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iii



Snowmass2021 CF07 Multimessenger Facilities & Experiments

ENDORSERS
,

iv



Executive Summary

The last decade has brought about a profound transformation in multimessenger science.
Ten years ago, facilities had been built or were under construction that would eventually
discover the nature of objects in our universe could be detected through multiple messen-
gers. Nonetheless, multimessenger science was hardly more than a dream. The rewards
for our foresight were finally realized through IceCube’s discovery of the diffuse astrophys-
ical neutrino flux, the first observation of gravitational waves by LIGO, and the first joint
detections in gravitational waves and photons and in neutrinos and photons. Today we
live in the dawn of the multimessenger era.

The successes of the multimessenger campaigns of the last decade have pushed multi-
messenger science to the forefront of priority science areas in both the particle physics and
the astrophysics communities. Multimessenger science provides new methods of testing
fundamental theories about the nature of matter and energy, particularly in conditions that
are not reproducible on Earth. This white paper will present the science and facilities that
will provide opportunities for the particle physics community renew its commitment and
maintain its leadership in multimessenger science.
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Chapter 1

Introduction

The last decade of physics and astrophysics have brought us to the dawn of an exciting new
era – the emergence of multimessenger science of which we could only previously dream.
Prior to the last decade, multimessenger science scarcely even existed. Only two of the four
messengers, cosmic rays and photons, were being observed, and coordination between
the two was inconceivable. Nonetheless, the promise of new insight into the workings
of our universe inspired us to take the bold step of building facilities to observe the last
two messengers, undeterred by the challenges of their detection. The rewards for our
courage were finally realized over the course of this last decade with IceCube’s discovery
of the diffuse astrophysical neutrino flux [1], the first observation of gravitational waves
by LIGO [2], and the first joint detections in gravitational waves and photons [3] and
in neutrinos and photons [4]. Now multimessenger science is no longer a dream, but a
reality.

The guiding philosophy of multimessenger science is grounded in the recognition of
the particular strengths of each messenger. Gravitational waves are sensitive to sites of
extreme gravity. Cosmic rays encompass the most energetic particles observed, reaching
energies of up to ten million times the energies achieved by the Large Hadron Collider.
Photons are the universal messenger of the transfer of energy between phenomena with
gamma rays signifying particle acceleration to and collisions at high energies. Neutrinos
portend hadrons engaging in these processes.

Multimessenger science fully leverages the unique qualities of each messenger by com-
bining them to provide new methods of testing fundamental theories about the nature of
matter and energy. Photons and gravitational waves together test General Relativity, con-
strain models of quantum gravity, and measure the expansion of the universe. Neutrinos,
gamma rays, and cosmic rays unite to reveal the most powerful accelerators in the uni-
verse. All four messengers work in partnership to search for clues to the nature of dark
matter and relics from early universe processes. All four messengers are connected to the
history of structure formation in the universe, each messenger highlighting a particular
facet of the cultivation of cosmic environments on all scales.

The enormous potential of multimessenger science for fundamental physics is without
question [5] (also cross reference Snowmass WPs discussing multimessenger science). At
the same time, we must acknowledge that the promise of fundamental physics with multi-
messenger is brought about by astrophysics. Multimessenger facilities observe astrophysical
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sources in order to provide crucial fundamental physics measurements; as such, the fun-
damental physics terrain that is unique to multimessenger science is necessarily entwined
with astrophysics. Nonetheless, the astrophysical sources that are the targets of multimes-
senger observations feature the most extreme environments in existence, and thus, they
provide an unparalleled opportunity to study matter in conditions that are not reproducible
on Earth. In this sense and for this reason, astrophysics is fundamental physics.

1.1 Current Landscape of Multimessenger Science

The first multimessenger co-detection was announced on 16 October 2017 – on 17 August
2017, a binary neutron star merger had been detected by the LIGO/Virgo Collaboration
and 1.7 seconds later, from the same area of sky, Fermi-GBM detected a short gamma-ray
burst [6, 7]. This was the first observation that explicitly linked a short gamma-ray burst
to a binary neutron star merger, a concept that had long been theorized [e.g., 8–10] and
had gained traction through Swift observations [11, 12], but hithereto had eluded direct
evidence. The joint detection in gravitational waves and gamma rays spurred the largest
follow-up campaign ever conducted with searches for counterparts across the electromag-
netic spectrum [13] and in neutrinos [14]. The follow-up campaign not only succeeded
in localizing the merger to the host galaxy, NGC4993, it also provide the first unambigu-
ous detection of a kilonova, the broadband signature of r -process nucleosynthesis in the
merger ejecta [e.g., 15–17].

The first extragalactic gamma-ray–neutrino co-detection was announced on 13 July
2018 [18, 19]. The IceCube, Fermi-LAT, MAGIC, AGILE, HAWC, H.E.S.S., INTEGRAL, and
KANATA collaborations jointly announced that the blazar TXS 0506+056 produced neu-
trinos simultaneous with a gamma-ray flare on 22 September 2017. Further examination
of archival data additionally suggests that the same blazar experienced an orphan neu-
trino flare at the end of 2014 [20]. One of the longstanding questions about blazar jets is
whether they include hadronic particles and whether protons can be accelerated to high
energies in that environment. Though tentative, the detection of neutrinos from a blazar
suggests that they can. This finding has major implications for our understanding of par-
ticle energetics near supermassive black holes, as well as the origin(s) of cosmic rays and
astrophysical neutrinos [1].

The successes of these early multimessenger campaigns have pushed multimessenger
science to the forefront of priority science areas in both the particle physics and the astro-
physics communities. By our count, there N Snowmass white papers that address multi-
messenger topics (REFS to Snowmass WPs). Multimessenger science was also a key theme
of the recent Decadal Survey of Astronomy and Astrophysics (Astro2020), which called
for the expansion of facilities operating across the electromagnetic spectrum both on the
ground and in space in order to fully exploit the potential of this area of science [5].
The Astro2020 also highlighted the need for replacing the crucial capabilities currently
being provided by aging facilites, such as the Fermi Gamma-ray Space Telescope and the
Neil Gehrels Swift Observatory) for which no obvious successors have been identified (see
Figure 1.1). It is worth acknowledging the major roles the facilities play in following up
multimessenger events, including the two highlighted here. As such, the lack of obvious
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successors is especially concerning and could leave the fate of multimessenger science in
a precarious place if not addressed over the next decade. Multimessenger science is not
possible without the ongoing support of gamma-ray facilities.

The report of Astro2020 Panel on Particle Astrophysics and Gravitation recognized the
outsize role of wider physics community in bringing about the dawn of the multimessenger
era. Facilities in gravitational waves, neutrinos, gamma rays, and cosmic rays have largely
been developed, funded, and carried out as part of physics programs [5]. This white
paper will present several opportunities for the particle physics community to renew its
commitment to these programs and maintain its leadership in this crucial area of science.

1.2 Multimessenger Science in the Next Two Decades

Over the next two decades, some of the biggest physics questions in astronomy will be
related to cosmology and dark matter. We will make more precise measurements of the
Hubble constant, search for primordial black holes, dark matter and Lorentz invariance
violation (Chapter 2). We will delve into the discrepancies between different observational
methods to reveal new ideas and test established theories. The astrophysical background
is provided in Chapter 3 for objects that theorists predict can be observed with more than
one messenger. Section 4.2 discusses the current facilities that will continue to make these
measurements and the landscape of future facilities that will carry multimessenger science
into its golden age. Chapter 5 describes the collaborative infrastructure through which the
work will be accomplished, and points to key opportunities to support scientific excellence.

