will bring a leap forward in sensitivity of several orders of magnitude.
As sensitivity further increases, asymmetries in Galactic neutron stars may become apparent in the
gravitational wave signals. Finally, specific variability patterns in the X-ray light curves of short GRB
afterglows may point to the existence of a solid crust in the neutron star-merging remnant. They could
be routinely detected by a large-area X-ray observatory such as Athena if identified by a suitable GRB
detecting mission.

Figure 4. Proposed variants on the neutron star mass-radius relation. Our inability to write down the
equation of state of dense matter from first principles leads to a number of plausible mass-radius
relations form neutron stars. These predict radii for a given mass that differ by a factor >2 in some
cases (or densities that vary by an order of magnitude). Hence, direct measurements of multiple
neutron star masses and radii from a raft of current and upcoming observations can narrow the range
of plausible models, in turn informing our knowledge about the behaviour of matter at the highest
densities possible (Image credit: Ozel & Freire 2016, Annual Reviews of Astronomy and
Astrophysics)

Key current facilities: NICER, eROSITA, XMM-Newton, Chandra, Swift, LIGO/VIRGO/KAGRA,
neutrino detectors, LOFAR, MAGIC, HESS, MeerKAT, JVLA, ground based 4-8 m telescopes
Facilities in development: SKA, CTA, Athena, eXTP, ELT

2.Where are the heavy elements made?
It is now more than 50 years since a series of seminal papers pinpointed the physical pathways that
create the heaviest elements. They are based on “neutron capture” processes, whereby seed nuclei
capture neutrons and subsequently undergo a beta-decay to move up the periodic table. The origin of
slow captures is now reasonably well understood. However, identifying sites for the so-called rapid
capture, or r-process, remains a challenge, although this route produces almost half the elements
heavier than iron and virtually all the elements heavier than gold.
Recent progress from the abundances of metal-poor stars in the Galactic halo, the presence of rprocess material in dwarf galaxies, and even the replenishment of radioactive plutonium in sea
sediment, have demonstrated that normal supernovae are not major r-process factories. This suggests
that this material is generated by rare events (one per Galaxy per 105-107 years) with relatively high
yields (0.01-1 solar masses). The most promising sites for this production are in unusual supernovae
or merging binary neutron stars. In supernovae, the necessary conditions may arise in so-called
magnetohydrodynamic (MHD) supernovae or in the accretion discs surrounding nascent black holes in
engine driven supernovae, such as those accompanying long-duration gamma-ray bursts. Merging
neutron star binaries also create neutron-rich environments. They eject perhaps 0.1 Solar masses of
material in tidal tails during the merger, and more mass is propelled in a polar direction by a disc-wind
following the merger.
Identifying a kilonova as the multi-messenger counterpart of the gravitational wave detected binary
neutron star merger, GW170817, provided the first unambiguous evidence for the site of r-process
material (Figure 5). Furthermore, the bulk properties of the counterpart matched the expected theory of
heavy element production closely. Here, the complex electron structures in the heaviest elements (e.g.
the lanthanides and actinides) blanket optical radiation, yielding a short-lived transient that rapidly
transitions from blue to red.
However, while the identification of the kilonova in GW170817 provided evidence for the r-process, we
do not know if merging neutron stars produce some, most, or all of the r-process material. Progress in
the coming years will require the honing of merger rates, detailed studies of supernovae and kilonovae
and improvements in our theoretical understanding and modelling capabilities. Such improvements
should arise due to the increase in capability of gravitational wave detectors to locate and localise many
more mergers, combined with ground- and space-based follow-up observations. Short GRBs may
provide an additional route to this diagnostic, and JWST can study their kilonovae, potentially out to
z~1. Finally, we must also determine the contribution (if any) of supernovae to the r-process. However,
the expected signals are complex to predict, and so a robust observational effort must also be paired
with investment in the modelling necessary to predict the signatures that may be visible and to extract
meaningful outputs (e.g. yields) from observations.