The individual instruments involved in multimessenger efforts are some of the most
finely tuned human hands have developed. While redundancies can and should be built
into facilities, agency program managers rarely have that luxury. In multiwavelength as-
tronomy, NASA has a stated priority for completeness in spectral coverage because we
cannot see what we are not looking at. Similarly, the programmatic management of mul-
timessenger science will be key to optimal scientific output over the next several decades.
Gravitational wave, cosmic ray, and neutrino facilities plan generally to increase their spec-
tral coverage over the next two decades, with some currently unfunded future facilities
picking up where current ones sunset. Notably, current MeV and GeV gamma-ray facili-
ties are presently expected to end before 2030 with no long term plan to fill that gap in
coverage that will impact intrinsically MeV and GeV science as well as make it impossible
to collaborate with other wavelengths and messengers, effectively ending multimessenger
science as we currently conceive of it (Figure 1.1).

The loss of instrumental coverage in the MeV-GeV gap has broad implications for the
goals of fundamental physics through the study of astronomical objects. Gamma-rays are
pivotal in the study of every major physics question in the coming decade. The lack of
planned funding for this photon band, in addition to ultra high-energy neutrinos, cosmic-
rays and low frequency gravitational waves, which are probed through pulsar timing ar-
rays, should be truly alarming to those who have borne witness to the magnitude of recent
multimessenger discoveries. The possible connections between fundamental physics ques-
tions, the astronomical objects through which they are studies and observations that probe
them by messenger and energy are shown in Figure 1.2, alongside the potential loss of
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scientific excellence if key instrument classes are not prioritized over the next decade.
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Figure 1.1: Timeline of current and proposed photon, gravitational wave (GW), neutrino,
and cosmic-ray (CR) facilities. Hatched regions indicate energies which proposed experi-
ments would observe that would not be simultaneously observed by any current facilities.
Over time, most messengers plan to increase their spectral coverage. The the photon frame
in blue illustrates continuous multi-wavelength coverage for the next two decades, with
the glaring exception of MeV, GeV, and ultra-high-energy gamma rays. This impending
gamma-ray gap is concerning to the broader multimessenger community.
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Figure 1.2: Top panels: Connections between messengers and fundamental physics topics.
Bottom panels: Connections between messengers and particle astrophysics topics. Left pan-
els: Future multimessenger landscape with current facilities that are planned to continue
operating and future facilities that are already funded. Right panels: Future multimessen-
ger landscape with enhanced capabilities provided by proposed facilities.
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Chapter 2

Searches for Beyond-Standard-Model
and Tests of Fundamental Physics

James P. Kneller

Department of Physics, North Carolina State University, Raleigh NC 27695, USA

The development of new ways to observe the Universe using gravitational waves, neu-
trinos, and cosmic rays, allows us to significantly advance our understanding of some of
the most extreme environments found in the cosmos. Sources that are bright in two or
more of these messengers include supernovae, magnetars, black holes, and active galactic
nuclei (AGN). These sources are environments where our theories are pushed to their lim-
its due to the incredible density, temperatures and magnetic fields found within them, and
where Beyond the Standard Model (BSM) physics can influence the emission. In addition
to being a particle beyond the standard model all by itself, one may also envision the fu-
ture addition of the axion to the list of messenger particles [21]. While the information we
can extract from a signal of any one of the cosmic messengers is valuable, when they are
combined we are able to construct a much more vivid and complete view of each source.
One need look no further than our own Sun to see how multi-messenger astronomy has
changed our understanding of the most prominent object in our sky and revealed BSM
physics. After all, the original goal of the Davis experiment was to determine the central
temperature of the Sun which the models showed to be dependent upon the chemical
composition and the opacity [22], not to learn anything about neutrinos. The discrepancy
between theory and Davis’s experiment immediately led to proposals for non-standard so-
lar models which were filtered through the Scientific Method to eventually arrive at the
present day understanding that neutrinos oscillate.

There are now several other examples of how the complimentarity of multiple astro-
physical messengers reveals more insight than we could obtain from one messenger alone.
The gravitational waves and electromagnetic radiation detected from GW170817 clearly
established the long-suspected, but previously unproven, conjecture that short duration
gamma ray bursts were the merger of neutron stars. The difference of the arrival times
of the gravitational waves and the gamma ray flash permit a test of the Equivalence Prin-
ciple [23]. Similarly, the neutrinos from SN 1987A by themselves confirmed the basic
paradigm of core-collapse supernovae and the time difference between the arrival of the

8



neutrinos and electromagnetic radiation allows us to place upper limits on the neutrinos
mass [24]. Finally, the detection of neutrinos from the blazar TXS 0506+056 in coinci-
dence with a flair seen in gamma rays provides information about the baryon content of the
relativistic material in the jet—which photons by themselves cannot constrain—upending
the long-held belief that electrons were the dominant source of the gamma rays [25].

These examples of the added value from multiple astrophysical messengers are a mouth-
watering hors d’oeuvre of the future astronomical observations and the search for BSM
physics within the most extreme environments nature can concoct. In the sections which
follow we describe several new fields where the complementarity of the information that
only multi-messenger astronomy can provide will furnish new probes of BSM physics,
namely measurments of the Hubble constant (Section 2.1), primordial black holes (Sec-
tion 2.2), dark matter (Section 2.3), and Lorentz invariance violation (Section 2.4).

2.1 Hubble Constant Measurements

Michael W. Coughlin1 , Sarah Antier2 , Mattia Bulla3 , Tim Dietrich4,5

1 School of Physics and Astronomy, University of Minnesota, Minneapolis, MN, 55455, USA
2 ARTEMIS UMR 7250 UCA CNRS OCA, Boulevard de l’Observatoire, CS 34229, 06304 Nice
CEDEX 04, France

3 The Oskar Klein Centre, Department of Astronomy, Stockholm University, AlbaNova, SE-106
91 Stockholm, Sweden

4 Institute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Str. 24/25, 14476,
Potsdam, Germany

5 Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am M ühlenberg 1,
D-14476 Potsdam, Germany

It has been known for many decades that the multi-messenger analysis of compact
binary systems provides an additional pathway to measuring H0 [26] beyond cosmic mi-
crowave background [27] and type Ia supernovae [28] measurements. Using gravitational
waves emitted from compact binary mergers, to measure the expansion rate of the universe
is particularly appealing since, unlike the other analyses, this measurement does not rely
on a cosmic distance ladder or assumes any cosmological model as a prior; except for as-
suming that general relativity is correct. The combination of the distance measurement
via gravitational waves and the redshift from the electromagnetic counterpart makes tight
constraints on H0 possible.

This approach was vitalized by GW170817 and its electromagnetic counterpart AT2017gfo,
with an H0 measurement provided by many teams with various levels of assumptions. In
the following, we include the variety of “flavors” possible with kilonova-based H0 mea-
surements.

Gravitational waves as standard sirens One direct measurement with the fewest mod-
eling assumptions entails the use of gravitational waves to measure the distance and the
host galaxy of the electromagnetic counterpart to measure the redshift. GW170817 led to
a H0 measurement of H0 = 70 +12

−8 km/s/Mpc in the case of GW170817 [29]. This mea-
surement is predominantly limited by the uncertainty on the distance measurement due
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to a large degeneracy between the luminosity distance and inclination angle of the gravi-
tational waves signal. Based on this, it has been estimated that ∼ 50–100 GW events with
identified optical counterparts would be required to have a H0 precision measurement of
∼ 2% [30].

Constraining the inclination angle using an associated gamma-ray burst In addition
to the observation of AT2017gfo, GW170817 was associated with sGRB170817A, which
proved that at least some of the observed sGRBs originate from the merger of compact bi-
naries (Section 3.4.1). In fact, GRBs are known to be produced by internal shocks during
the propagation of a highly relativistic jet powered by a compact central engine, which
emits gamma rays and hard X-rays [31, 32]. The GRB is then followed by an afterglow
visible in X-rays, optical, and radio for hours to months after the initial prompt gamma-ray
emission created by the interaction of the jet with the external medium [33]. The obser-
vation and modelling of the GRB afterglow provide constraints on the inclination angle
of the system and help to break the distance-inclination degeneracy of the gravitational-
wave signal. This technique has been applied to the sGRB170817A afterglow and obtained
H0 = 75.5+14.0

−7.3 [34].

Constraining the inclination angle using the superluminal motion The resulting H0
measurements can be further improved with, for example, high angular resolution imaging
of the radio counterpart. The measurements of the observing angle depend on the fact that
both, the measured superluminal motion and the observed light curve depend on the jet
opening angle as well as the angle between the observer and the jet. Hence, measurements
of the superluminal motion of gravitational-wave counterparts are a potential channel for
improving the inclination angle constraints [35]. This technique has been applied for
GW170817 and obtained H0 = 68.9+4.7

−4.6 km/s/Mpc [36].

Constraining the inclination angle using the kilonova Kilonovae, which are the byprod-
uct of r-process nucleosynthesis in binary neutron star mergers (Section 3.4.1), produce
light curves which depend on the viewing angle, which implies the possibility to constrain
the inclination further. Significant theoretical modeling prior to and after GW170817
has made it possible to study AT2017gfo in great detail, including measurements of the
masses, velocities, and compositions of the different ejecta types. These measurements
rely on models employing both simplified semi-analytical descriptions of the observa-
tional signatures (e.g., [37]) and modeling using full-radiative transfer simulations (e.g.,
[38, 39]). This technique has been applied for GW170817 using full-radiative transfer
simulations [40] and obtained H0 = 72.4+7.9

−7.3 km/s/Mpc [36].

Using kilonovae as standardizable candles Given that the underlying physical pro-
cesses triggering the kilonova are universal, it is possible to make an H0 measurement
using only kilonovae [41]. This approach uses techniques borrowed from the type-Ia
supernova community to measure distance moduli based on kilonova light curves using
known dependencies of the modeled light curves on the ejecta mass, ejecta velocity, and
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lanthanide fraction. With this technique, models for the intrinsic luminosity of kilono-
vae based on observables, such that the light curves become “standardizable”, such as
standard candles. This technique was used to constrain H0 = 85 +22

−17 km s−1 Mpc−1 and
H0 = 79+23

−15 km s−1 Mpc−1 employing two different kilonova models [41].

Joint multi-messenger analyses The statistical framework for performing joint standard
candle-standard siren measurements using gravitational waves, electromagnetic follow-
up data, and simulations of electromagnetic counterparts is summarized in Reference
42. Bayesian analyses joining the above measurements of GW170817, AT2017gfo, and
GRB170817A improve on what is possible analyzing the objects independently. Using this
technique, a Hubble constant measurement of 66.2+4.4

−4.2 km Mpc−1 s−1 is reported at 1σ un-
certainty [43].

2.2 Primordial Black Holes

Kristi Engel1,2 , J. Patrick Harding2,3 , Alison Peisker3

1 University of Maryland, College Park, College Park, MD 20742, USA
2 Physics Division, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA
3 Michigan State University, East Lansing, MI, 48824, USA

While there are no known processes in the current Universe that can create black holes
with masses less than ∼ 1 M Sun, the chaotic conditions in the early Universe were con-
ducive to the formation of black holes with masses ranging from the Planck mass to su-
permassive black holes [44]. These windows into the first moments of our Universe’s
environment are called Primordial Black Holes (PBHs). PBH production in the early Uni-
verse would have broad observable consequences spanning the largest distance scales—
including influencing the development of large-scale structure in the Universe and the
primordial power spectrum [45–47]—to the smallest scales— e.g., enhancing local dark-
matter clustering [48]. The detection of PBHs would drastically constrain our understand-
ing of the physics of the early universe. Even just this monumental reward motivates the
search for signs of PBHs across the multimessenger landscape, such as gravitational wave
detection and gamma-ray and neutrino signatures of PBH evaporation. In the present Uni-
verse, PBHs in certain mass ranges may also constitute a non-negligible fraction of dark
matter [44, 49]. Since the existence of stellar-mass black holes was recently confirmed
during the first observational run of Advanced LIGO [50], there has been a resurgence in
support for a PBH component of the total dark matter energy density (e.g., Refs. 46, 51–
53; see Figure 2.1).

Detection of Evaporation Particle Signatures from PBHs: The prediction that a black
hole will thermally radiate (evaporate) with a blackbody temperature inversely propor-
tional to its mass was first calculated by Hawking by using a convolution of quantum
field theory, General Relativity, and thermodynamics [54]. The emitted radiation con-
sists of all fundamental particles with masses less than ∼ TBH [55]. For black holes in
the stellar mass range and above, Hawking radiation is nearly negligible. However, for
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Figure 2.1: Proposed dark matter fraction with respect to Primordial Black Holes. The
potential fraction of dark matter PBHs might consitute, f PBH , is shown relative to PBH
mass, MPBH . Some of the strongest constraints can be placed using evaporation signals
from PBHs. Plot is Figure 5 from Ref. 51.

lower-mass PBHs, this process dominates their evolution over time [56]. PBHs with ini-
tial masses of ∼ 1014–1015 g should be expiring today producing short bursts lasting a
few seconds of high-energy radiation in the GeV–TeV energy range [57, 58], making their
final moments an ideal phenomenon to observe with current space-based gamma-ray tele-
scopes (e.g., Fermi-LAT [59, 60]; Section 4.2.5), next-generation space-based gamma-ray
telescopes (e.g., AMEGO [61]; Section 4.2.6), current neutrino observatories (e.g., Ice-
Cube [62]), current ground-based gamma-ray telescopes (e.g., HAWC [63], H.E.S.S. [64],
and VERITAS [65]; Section 4.2.7), and future ground-based gamma-ray telescopes (e.g.,
SWGO [66], CTA [67]; Section 4.2.8). While this mass regime is not currently a candidate
for PBHs as dark matter (as shown by Figure 2.1), confirmation of a PBH signal from any
size would lend significant credence to that dark-matter model.

Detection of Gravitational Wave Signatures from PBHs: Gravitational wave (GW) sig-
nals offer another, incredibly promising tool in the search for PBHs. Should a GW signal (be
it from a merger or from a stochastic GW background) be detected where standard black
hole formation channels are not present would be unambiguous support for the existence
of PBHs. However, any GW merger event could involve a PBH as one of the progenitors
(e.g., Refs. 68, 69), thus requiring a statistical study of the black hole merger population
to distinguish between standard, astrophysical black holes and PBHs. Thankfully, this kind
of analysis would be low-cost, as the raw data needed to perform such a study is already
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being gathered by current ground-based GW interferometers (e.g., LIGO [70], Virgo [71],
KAGRA [72]; Section 4.2.2) and will likewise be as easily undertaken by third-generation
ground-based GW interferometers (e.g., Advanced LIGO, Advanced Virgo; Section 4.2.3)
and planned space-based GW detectors (e.g., LISA [73]; Section 4.2.4). The dedicated
analysis requirements would only be to turn the data into population constraints.

2.3 Dark Matter Detection

Tracy R. Slatyer

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA, USA

The nature of dark matter is one of the great fundamental puzzles of particle physics
and cosmology. If dark matter is some new particle (or an ensemble of new particles),
its annihilations and decays could produce visible particles over a wide range of energy
scales, which subsequently decay producing a range of visible secondary particles. There
are long-standing searches for such signals in photons, cosmic rays, and neutrinos, and
future experiments offer the prospect of significantly improved sensitivity. The Snowmass
2021 white paper on “The Landscape of Cosmic-ray and High-energy Photon Probes of
Particle Dark Matter” [74] discusses the landscape of funded and proposed future probes
of gamma-ray and cosmic-ray signals from dark matter, whereas the Snowmass 2021 white
paper on “Cosmogenic Dark Matter and Exotic Particle Searches” [75] discusses neutrino-
based indirect searches. Searches in these different channels are highly complementary,
as we do not know which (if any) Standard Model particles would be produced by dark
matter decay or annihilation. For example, production of quarks and gluons leads to
hadronization with subsequent copious production of gamma rays, neutrinos, and (for
sufficiently high masses) antiprotons and antinuclei. Production of electrons or muons
leads to strong signals in searches for cosmic-ray positrons. Dark matter decaying or an-
nihilating predominantly into neutrinos can be well-constrained by high-energy neutrino
telescopes, and at high dark matter masses, also by photon and cosmic-ray searches sen-
sitive to radiation of weak gauge bosons from the neutrinos. Combining constraints from
all these channels allows us to avoid blind spots in sensitivity, and probe the lifetime or
annihilation rate of dark matter in a way that is applicable to the broadest possible range
of scenarios.