Key current facilities: Wide-field optical/IR facilities, LIGO/VIRGO/KAGRA, JWST, HST, VLT,
XMM-Newton, Chandra, Swift
Facilities in development: New wide-field facilities, SVOM, ET, Rubin, Athena

Figure 5: The VLT/X-shooter spectral series
of the electromagnetic counterpart of the
binary neutron star merger GW170817. This
shows the first spectral sequence of a socalled kilonova. The striking feature is the
development of broad IR features created by
the synthesis of very heavy elements (Image
credit S. Smartt, E. Pian and ESO).

3. How do compact objects produce energy and accelerate particles at all scales?
Compact objects (from white dwarfs to AGN) are powerful astrophysical engines: strong gravity
accelerates infalling matter converting the gravitational energy into radiative and mechanical energy via
accretion. Rapid rotation and strong magnetic fields are the roots of extreme physical processes, such
as the formation of accretion discs, fast collimated jets, and powerful winds. The understanding of
these processes is crucial to test the very edges of our physical understanding of the Universe. Probing
these phenomena requires state-of-the-art observations to capture the most extreme radiation, as well
as non-photonic messengers such as gravitational waves, neutrinos and high energy cosmic-rays. A
complete interpretation frequently requires confronting these observations with complex numerical
models (like General Relativistic Magneto-HydroDynamics; GRMHD) that attempt to capture the full
complexities of the physical systems.
The majority of discrete sources observed outside the UV/opt/IR window emit radiation that is not
thermal. In many (but by no means all) cases, the energy for that emission ultimately arises from power
formed via the accretion of material onto some central compact object. The resulting radiation comes
from a raft of non-thermal (and occasionally extreme thermal) processes, including the generation of
synchrotron shocks, Bremsstrahlung radiation, and inverse Compton scattering. The radiation is
generated at differing locations, including the innermost regions of accretion discs (emitting mostly in
the X-rays) where strong gravity becomes paramount. A large fraction of the emission from accreting

objects arises further out in the accretion discs, in thin and diffuse material around them, and even in
outflowing material. Our picture of the accretion geometry on different scales comes from piecing
together multi-wavelength, time-resolved and polarimetric observations to create a coherent physical
model. In turn, this allows us to both follow the accretion of material and use these observations to infer
the fundamental properties of the compact objects, such as their mass and spin, which in the case of
a black hole fully characterise the space-time around it. The innermost regions surrounding the event
horizon remained unresolved until the first images of the black holes “shadows” in M87 by EHT were
published. X-ray interferometry has the potentiality to extend such a sharp view to the highly-energetic
phenomena occurring in the innermost regions of the accretion disk and the hot corona in accreting
black hole systems, or unveil the history of activity in recurrent active supermassive black holes. X-ray
interferometry was identified by the European Space Agency in the framework of its recent “Voyage
2050” exercise as a key space technology enabling innovative science, for which a detailed plan of
action will be defined in the near future in collaboration with the European science community.
One crucial area in understanding accretion is how it proceeds at rates substantially higher than the
Eddington limit. The vast majority of sources observed accrete below this limit, but some appear to
exceed it, sometimes even by orders of magnitude. While this may sometimes be the result of a
geometric effect (e.g. beaming), which reduces the isotropic luminosity, such high rates are inevitable
in other cases. Indeed, super-Eddington accretion may be needed to explain the growth of the most
massive black holes in the early Universe. Observations that could test the super-Eddington regime
can be made by ascertaining the nature of many so-called ultra-luminous X-ray sources, studying
accretion processes following the tidal disruption of stars by supermassive black holes, by identifying
the frequency of quasars associated with very massive black holes in the early Universe, and even by
studying the evolution of material falling into the central compact object in supernovae, gamma-ray
bursts or compact object mergers. Particular insight is possible in studying systems, at all masses,
which vary on human timescales between the different regimes and so directly probe different accretion
modes around the same compact objects (e.g. tidal disruption events, changing look AGN, GRBs).
Accretion is frequently accompanied by outflows, most prominently in the form of jets, which are seen
in accreting systems from white dwarfs and protostars through to neutron stars, stellar-mass black holes
and supermassive black holes. The ubiquity of the jets, their acceleration mechanism as well as
composition, structure, and role in the acceleration of the highest energy particles are all open issues
in the field that need answering. Furthermore, different types of jetted systems enable the jet ejection
mechanism to be studied by following different approaches. We can observe from large extended jets
around AGN that can be resolved, in some cases down to the inner accretion disc that launches the jet
(e.g. in M87, Figure 6) to the (mostly) unresolved jets associated with gamma-ray bursts. Studies of
these jets may be time-resolved, photometric, spectroscopic or polarimetric and can span a large
energy range, from radio to the very high energy gamma-rays. Several AGN and GRBs have been
detected with Cherenkov detectors, and we expect many more such detections in the years to come.
In addition, we now have an increasing number of indications of potential associations of very high
energetic neutrinos with blazars. Jets in blazars are also a primary target of future X-ray polarimetry
explorations by determining their geometry and the emission mechanism.
In addition to jets, which are highly collimated and often reach relativistic velocities, different types of
winds are common around compact objects. While being perhaps less spectacular than the violent
radio jets, these outflows can carry a very significant amount of energy and, most notably, mass. Discwinds may carry away enough mass from the accretion disc around stellar mass black holes and
neutron stars to temporarily stop accretion thus ending their active phases, and may be responsible for
a considerable fraction of the intermediate-mass r-process elements in merging neutron stars. Pulsar
wind nebulae provide a dramatic example of outflows around neutron stars, and may play important
roles in particle acceleration, with particular relevance for the so-called positron excess observed by
several orbiting experiments. Future observations, including those with X-ray polarimetry, should add
insight into their role as accelerators.. Around supermassive black holes, sub-relativistic winds are
thought to have a major role in the AGN feedback together with jets, and to significantly impact the
evolution of galaxies. A key role in the study of feedback by sub-relativistic AGN outflows will be offered
by high-resolution X-ray spectroscopy by, e.g., X-ray micro-calorimeters. They will enable the whole
structure (in dynamics and ionization parameter spaces) of the outflow to be studied, accurately
determining the energy and mass loading and therefore estimating precisely their contribution to AGN
feedback, even at high redshift.