Sufficiently heavy dark matter could generically produce signals spanning these chan-
nels if it decays or annihilates; the Snowmass 2021 white paper on “Snowmass2021 Cos-
mic Frontier: Ultra-heavy Particle Dark Matter” [76] discusses a broad range of searches
for such ultra-heavy dark matter, across a range of messengers and energies. Models of
ultra-heavy dark matter may also feature modifications to the early-universe cosmology
that simultaneously ensure the correct dark matter abundance and yield interesting gravi-
tational wave signals.

More generally, the presence of dark matter or dark sectors could have striking effects
on gravitational wave signatures from black holes and other compact objects, as discussed
in the Snowmass white paper on “Dark Matter In Extreme Astrophysical Environments”
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[77]. If dark matter itself consists of primordial black holes, as explored in the Snow-
mass white paper on “Primordial Black Hole Dark Matter” [78], gravitational waves from
mergers may provide a smoking-gun signal for such a population, while electromagnetic
signatures could reveal the Hawking radiation of asteroid-mass black holes.

Searches for dark matter often rely critically on an understanding of astrophysical back-
grounds (Section 3.6) or systems; poorly understood systematic errors associated with
multimessenger astrophysics can be the major limiting factor for sensitivity to dark mat-
ter signals. The Snowmass white paper on “Synergies Between Dark Matter Searches and
Multiwavelength/Multimessenger Astrophysics” [79] describes a range of areas where im-
provements in our understanding of the relevant astrophysics may yield significant divi-
dends in sensitivity to dark matter. Examples include the characterization of astrophysical
neutrino fluxes as a background for direct-detection experiments, and the use of cosmic-ray
measurements to inform background modeling for dark matter searches in both gamma
rays and cosmic rays.

Especially in the event of a possible detection of dark matter in an astrophysical data
set, searches for multimessenger counterpart signals will be crucial in determining whether
the apparent detection is truly associated with dark matter, and if so, the properties of
the dark matter. The Snowmass 2021 white paper on “Puzzling Excesses in Dark Mat-
ter Searches and How to Resolve Them” [80] discusses several current examples of such
possible signals, which have been observed in dark matter searches but are not yet fully un-
derstood (and may reflect poorly-understood backgrounds rather than true signals). Multi-
messenger observations and combined analyses can play an important role in conclusively
resolving these puzzles, both by improving our understanding of relevant backgrounds and
by identifying (or excluding) predicted counterpart signals. As one example, if the Galactic
Center excess (Section 3.6.2) detected in GeV-scale gamma rays (Section 4.2.5) originates
from dark matter annihilation, counterpart signals would be expected in cosmic-ray an-
tiprotons, antideuterons, and/or positrons; on the other hand, if it has a non-dark-matter
origin in a new population of pulsars (Section 3.5.4), that origin could be confirmed by
photon searches at radio, X-ray and gamma-ray frequencies and (in the future) observa-
tions of the Galactic stochastic gravitational wave background (Section 3.6.4).
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2.4 Lorentz Invariance Violation

Kristi Engel1,2 , J. Patrick Harding2,3 , Humberto Mart́ınez-Huerta4
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Precise measurements of very-high-energy photons can be used to test the Lorentz
symmetry [81–84]. From the point of view of quantum field theory, the Lorentz invariance
is one of the main symmetries that govern the Standard Model of elementary particles—
the idea that the laws of physics are the same for all observers. However, proposed grand
unified theories combing the fundamental sources so far suggest that our understanding
of space-time is incomplete and that fundamental modifications to the Lorentz symmetry
must be made to account for quantum effects [85]. Therefore, some Lorentz Invariance
Violation (LIV) at a high enough energy scale is both motivated and expected as a possible
consequence of theories beyond the Standard Model, such as quantum gravity or string
theory [86–95].

One consequence of LIV is that photons of sufficient energy are unstable and decay over
short timescales [83]. This means that high-energy photons from astrophysical objects
cannot travel far from their source, with the photons decaying well before they can arrive
at Earth. In the photon sector, LIV is usually parameterized as an isotropic correction to
the photon dispersion relation:

E 2
γ − p2

γ = ±
E n+2

γ

(E (n)
LIV )n

, (2.1)

where Eγ , pγ are the photon energy and momentum, respectively, and E (n)
LIV is the LIV

energy scale at leading order n, which can be related with the coefficients of the underlying
theory or with the Plank or the Quantum Gravity energy scales [85].

Above a certain photon energy threshold, the superluminal effects in Eq. (2.1) allow
the photon decay, γ → e − e+ . This process can be so efficient that no photons above the
threshold should reach the Earth from astrophysical distances. Hence, a direct limit to
E (n)

LIV can be established by the observation of high-energy photons with energy Eγ , given
by,

E (n)
LIV > E γ

E 2
γ − 4m2

e−

4m2
e−

1/n

. (2.2)

Constraints to the LIV energy scale have been established by looking at the highest-energy
photons from the Crab nebula, eHWC J1825-134, and LHAASO J2032+4102 [81, 82].
However, higher limits are expected from continued observations of even more high-
energy sources, such as RXJ1713.7-3946, with upcoming observatories including the Cherenkov
Telescope Array (CTA [67]) and the Southern Wide-field Gamma-ray Observatory (SWGO 96–
98; see Section 4.2.8.1).

The higher the energy of a detected gamma ray and the narrower its energy uncertainty,
the more stringent the constraints on E (n)

LIV would be. Thus, instruments optimized at the
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highest energies, such as SWGO, LHAASO [99], and CTA would be optimal instruments to
search for LIV signatures.

Figure 2.2: The strongest ELIV limits from LIV searches with energy-dependent time delays
(∆ t), photon splitting into 3 photons ( 3γ), and photon decay (PD) into electron-positron
pairs (from bottom to top, see Refs. 81–84). Results are shown both for leading CPT-
violating (n = 1) and CPT-conserving (n = 2) LIV terms. The leading limits from LHAASO
are based on constraining photons above 1 PeV in a Galactic source. If a future observatory
were able to improve the photon constraints from such sources to energies > 5 PeV, these
limits would be further improved by orders of magnitude (shown in light teal at the top).
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Chapter 3

Multimessenger Synergies in Particle
Astrophysics

Natural particle accelerators invite us to hone our theories and discover new physics if
only we commit to recording them. Gamma-rays bring us information from the reaches
of extragalactic space with minimal interaction or loss of information. Together with neu-
trinos and gravitational waves they send signatures of specific types and rates of particle
acceleration in active galactic nuclei, compact binaries, stellar dances, deaths, and diffuse
backgrounds. Multimessenger astrophysics is at the core of the most fundamental physical
questions of our time, in laboratories already set up (but irreproducible on Earth). The rea-
son to prefer a laboratory setting is to control the environment. In astrophysics, we are not
the creators, only the observers, and as such, it is our task to understand the experimental
setup in order to extract the science. This chapter focuses on the astrophysical objects that
form the experimental setup for fundamental physics with cosmic multimessenger sources.

3.1 Active Galactic Nuclei

Active galaxies contain an actively accreting supermassive black hole. This active galac-
tic nucleus (AGN) is by definition at least 100 times brighter than all of the starlight in
that galaxy combined. AGN are the most numerous extragalactic source in X-rays and
gamma-rays and the energy transfer from their rotational momentum to their environ-
ment is significant in the energy budget of the universe. AGN, both jetted and unjetted
seem likely sources of astrophysical neutrinos, suggesting that important discoveries in
particle astrophysics may be made in winds or coronae in addition to the jet environment.

Astronomers and physicists have spent decades understanding the nature of the host
galaxies and the extreme environment at the core of AGN, but questions remain about how
they accelerate particles, especially in the case of blazars, which are the most powerful sus-
tained source in the universe. These are the largest particle accelerators, operating at the
highest energies, but to understand their messages about fundamental physics, we first
need to understand their “experimental setup” which means gaining an understanding of
their composition, mechanics, and components. For example, the multimessenger blazar
TXS 0506+056 has a jet probably composed of electrons and protons, which are acceler-
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ated at different rates due to their mass discrepancy. Understanding the particles and how
they accelerate is important to understanding how the neutrinos are produced, which is a
fundamentally multimessenger question with broad implications for fundamental particle
physics.

3.1.1 Particle Acceleration in Jetted Active Galactic Nuclei

Haocheng Zhang1,2

1 NASA Postdoctoral Program Fellow
2 NASA Goddard Space Flight Center
Greenbelt, MD 20771, USA

Relativistic jets from active galactic nuclei (AGN) are among the most powerful cosmic
particle accelerators. They are collimated plasma outflows powered by strong accretion
onto the supermassive black hole at the center of the AGN [100–103]. These jets exhibit
highly variable emission across the entire electromagnetic spectrum, from radio up to TeV
γ-rays. Their emission is nonthermal-dominated, with variability time scales as short as a
few minutes [104–106], indicating extreme particle acceleration in very localized regions.
Blazars, which are relativistic jets pointing very close to our line of sight, are the most
numerous extragalactic gamma-ray sources [107]. Recently, the detection of a very high
energy neutrino event by IceCube in coincidence with the blazar TXS 0506+056 gamma-
ray flare by Fermi strongly suggests that AGN jets can be sources of extragalactic cosmic
rays and neutrinos [4]. This discovery puts AGN jets at the center of the multi-messenger
astronomy, which will be one of the most important and fruitful research field in the next
decade. AGN jets thus can be ideal cosmic laboratories for particle acceleration and inter-
actions under extreme physical conditions.

It is generally believed that AGN jets are launched as magnetically dominated plasma
outflows at the central engine. However, the particle acceleration mechanism that leads
to the variable multi-wavelength emission remains not well understood. Shocks in rela-
tivistic jets can efficiently accelerate particles via the diffusive shock acceleration (DSA)
mechanism if the emission region is kinetically dominated [108–111]. This scenario can
generally explain the observed multi-wavelength spectra and variability [112–117], but it
requires that the jet quickly dissipates its initial magnetic energy for bulk acceleration of
the jet, in which lacks solid theoretical and observational evidence so far. If the jet remains
highly magnetized in the multi-wavelength emission region, then magnetic instabilities,
in particular, magnetic reconnection can be the primary driver for particle acceleration.
This plasma physical process can dissipate the magnetic energy between two oppositely
directed magnetic field lines that come too close to each other. Such conditions are likely
present in kink-unstable jets or striped jets [118–120]. Recent particle-in-cell simulations
with both pair and proton-electron plasma reveal efficient acceleration of electrons and
protons into power-law distributions, consistent with observations [121–132]. Addition-
ally, turbulence can widely exist in magnetized jets. Recent numerical studies have shown
acceleration of nonthermal particles via magnetic reconnection or stochastic scattering due
to fluctuations in magnetic fields [133–136]. Turbulence can also explain typical observa-
tions [135, 137–139]. While the three mechanisms are associated with distinct physical
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conditions and evolution of the jet, so far they cannot be distinguished by observations.
The key issue here is that existing theoretical studies often can only interpret a few events
or some aspects of observational data. On the other hand, multi-wavelength monitoring
data are not always simultaneous and lack MeV gamma-ray coverage. Key advances in both
observations and theories are therefore necessary in the next decade. The Cherenkov Tele-
scope Array (CTA [140]; Section 4.2.9) will be an essential component to observe emission
in the TeV gamma-ray energies, which result from the most energetic particles in AGN jets.
MeV gamma-ray telescopes like All-sky Medium Energy Gamma-ray Observatory (AMEGO
[141]; Section 4.2.6) will cover the long-standing gap in the MeV gamma-ray band. Theo-
retically, although recent combined PIC and radiation transfer simulations can study AGN
jet emission under first principles, they are on much smaller physical scales than the realis-
tic jet emission region. On the other hand, magnetohydrodynamic (MHD) simulations lose
fundamental particle acceleration and feedback processes. Hybrid simulations with both
MHD and PIC are necessary to understand the complex and mutually connected plasma
dynamics and particle acceleration in jets. Combined with radiation transfer simulations
and detailed analyses of statistical patterns in multi-wavelength radiation and polariza-
tion signatures, we can arrive to a consistent physical description. Such simulations will
be computationally expensive, thus further supports in high-performance CPU and GPU
clusters are required.

The broadband AGN spectrum generally shows a two-hump shape. The first hump
from radio to optical, in some cases up to soft X-ray band, is due to synchrotron by ultra-
relativistic electrons in a partially ordered magnetic field. This is evident by the observed
radio to optical polarization signatures [142–145]. In some sources with a bright accretion
disk, a thermal component can show up in the optical to ultraviolet bands, often referred
to as the big blue bump. The origin of the second hump from X-ray to gamma-ray band
is still under debate. The leptonic model suggests that this high-energy hump results from
inverse Compton scattering by the same electrons that produce the first hump [115, 146–
149]. The hadronic model, however, proposes that if protons can be accelerated to very
high energies, they can dominate the high-energy hump via hadronic interactions or pro-
ton synchrotron [150–154]. In this scenario, the total jet power is typically much higher
than the leptonic model, often involving stronger magnetic field and particle accelera-
tion. Additionally, the hadronic model naturally predicts the acceleration of cosmic rays
and production of neutrinos. Nonetheless, current theories typically model the broadband
spectrum with one-zone stationary models which have serious degeneracy in parameters
and cannot distinguish the leptonic and hadronic models [155, 156]. Time-dependent
simulations including all relevant physical processes are necessary to distinguish the two
models. Three aspects in observation are essential to further our knowledge in the next
decade. First, high-energy neutrinos associated to jet flaring activities are the smoking-gun
of hadronic interactions in jets. So far there was only one such event detected by IceCube
and Fermi [4], in which models suggest that the MeV gamma-ray band is the key to under-
stand the neutrino production in jets. Support for the upgrade of IceCube ( IceCube-Gen2
[157]) will significantly increase the detection rates of such events. Support for all-sky
MeV gamma-ray monitoring telescopes with large effective area and time resolution, such
as AMEGO, is crucial for advancing our knowledge on cosmic rays and neutrinos from jets.
Second, X-ray and MeV gamma-ray polarization is the other smoking-gun of cosmic rays
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and neutrinos in jets [158–160]. The synchrotron emission by protons and/or hadronic
cascading pairs can be as highly polarized as the low-energy hump, which can be detected
by future high-energy polarimeters such as IXPE [161], AMEGO, and AdEPT [162]. In par-
ticular, high MeV polarization is a unique signature that the proton synchrotron dominates
the high-energy hump, which can probe the acceleration of ultra-high-energy cosmic rays
(UHECRs). Finally, hadronic cascades can produce an additional component in the TeV
gamma-rays, which can be highly variable as well. Support for CTA will be essential to di-
agnose this component. Theoretically, time-dependent radiation transfer simulations that
include multi-wavelength polarization and neutrinos are critical to understand the particle
acceleration and high-energy radiation mechanisms. These simulations should be based on
self-consistent physical description of particle acceleration and magnetic field evolution.

3.1.2 Plasma Phenomenology in Jetted Active Galaxies

Athina Meli1,2
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Plasma is one of the four fundamental states of matter while omnipresent throughout
the Cosmos. Astrophysical plasmas in the form of relativistic jets are observed in many
astrophysical energetic sources, e.g. pulsars, Gamma-ray Bursts (GRB) and Active Galactic
Nuclei (AGN) [e.g. 163–165]. Our understanding of the formation of jets, their interaction
with the interstellar and intergalactic medium, and the consequent observable properties
such as polarization and spectra from these astrophysical events still remain limited [166].