Of particular interest is the supermassive black hole in the centre of the Galaxy itself. Here the
fundamental parameters can be inferred with unprecedented accuracy. This supermassive Black Hole
shows very little in terms of jet activity. It could be starving, or possibly its lack of activity could be linked
to its spin properties. The combination of IR stellar astrometry (or the detection of pulsars orbiting
SgrA*) with millimeter VLBI imaging could provide unique results here. The dense reflecting nebulae
surrounding SgrA* can also be investigated through X-ray polarimetry to provide a 3-D tomography of
the nuclear environment, while unveiling the activity history of our own black holes in the last few
hundreds years.
While accretion powers the visible emission of many compact objects, there are others where it does
not. The emission from isolated neutron stars arises from the rotation of the neutron star itself and the
interaction of the neutron star and its crust with the powerful magnetic fields. Although the "persistent"
emission from such systems is generally reasonably well explained, we still have far poorer
understanding of outbursts, especially from systems with extreme magnetic fields – the so-called
magnetars. Indeed, although we have studied only ~30 magnetars within our own Milky Way, they have
been invoked with some success as engines powering many transient extragalactic astrophysical
systems, including GRBs, luminous supernovae and fast radio bursts.
Emission of isolated neutron stars (NS) - pulsars and magnetars - is not powered by accretion, but by
their macroscopic electromagnetic fields. Practically all the emission we receive from isolated NSs is
generated in their magnetospheres. Physical processes in magnetospheres of isolated NSs include
acceleration of particles to ultrahigh energies, creation of electron-positron pairs, and complex physics
of high-energy astrophysical plasma in strong magnetic and electric fields, all of which can not be
directly studied in Earth-based laboratories. GR effects also seem to play an important, if not crucial,
role in pulsar emission mechanism. Hence, isolated NSs can be considered as natural testing beds for
quantum electrodynamics and plasma physics in regimes of ultra strong electromagnetic and strong
gravitational fields. Although thanks to advances in computational methods a remarkable progress has
been achieved in this field in the past two decades, reliable quantitative models of NS magnetospheres
are still missing. Additional theoretical efforts are required in this field.
From an observational point of view, X- and gamma- polarimeters can provide crucial information about
physical processes in NS magnetospheres, as emission is expected to be highly polarized along
magnetic field lines. Polarization information would be the only practical way to experimentally infer
spatial localization of emission regions in NS magnetospheres because of their small sizes. Inner parts
of NS magnetospheres are not transparent to gamma-rays above several tens of MeV, therefore, new
generation of MeV gamma-telescopes with enough sensitivity and spectral resolution to observe
emission from pulsars and magnetars could provide a crucial direct information about physical
processes close to NS surface where particle acceleration is expected to happen. Important information
about the mysterious pulsar/magnetar coherent radio emission mechanism(s) can be obtained with
current and next generation radio telescopes, such as SKA, which, on one hand thanks to wider field
of view should find more radio emitting NS with potentially helpful peculiar properties, on the other hand,
thanks to higher sensitivity could study properties of coherent radio emission on much smaller temporal
scales for a large number of objects.

Key current facilities: Wide-field optical/IR facilities, NICER, eROSITA, XMM-Newton,
Chandra, Swift, LIGO/VIRGO/KAGRA, MeerKAT, LOFAR, JVLA, EVN, HST, MAGIC, HESS,
IceCube, KM3Net, ground-based 2-8 m telescopes.
Facilities in development: New wide-field searches, SKA, CTA, Athena, eXTP, SVOM, ET,
XRISM, LISA

Figure 6: Radio signatures of accretion across length scales. The jet of M87 observed with ALMA,
Very Long Baseline Interferometry and EHT. The first image demonstrates the scale of the jet, while
the second focuses on its base. The final image from the EHT shows the black hole shadow, and the
(highly lensed) accretion disc in polarised light. (image credit EHT)
4. What is the origin of cosmic rays of all energies?:
The origin of cosmic rays of all energies, from sub-GeV to >100 EeV, is a century-old mystery still
waiting for an answer. The wealth of high precision data collected in the last decade has helped to
clarify many aspects, providing exquisite measurements of features in the cosmic-ray energy spectrum
and a determination of cosmic-ray composition into protons, nuclei, electrons, positrons and antiprotons. At the same time, this complexity raises more questions.
For example, it remains unclear which Galactic sources create the so-called PeVatrons, able to
accelerate protons up to PeV energies. Can all these particles originate from supernova remnants, or
do additional accelerators exist? The recent detection of VHE gamma-rays from a Galactic nova is a
potentially important indicator in this regard. Also very exciting is the very recent discovery of sources
emitting >100 TeV photons and the possible association of at least one of these with the Young Massive
Star Cluster in Cygnus, already known to be a cosmic ray source at lower energies. In the next few
years, sensitive searches of the Galactic plane with CTA should provide a complete census of young
supernova remnants and other persistent accelerators. Further measurements and associations of high
energy neutrinos with cosmic sources will independently probe the underlying nature of the acceleration
processes and clearly discriminate between leptonic and hadronic scenarios.
Cosmic-rays are deflected by the large-scale Galactic magnetic field and by more complex magnetic
structures (i.e. both smooth and chaotic fields exist). Propagation through the Galaxy affects the cosmic
ray spectrum and composition. In order to derive their properties at injection, from what we measure at
Earth (Figure 7), propagation must be properly understood and modeled. Better models of cosmic-ray
propagation, ideally directly informed by the large- and small-scale structure of the Milky Way’s
magnetic field will significantly aid this endeavour. Cosmic-rays have also been recognized to have a
relevant role in galactic dynamics, being likely an essential agent for the launching of galactic winds,
which in turn expel gas, with an impact on star formation and on the enrichment of the intergalactic