Jet outflows are commonly thought to be dynamically hot (relativistic) magnetized
plasma flows that are launched, accelerated, and collimated in regions where the Poynting
flux dominates over the particle (matter) flux [e.g., 167–169]. This scenario involves a he-
lical, large-scale magnetic field structure in some AGN jets providing a unique signature in
the form of observed asymmetries across the jet width, particularly in the polarization [e.g.
168, 170, 171]. Large-scale, ordered magnetic fields have been invoked to explain the
launching, acceleration, and collimation of relativistic jets from the central nuclear region
of an active galaxy [e.g., 172] or collapsing and merging stars (neutron star and black
hole) [e.g. 173].

Despite extensive observational and theoretical investigations, including simulation
studies, our understanding of the jet formations, interaction and evolution in an ambi-
ent plasma, and consequently their observable properties, such as the time-dependent flux
and polarity [e.g., 174]), remain quite limited. Also, the magnetic field structure and
particle composition of the jets are still not well constrained observationally.

From observations we know that the morphology of relativistic AGN jets is very large
and the macroscopic views of jets are described very well by reduced magnetohydrody-
namics (RMHD) simulations [e.g., 175]). However, the magnetohydrodynamics (MHD)
approach is not able to include the dynamics of particles, thus their acceleration in jets
cannot be investigated. The approach of Particle-in-Cell simulations in this point play an
important role studying the cosmic-ray acceleration and the radiation from accelerated
particles from AGN jets.
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The associated accretion disk and X-ray emissions observed from a plethora of high
energy sources, suggest that there might be combinations of different associated mecha-
nisms. The transfer of the enormous amount of energy transferred from a generating black
hole (i.e. core of an AGN) to a jetted plasma can be explained via two early theories: (i)
The Blandford-Znajek process [167], which describes how the energy from magnetic fields
in relativistic jets is extracted from around an AGN accretion disk by the magnetic fields’
dragging and twisting as black hole spins, which as a consequence launches relativistic
material by the tightening of the magnetic field lines; and (ii) Punsly and Coroniti [176]
argued that the steady-state solutions of Blandford and Znajek, where the inertia of plasma
particles was completely ignored while their electric charges remained accounted as if in
a perfectly conducting medium, were lacking causal connectivity and therefore could not
hold in a time-dependent framework. Therefore, as a counter theory, the work of Ref. 176
proposed an alternative where the inertia of plasma particles were paramount, which was
resembling the theory of the so called “Penrose-mechanism” [177], and where the energy
is extracted from a rotating black hole by frame dragging.

Most of the AGN jets are collimated and most of them extend between several thou-
sands up to millions of parsecs, [e.g., 165]. Observations show that jets are symbiotic to
the activity of central compact objects in AGN [e.g., 178], as well as GRBs [e.g., 179] and
pulsars [e.g., 163]. The circular polarization (CP; measured as Stokes parameter V) in
the radio continuum emission from AGN jets provides a powerful diagnostic for deducing
magnetic structure and the jet’s particle composition because, unlike linear polarization
(LP), CP is expected to remain almost completely unmodified by external screens [e.g.,
174, 180].

Among the highly energetic jetted sources, two of them—the GRBs and blazars (the
latter being a class of AGN with a relativistic jet directed nearly towards an observer)—
produce the brightest electromagnetic phenomena. Relativistic jets exhibit a wide range of
plasma phenomena, such as generation or decay of magnetic fields, turbulence, magnetic
reconnection and propagation in the interstellar or intergalactic medium. In the dynamic
environment of jetted sources, it is theorized that particle acceleration occurs via differ-
ent mechanisms which may be able to achieve the highest level of energies resulting in
the observed cosmic-ray spectrum. Especially favourable nowadays is the the magnetic
reconnection which takes place in a short time, accelerating rapidly cosmic-rays.

It is important to note that AGN jets interact with the plasma environment of this
source, while plasma instabilities and shocks occur along the jet’s axis which are responsi-
ble for the acceleration of cosmic rays. In these jets MHD instabilities, the kinetic Kelvin-
Helmhotz (kKHI) and the kink instability (KI) can additionally operate [181–183] con-
tributing to the injection of pre-accelerated cosmic rays. Extensive computational sim-
ulations have shown that in magnetized or even unmagnetized jets, plasma instabilities
occur [184] such as the known Weibel instability (WI) which mediates relativistic shocks,
and which occasionally results in the acceleration of cosmic rays via diffusive and stochas-
tic acceleration mechanisms.

Recent Particle-in-Cell simulations explore the WI, kKHI and MI in slab models of jets
and simulation studies focus on the evolution of more realistic jet schemes, like the cylin-
drical jets in helical magnetic-field geometries [184–189]. Note that except Fermi (diffu-
sive) acceleration, events of magnetic reconnection in AGN jets seems to be a viable cause
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of cosmic-ray acceleration especially in flaring events [e.g., 189–203].

3.1.3 Unjetted Active Galactic Nuclei

Yoshiyuki Inoue1,2,3
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Because of its tremendous power, relativistic jets of AGNs are one of the most plau-
sible sites in the Universe to generate intense multi-messenger signals, as described in
the previous section. Here, however, ∼ 90 % of AGNs are classified as radio-quiet AGNs
[204] which do not possess strong jet activity. Even without strong jets, the deep grav-
itational potential of the central SMBHs in AGNs can still anchor many other plausible
multi-messenger signals production sites such as corona, disk wind, and hot accretion
flow. The recent rapid evolution of multi-messenger observational networks has already
seen the tip of this iceberg. One example is the detection of a hint of neutrino signals
from NGC 1068, a well-known nearby type-2 Seyfert galaxy [205], which are proposed
as the coronal origin [206–208]. This subsection outlines our current understandings of
expected multi-messenger signals from unjetted AGNs.

Back in the 1980s, to explain X-ray spectra of unjetted AGNs, non-thermal activity at
the center of AGNs had been extensively discussed, such as pair cascade models [e.g.,
209, 210]. These investigations tossed a coin to unjetted AGNs as cosmic-ray facto-
ries [211–214]. However, in the 1990s, the detection of the X-ray spectral cutoffs [e.g.,
215, 216] and non-detection of unjetted AGNs in the gamma-ray band [e.g., 217] ruled
out the pair cascade scenario as a dominant source for X-ray emission. Currently, it is
widely believed that Comptonization at a moderately optically-thick hot plasma above an
accretion disk, namely corona, predominantly generates the observed X-rays [218–223].
Although non-thermal activity in unjetted AGNs is revealed to be minor, neutrino signals
from the central AGN regions have been theoretically investigated under the constraints
of thermal X-ray observations [207, 208, 224–227]. Here, recent millimeter ALMA obser-
vations of nearby Seyferts detected non-thermal coronal synchrotron emission [206, 228].
These observations not only suggest that AGN coronae possess non-thermal activity but
also enable us to determine the size and the magnetic field of AGN coronae [229]. By com-
bining recent non-thermal millimeter and thermal X-ray observations, multi-messenger
signals from AGN coronae have been revisited [230, 231]. These models can reproduce
the hint of neutrino signals from NGC 1068 [206]. However, several other models are
also proposed concurrently, such as the interaction of broad-line-region clouds with ac-
cretion disk [232] and galactic cosmic-ray halo [233]. As the hint of signals has already
been reported [205], future dense and deep multi-messenger observations will be able to
elucidate the nature of multi-messenger activity of AGN coronae.