medium. This complex chain of dynamical relations is far from understood and requires dedicated
theoretical and observational efforts.
The formation of halos of TeV emission around energetic pulsars due to electron escape is an expected
consequence of the particle acceleration process, although the data suggest particle transport is much
slower than expected. This phenomenon has been detected in a small number of objects, and hence
their role in the diffusion of energetic particles in the Galaxy is still to be assessed. Future detections of
diffusive halos will help to place constraints on the models.
Several experiments have identified a so-called positron excess in which the local (i.e. around Earth)
number of positrons observed is significantly higher than models predict. An exotic prospect is that
these positrons arise from the annihilation of Weakly Interacting Massive Particles (WIMPs, see
question 7). Such a result would be of critical importance but is also highly controversial. The most
accredited alternative prospect is that pulsars and pulsar wind nebulae accelerate these positrons,
which could be indicated by the presence of TeV halos mentioned above. However, the crucial
distinction between these possibilities remains to be made. This work requires a census of likely
acceleration sites and the measurement of the positron energy spectrum beyond its current limits.
Finally, we have still to confirm the origin of the very highest-energy particles in the Universe. While
rare, these highest-energy cosmic rays have macroscopic energies, yet their origin remains a mystery.
Do they arise from stellar-scale objects such as newborn magnetars, from acceleration in AGN jets,
from jets formed via the tidal disruptions of stars?
These disparate issues require a comprehensive multi-messenger observational campaign to address
them. New cosmic-ray detectors improve our understanding of the observed population via better
measurements of spectra and composition, including novel routes to cosmic-ray identification and
characterisation (e.g. via radio antennae). However, identifying the sites of acceleration is challenging
because of the deflections the cosmic rays encounter. Photons and neutrinos do not suffer from these
effects, yet VHE photons and neutrino emission should accompany cosmic-ray acceleration. The
identification of individual sites and of the nature of acceleration within them can thus be done via these
observations from pulsars, Galactic supernova remnants, gamma-ray bursts, star-forming regions and
AGN.

Key current facilities: Pierre Auger, HESS, MAGIC, LOFAR, XMM-Newton, Chandra, IceCube,
KM3Net, AMS-02
Facilities in development: ASTRI, SKA, CTA, Athena, GCOS, POEMMA, GRAND

Figure 7: Cosmic-ray energy spectrum. The spectrum, measured from multiple sources shows a
complex morphology and is shaped by both intrinsic processes (e.g. the composition of the rays and
their spectrum upon acceleration) and their propagation through the interstellar and sometimes
intergalactic medium. Future work will improve the measurements of the spectrum, in particular at the
highest energy end, determine the composition of the rays, and pinpoint the various physical sites in
which acceleration may occur. (Image credit: https://zenodo.org/record/2360277#.YV15x2YzZ-U)
5. How do compact objects form and evolve?
The formation and evolution of compact objects through collapse, accretion, mergers and spin-down
provides a myriad of signatures, potentially allowing us to probe the first stars or build intermediate and
supermassive black holes. Various astrophysical channels create compact objects. The standard route
is that stellar core-collapse makes neutron stars or black holes. Alternative channels involve accretion
induced collapse, stellar mergers and dynamical interactions. The details of the formation channels are
primarily in the realm of understanding stellar evolution. However, compact objects form in a large
variety of physical conditions. Following their formation, they evolve significantly; a few fade from view,
with isolated white dwarfs gradually cooling, and individual neutron stars cooling and spinning down
depending on the spin rate and magnetic field. Others compact objects grow significantly through
accretion from the interstellar medium or through a binary companion. At higher masses, black holes
can disrupt and accrete individual stars through tidal disruption events, extreme mass ratio inspiral, or
direct capture. Those events should be crucial in growing black holes from stellar-masses up to millions
of solar masses. The nature of the first ‘seed’ black holes initiating this process in the early universe
remains unclear; they might be the remnants of the first generation of stars or intermediate-mass objects
generated by direct collapse events or even remnants of primordial origin. Indeed the intermediatemass black holes, whose existence must be essential for black holes to transition from stellar to
supermassive, have proven to be stubbornly tricky to detect. The recent discovery of black hole merging
events by ground-based gravitational wave interferometric arrays (Fig. 8) may have started filling the
gap, and some tidal disruption events also appear to arise from black holes with intermediate masses.

Much insight into the formation and evolution of black holes comes from multi-wavelength studies of
their properties. This includes the details of their formation in supernovae and gamma-ray bursts, where
open questions remain about the neutron star vs. black hole nature of the central engine. Measurements
of accretion flows around stellar-mass and supermassive black holes with radio and X-ray spectroscopy
and polarimetry, to the direct dissection of the kinematic properties of accretion discs via tomography,
enable their growth to be measured.
Future progress is predicated on a raft of new endeavours, and this is a field where the multi-wavelength
and multi-messenger elements are crucial. New wide-field capability across the electromagnetic
spectrum are vital to identify rare events, and the counterparts of gravitational wave of neutrino signals.
For example, the merger history of black holes and their growth (e.g. Figure 8) can be well characterized
via gravitational-wave observations. Indeed LISA and ET will see merging supermassive and stellarmass black holes everywhere in the Universe, allowing a detailed description of their formation and
evolution along the cosmic history. Understanding the formation of compact objects requires us to
identify the sources that make them, pinpoint the nature of the compact objects formed and study them
in detail. In principle, this should also be done across cosmic time. Widefield surveys will identify ever
more transient sources. From highly complete local searches that will map the parameter space for
compact object formation to deep searches with Rubin, Euclid and even JWST that may pinpoint the
collapse of the first stars. The signatures of the most extreme explosive events are perhaps most readily
identified outside the optical window, with gamma-ray bursts identifying extreme stellar death across
cosmic history.
Indeed, searches for high-z GRBs perhaps offer the most promising route of directly detecting the first
stars, or at least their demise. Their initial identification requires a dedicated mission with good
localisation (especially for finding likely faint high-z GRBs). Once found, the next generation of ground
and space-based facilities (e.g. ELT, JWST and ultimately Athena) can perform accurate optical/IR and
X-ray spectroscopy of the interstellar and intergalactic medium beyond z~7, probing the metallicity
evolution down to the Epoch of Reionization in galaxies fainter than the sensitivity limit of galaxy surveys
such as those performed by JWST.
These new sources should also greatly increase the number of identified tidal disruption events, in
which the strong gravity of a black hole shreds and subsequently accretes another star, from white
dwarf disruptions around intermediate mass black holes through to main sequence and giant
disruptions. In addition to providing insight into accretion (section 3) these systems also probe the
demographics of the vast majority of black holes which are otherwise dormant.
Finally, it is also critical to understand how other, perhaps new, transient signatures fit into this remit.
Fast Radio Bursts are a prime example. It appears near-certain that they are created by neutron stars,
but are they made at the point of formation, soon thereafter, or for a prolonged period? Since some
fast radio bursts are known to repeat, at least these sources must be associated with a more stable
form of energy, like the magnetic decay of a magnetar or the relativistic shocks from the jet of an
accreting source. Wide-field radio telescopes (e.g. CHIME) are opening this discovery space, and
interferometers like are localising the host galaxies of fast radio bursts. Similar questions revolve around
the nature of Fast X-ray Transients identified by Chandra, XMM-Newton and Swift, which may represent
exotic signatures of supernova shock breakout, or perhaps even near-isotropic signals of the mergers
of binary neutron stars.

Key current facilities: Wide-field optical/IR searches, ground-based 2-8 m telescopes, HST,
Swift, Chandra, XMM-Newton, HESS, VERITAS, LOFAR, MeerKAT, JVLA, CHIME, KM3Net,
IceCube.
Facilities in development: new wide-field optical/IR searches, JWST, VRO/LSST, Athena,
LISA, SVOM, SKA, ET, CTA, GCOS, POEMMA, GRAND