About a half of nearby unjetted AGNs have a disk outflow with a velocity of ∼ 0.1c ,
so-called ultra-fast outflows (UFOs) [234]. Although the launching mechanism of UFOs is
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still under debate [235–239], strong shock occurs during the interaction of such fast and
powerful winds with the interstellar medium of their host galaxies [240]. This shock would
accelerate high-energy cosmic rays and produce significant multi-messenger signals [241–
243]. Multi-messenger signals are also expected from AGNs in low accretion rate regime,
the hot accretion flow, where accretion disk becomes hot and optically thin accretion flow
on the contrary to the standard accretion disk where the disk is cool and optically think at
relatively high accretion rate [244–248]. Efficient particle acceleration can be operated in
this hot accretion flow plasma and could result in significant multi-messenger signals [see,
e.g., 249]. However, gamma-ray or neutrino signals are not firmly established yet in either
wind or low-luminosity AGNs. The next generation multi-messenger observatories would
see these classes of objects.

3.2 Tidal Disruption Events

Robert Stein

California Institute of Technology, Pasadena, CA 91125, USA

Tidal Disruption Events (TDEs) occur when stars pass sufficiently close to an super-
massive black hole (SMBH), where the tidal force exerted by the SMBH causes the star
to disintegrate. The stellar debris is ultimately accreted onto the SMBH, and generates
an accompanying electromagnetic flare. TDEs were first proposed to exist in 1988 [250],
but in the subsequent two decades only eight candidates were found [251]. Fortunately,
systematic searches for TDEs have been steadily increased the underlying TDE detection
efficiency in recent years [e.g., 252], with a new TDE now discovered every 3-4 weeks.
We are now firmly in the era of TDE population science, for example with the tentative
emergence of spectral subclasses [252], and this provides us with the opportunity to study
TDE multi-messenger properties.

TDEs have long been suggested as possible sources of cosmic rays and high-energy
neutrinos [253], with possible emission zones including relativistic jets, winds or out-
flows, accretion discs or disc coronae [see 254, for a recent review]. These models can be
tested with electromagnetic follow-up observations of high-energy ( > 100 TeV) neutrinos
detected by IceCube (Section 4.2.12). An optical follow-up program with the Zwicky Tran-
sient Facility (ZTF; see also Section 4.2.13) identified the TDE AT20129dsg as the likely
source of neutrino IC191001A [255], and candidate TDE AT2019fdr as the likely source
of neutrino IC200530A [256]. This represents the first direct evidence of multi-messenger
TDE emission, and accompanying modelling confirmed that conditions in these sources
were consistent with requirements for the detection of a high-energy neutrinos [256–259].
An archival search has since identified AT2019aalc as a third candidate neutrino-TDE, with
a combined statistical significance of 3.7σ [260]. A complimentary probe of TDE emission,
searching for archival cross-correlation with neutrinos at ∼ 10 TeV energies, constrained
the overall contribution of the TDE population to no more than 39% of the astrophysical
neutrino flux under the assumption of an unbroken E−2.5 power law [261]. Taken together,
these results suggests that TDEs contribute a subdominant component of the astrophysical
neutrino flux.
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Fully understanding particle acceleration in TDEs, including a precision measurement
of the TDE neutrino spectrum, would require many more associations to be found. The
advent of more sensitive neutrino telescopes, in particular IceCube-Gen2 (see Section
4.2.12), will enable this to be addressed with much much greater statistics. Another av-
enue of investigation is the search for the predicted gamma-ray emission of TDEs, which
will be probed by the Cherenkov Telescope Array (CTA; see Section 4.2.9).

Completing the multi-messenger quartet, TDEs have also been predicted to emit grav-
itational waves. Any GW emission would however be weak, so a detection would only
be expected for a particularly nearby TDE. The probability of detecting a TDE over the
lifetime of planned detector LISA has been estimated to be just ∼ 1-10%, so any detection
of TDEs will likely have to wait for even more sensitive generations of GW detectors [262].

3.3 Massive Compact Object Binaries

This section explores the observable signatures and their implications for black holes above
105 solar masses as they interact with similarly sized black holes and also stellar mass
objects which may produce electromagnetic signatures in addition to gravitational waves.

3.3.1 Massive Black Hole Binaries

Scott C. Noble

Gravitational Astrophysics Laboratory, NASA Goddard Space Flight Center, Greenbelt, Mary-
land 20771, USA

Every year several pairs of massive black holes (MBHs), with masses ∼ 10 5M − 109M ,
should merge somewhere in the universe, leaving behind a still more massive single black
hole [263, 264]. These MBHs, originating from galactic nuclei in separate host galax-
ies, are brought together through galactic mergers [265, 266], dynamic friction from
stars [267–271] and gas [272–276], and eventually become gravitationally bound to each
other to form a MBH binary (MBHB). These systems are extremely challenging to observe,
but are of significant interest because they are likely the most distant gravitational wave
sources we can hope to detect, and complementary photon and gravitational wave data
could provide uniquely powerful diagnostics of these events [277–283]. Because of their
masses, the gravitational radiation from MBHBs must be detected using observatories in
space [284], which is why they are prime targets for the space-based ESA-lead/NASA-
assisted LISA (Laser Interferometric Space Antenna) mission [285] (Section 4.2.4) and
pulsar timing arrays [286] (Section 4.2.1). In addition, the consequences of such mergers
for galactic evolution are profound, including strong correlations between the galaxies and
the (merged) central black holes.

At any point in their evolution, the MBHB may be accreting ambient gas at sufficient
rate to launch jets rich with particle emission, send out powerful winds that may be driven
magnetically or via radiation pressure, and be sufficiently bright and broadband to be seen
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at high redshift, just like single AGN [287] (Section 3.1). In fact, the confluence of binaries
with galactic mergers may mean that they are more likely to reside in gaseous environ-
ments and have sufficient fuel to ignite activity [288–290], though maybe not [291, 292].
Therefore, the key difference between single AGN and binaries is the imprint of the bi-
nary’s dynamical gravitational environment on the particle and electromagnetic emission
[293]. MBHBs relevant to multi-messenger astrophysics, i.e. emitting detectable gravita-
tional radiation, are not expected to be spatially resolvable in the foreseeable future due
to their necessarily close separations and likely cosmological distances. Hence, electro-
magnetic/particle identification of MBHB systems requires matching theoretical expecta-
tions to observed phenomena in their light curves, spectra, and polarization. Knowing
this, astronomers have surveyed the sky looking for “smoking gun” signatures of MBHBs
[282, 289, 294–297]. Prior to merger, the orbiting black holes may carry their own gas,
leading to a multitude of spectral effects, such as Doppler shifts between narrow-line (cir-
cumbinary) and broad-line (black hole centered) emission [298, 299], such as broad Fe
Kα-line features [300–303]. Binaries of mass-ratio near unity are thought to carve out a
cavity in the accretion flow at 2 to 3 times the binary separation [304–310], which dis-
tinguishes the outer part of the flow as the circumbinary disk [304]. Within the cavity,
accretion is maintained at the same rate [310, 311], though now via non-axisymmetric
accretion streams stemming from the circumbinary disk to mini-disks oribiting each black
hole [274, 312–316], and at declining yet significant rates as the binary inspirals close to
merger [306].

Although double-peeked broad-lines were once thought to be possibly due to the pres-
ence of a binary, the consensus is that both peaks originate from the same central source
[317, 318]. A multi-temperature black body spectrum is thought to arise from the disk-
like components of the flow (circumbinary and mini-disk) much like an AGN; the only
difference here is the presence of a “notch,” or drop, in the spectral energy distribution
power due to less dissipation—and therefore emission—occuring in the ballistic accretion
streams [319]. Simulations of the thermal emission confirm the presence of the notch
feature[309, 320–322], though not to the same significance as originally predicted. At the
same accretion rates and total black hole mass, the thermal spectrum of a MBHB resembles
that of a single MBH, but with noticeably weaker UV emission [322].