Figure 8: The masses of known neutron stars and black holes. Once formed their mass and spin can
increase via mergers and accretion. A central aim of future work is to understand how each set of
objects form (and at which masses), and their evolution.
6. To what precision can general relativity describe gravity?
Gravitational waves and the imaging of a supermassive black-hole shadow provide new opportunities
to test gravity. Progress will follow through the detection of many gravitational-wave mergers and the
expansion of the gravitational-wave frequency regime. Radio interferometry will reveal the shadow of
the Galactic black hole and enable further GR tests via time-resolved observations. Finally, precision
observations of Galactic compact binaries provide additional novel tests. A premier example are the
high-precision tests of general relativity that can be done via timing observations of radio pulsars in
binary (or even triple) stellar systems with current and next generation facilities.
General relativity has, to date, provided a remarkable and robust set of predictions that have passed
essentially every critical test posed and made several crucial predictions, from readily-measured
gravitational redshift to the recent first discoveries of gravitational waves. However, while powerful, it is
also complex. Few analytical solutions exist, and complex interactions in dynamic space-time, such as
the final mergers of compact objects, or the flow of matter around supermassive black holes, must be
calculated numerically. Furthermore, its incompatibility with quantum mechanics has led to the
decades-long search for a theory of quantum gravity. While many suggestions exist for the directions
of this theory, few observational tests can critically distinguish between them. Observations of black
holes and their interactions across the mass scale can provide new critical tests of general relativity
and place meaningful constraints on variations from it.
While the measurements of a black hole shadow, spectacularly demonstrated by EHT images of the
core of M87, provide a route to measuring the black hole mass, such an estimate is weakly dependent
on the black hole spin. The next goal is to build time-resolved and higher angular-resolution
observations of the supermassive black holes in M87 and Sgr A*. Combined with multi-wavelength
monitoring of the accretion flows and the orbits of individual stars around Sgr A* (e.g. with VLT/Gravity),
it will be possible to make direct tests of the applicability of the Kerr metric. The objective is to resolve

the (steady) signatures of the lensing in the gravitational metric from the (variable) emission of the
accretion flow and jet. This work requires the creation of a more robust EHT array with improved UVplane coverage, longer exposures and the ability to observe at higher and/or multiple frequencies. An
interesting option is VLBI with space-based millimetre telescopes to reach the ultimate resolution.
Many of the most stringent tests of GR in the strong dynamical regime will come from gravitationalwave observations. Several tests have already been performed by verifying the consistency of the chirp
signals measured by LIGO and Virgo with those predicted from relativity. The high signal to noise
observations of LISA and ET will enable unprecedented tests of GR. Extreme mass ratio inspirals
observed by LISA will allow a precise mapping of massive black hole spacetime geometry, while the
frequency evolution of stellar and massive black hole binaries during the so-called ring-down phase
after the merger observed by LISA and ET will provide decisive tests of the no-hair theorem. Further,
measurements of the combined masses of the pre-and post-merger black holes will test the so-called
area theorem, which states that the area of a black hole horizon can never shrink.
The possible concurrent scientific operations of Athena and LISA may open a new, exciting discovery
space: the identification of the electromagnetic counterparts of supermassive black hole merging events
detected by LISA days to weeks prior to coalescence. This may be possible (even if challenging!) during
the inspiraling phase - through follow-up Athena campaigns of the error box of the gravitational wave
signal, whose size rapidly improves down to degrees accuracy a few days prior to the merging event.
At and after merging, when the position of the GW event will be known at an accuracy compatible with
the small field of view of the Athena micro-calorimeter, for the best signal-to-noise events. Such
observations may provide unique insights into the behaviour of matter in the time-space fabric stirred
by the orbiting black hole merging pair, as well as on the onset of the accretion disk, corona, and jet in
newly formed AGN (a complementary channel to TDEs).
Ultimately, deviations from the predictions of General relativity may become visible thanks to these
observations in combination with the effects predicted by either alternative theories of gravity alone, or
by quantum gravity models, such as dispersion in the speed of light with photon energy. Such effects
may be tested with discrete events such as AGN flares and GRBs identified across many decades of
photon energy from optical to VHE energies (SVOM + Fermi + CTA). It may also be possible to observe
deviations in the velocities of the wave in the gravitational wave regime, either directly compared to the
speed of light inferred via EM observations or perhaps due to variations in the speed of gravitational
waves as a function of wave frequency or polarisation state. High signal-to-noise observations of
gravitational wave sources from LIGO/VIRGO/KAGRA, as well as LISA and Cosmic Explorer/Einstein
Telescope on longer time-scales, may detect such signatures.

Key current facilities: NICER, eROSITA, XMM-Newton, Chandra, LIGO/VIRGO/KAGRA,
neutrino detectors, LOFAR, VLBI/EHT, Swift
Facilities in development: SKA, CTA, Athena, eXTP, ngEHT, SVOM
7) What new fundamental physics can be probed with extreme astrophysical objects?
In addition to being probes of multiple astrophysical processes, the conditions that exist around
compact objects can lead to solid constraints on several critical questions in physics. One of the
foremost of these questions relates to the origin of dark matter. While creating ~23% of the mass of the
Universe, increasing evidence exists that it is not formed from traditional baryonic material.
Various possibilities for the origin of dark matter exist. Those currently in vogue include sterile neutrinos,
whose presence may explain the apparent Hubble constant tension, ultra-light bosons (such as axions),
primordial black holes, and Weakly Interacting Massive Particles (WIMPs). Each of these possibilities

has a direct route to identification. For example, sterile neutrinos should cluster around compact objects
(e.g. black holes) to a degree that should make detectable changes to their orbits of surrounding
material; axions should tap the rotational energy of black holes to slow their spin. Unless they
continuously accrete angular momentum, there should be few rapidly spinning black holes in an axion
dominated Universe. Robust spin measurements of black holes across the mass range have the
potential to constrain this possibility. Primordial black holes should exist in mass ranges notionally
inaccessible to astrophysical production mechanisms. Perhaps most notably and relevant for the next
decade is the exploration of the sub-solar mass regime. The unambiguous detection of a sub-solar
mass binary black hole merger would offer strong support for the presence of such black holes.
Alternatively, dark matter may exist as more massive, Weakly Interacting Massive Particles (WIMPS),
where astrophysical observations can offer constraints complementary to those obtained via groundbased deep detectors or accelerators. Many models posit that self-annihilation is possible for these
particles; promising annihilation may produce detectable gamma-ray and neutrino emission that directly
links to the dark matter particle mass. Observations with Fermi and ground-based Cherenkov detectors
have placed some constraints on such annihilation towards the Galactic centre and dwarf galaxies, and
order of magnitudes improvements or direct detections will be possible with CTA and the next
generation neutrino telescopes.
Finally, a further, fundamental, question arises about the nature of black holes. While these are the
astrophysically simplest explanation for many objects (and are perhaps the most likely to be correct)
there are alternative possibilities. These so-called black hole mimickers include dark matter stars,
boson stars, gravastars, and many other exotic objects. The majority of these are indistinguishable from
black holes to most observations, as they cannot violate existing observational constraints. However,
they may well result in different interactions, either directly via gravity (e.g. to gravitational wave
observations) or with their surroundings (e.g. via EM observations of the persistent or transient emission
from sources that contain putative black holes).

Key current facilities: LVK, VLBI/EHT, Swift, Fermi, XMM-Newton, Chandra, IceCube,
KM3Net, MAGIC, HESS
Facilities in development: ngEHT, ET, CTA, Athena, LISA, GCOS, POEMMA, GRAND
Summary
Astrophysical systems can achieve physical conditions in which rare and unusual manifestations of
physics become apparent, and where our current physical theories can be tested to breaking point.
Their study can provide insight into central questions in both contemporary astronomy and fundamental
physics that cannot be obtained elsewhere. The field has undergone significant growth in the past
decades with growth from both within the astronomical community, and from the addition of researchers
from outside its traditional boundaries. Continued progress requires both large, headline facilities such
as Athena, LISA, the ELT, SKA, CTA, global VLBI arrays and ET as well as a raft of smaller, cheaper
and more specialised initiatives. Indeed, it would be extremely valuable to ensure that where flagship
facilities require scientific input from the smaller initiatives, these are suitably considered in roadmaps,
including possible funding. Through ensuring the necessary resources continue to be available there
is a high confidence that the science questions outlined in this chapter can be realised.