Purported observations of periodic emission from AGN have been reported [323–326]
(though see [327, 328]), and from BL Lac systems OJ 287 [329, 330], PG 1553+113 [331,
332], PKS 2131-021 [333] which are particularly relevant to multi-messenger particle
astrophysics studies of MBHBs as their emission is jet related. OJ 287 has been observed
for more than a century at optical wavelengths and has maintained a fairly consistent
∼ 12 -year flaring cycle. Notably, PG 1553+113 shows signs of quasi-periodic emission at
gamma-ray wavelengths, as well as in the radio and optical bands. Most of the models for
the BL Lac binary candidates involve the jet launching from a more massive primary black
hole perturbed by a less massive secondary black hole. The non-jet binary candidates
showing periodic phenomena can be explained a number of ways, including modulated
accretion from an orbiting overdense feature in the circumbinary disk called the “lump”
[304–307, 310, 322, 334–339], or Doppler modulation from the orbital motion of the
binary that may be augmented by strong lensing from the black holes passing near the
line of sight [340–343]. Extensive surveys have turned up few reliable sources [295–297],
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though more are expected with the Vera Rubin observatory. Searches in the time domain
are frustrated by the fact that AGN typically exhibit red-noise temporal power spectra and
so must be observed for∼ 5 cycles to convincingly identify a periodic signal from the noise
[344].

MBHB mergers are also expected to exhibit novel observational signatures. Leading
up to merger, environmental plasma may accrete ordered magnetic field onto the black
holes and help establish a Blanford-Znajek-like outflow, leading to binary jets, Poynting
and synchrotron flux that grows with the increasing orbital velocity of the binary, and
flux that peaks at the time of merger which gives a clear merger signature [320, 345–
349]. However, it is unclear if the Poynting flux is efficiently converted to EM/particle
emission to be observable over other radiative processes occurring simultaneously in the
system. The merger of these two jets may induce internal shocks that ultimately generate
high-energy EM and neutrino emission [350, 351]. After merger, the circumbinary disk is
expected to heat up via internal shocks arising from, primarily, the sudden loss of central
mass from the radiated gravitational wave energy and, secondarily, from the kick from the
remnant black hole attaining linear momentum from the merger [352–356].

3.3.2 Intermediate and Extreme Mass Ratio Inspirals

Zachary Nasipak
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Massive black holes (MBHs) can also form binaries within nuclear star clusters by cap-
turing smaller bodies from the surrounding stellar cusp [357]. If the small body is a
compact object—such as a white dwarf (WD), neutron star (NS), or stellar-mass black
hole—then it can survive tidal forces near the MBH and slowly inspiral due to gravi-
tational wave (GW) emission. These extreme-mass-ratio inspirals (EMRIs) can undergo
& 104 orbital cycles before merging with the MBH, producing mHz GW signals that endure
for months to even years [357, 358]. This makes EMRIs promising GW sources for future
space-based observatories (Section 4.2.4), such as the Laser Interferometer Space Antenna
(LISA) [285, 359]. Closely related mHz GW sources are intermediate-mass-ratio inspirals
(IMRIs), which can form between intermediate mass black holes (IMBHs) and stellar com-
pact objects. IMRIs have the exciting potential to be observed by both ground (Sections
4.2.2 & 4.2.3) and space-based detectors (Section 4.2.4) [357].

EMRIs and IMRIs also have the potential to be unique multimessenger sources [277,
360]. WDs and Helium-rich stellar cores captured by MBHs or IMBHs can produce elec-
tromagnetic (EM) counterparts if the smaller bodies become tidally disrupted and stripped
of their mass [361–363]. EMRIs composed of one or more main sequence stars will also
experience tidally disruption, leading to EM flares [360, 364] or, possibly, quasi-periodic
eruptions [365]. Alternatively, a highly eccentric WD may become so tidally compressed
during a close periastron passage that it detonates, generating an electromagnetic flare
and a potential neutrino flux [360, 366]. However, the GW emission from these latter two
scenarios (EMRIs with main sequence stars or highly eccentric WDs) will be so weak that
their GW signals will only be observable with next-generation detectors (Section 4.2.3) or
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if the systems reside in the Local Group [365, 367]. If a MBH has an accretion disk, then
an inspiraling compact object, or even an inspiraling IMBH, can disrupt the surrounding
material and alter emission lines from the luminous disk [277, 368]. EMRIs can also be
dual radio and GW sources if the small compact object is a millisecond pulsar. Altogether,
observing EMRIs or IMRIs via these multiple windows of the universe will unveil new
insights into the nature of MBHs and their surrounding dense stellar environments.

3.4 Stellar Mass Compact Object Binaries

This section explores the implications for additional multimessenger observations of stellar
mass binary systems and connects with observational methodologies.

3.4.1 Neutron Star-Neutron Star
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Binary neutron star systems have been known in our galaxy from radio observations
since the discovery of PSR B1913+16 [369]. For this reason, they have been considered
as guaranteed sources of gravitational waves even before LIGO reached the necessary sen-
sitivity for the first detections [370, 371]. The observation of binary neutron star mergers
in gravitational waves is of direct importance to particle physics, due to the influence of
the neutron star equation of state (EOS) in the gravitational waveform [372, 373]. The
gravitational wave signal of a neutron star-neutron star (NSNS) merger will carry distinct
information on the NS EOS during the different stages of the coalescence:

• Inspiral: both neutron stars can be tidally deformed as they inspiral closer together,
causing a dephasing of the gravitational waveform when compared to a binary black
hole merger [374]; additionally dynamical tides can be excited as characteristic
modes of oscillation of the fluid in the binary components [375, 376].

• Merger and post-merger: information on the maximum mass supported by the EOS
can be obtained from details of the merger and associated short GRB [377–379],
and the merger remnant can be characterized by the oscillations in the ringdown
(post-merger) waveform [380, 381].

Constraints on the tidal deformability can be translated to constraints on the radius of
the NS [382], adding to radius estimates from X-ray observations [383] such as those from
NICER [384, 385] and current theoretical investigations on the NS EOS, as well as recent
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laboratory results [386]. Next-generation ground-based gravitational wave detectors such
as the Einstein Telescope [387] and the Cosmic Explorer [388] will be needed to explore
the wealth of information from the NS modes of oscillation in the 1 – few kHz range. Al-
ternatively, a dedicated high frequency GW observatory has been proposed, called Neutron
Star Extreme Matter Observatory (NEMO) [389].

So far two NSNS mergers have been reported by LIGO and Virgo: GW170817 [390]
and GW190425 [391]. The first event inaugurated the era of multimessenger astronomy
with gravitational waves, with a nearly coincident short GRB detected by Fermi and INTE-
GRAL [392] and an intensive campaign of follow-up observations from X-rays to radio [3].
Unfortunately, the same did not happen with the second event: poorer sky localization
made it hard to identify an EM counterpart, which would be in any case fainter due to the
larger distance to this source; moreover, detection of the short GRB is serendipitous, since
off-axis sources are so much weaker.

This shows the extraordinary potential for the observations of NSNS mergers. Now,
the community is even better prepared to respond to a similar event. The rates for NSNS
mergers are still rather uncertain, but currently estimates are 13 − 1900Gpc−3 yr−1 [393],
which could result in few – tens of NSNS mergers observed within a 160 − 190Mpcrange
during O4.

3.4.2 Neutron Star-Black Hole

Francois Foucart
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The mixed neutron star-black hole (NSBH) binary mergers are the latest systems ob-
served through gravitational waves by the LIGO/Virgo/KAGRA collaboration. Two NSBH
mergers were observed in January 2020 (GW200105, GW200115) [394], while more un-
certain candidates NSBH mergers were announced in the gravitational wave catalogue
GWTC-3 [395]. The rate of NSBH merger remains fairly uncertain, (7.8 − 140) Gpc−3 yr−1

[396], but sufficient to expect tens of additional observations by current detectors. Next
generation ground detectors (Einstein Telescope, Cosmic Explorer) will observed NSBH
systems up to cosmological distances, and the closest NSBH mergers with signal-to-noise
ratio allowing for high-accuracy measurements of the mass and spin of compact objects,
and the properties of the dense matter forming neutron star’s cores [397, 398] – at least if
sufficiently accurate waveform models are constructed by the time these detectors become
operational.

Like NSNS mergers, NSBH mergers have the potential to be powerful multimessenger
sources. All NSBH mergers emit gravitational waves. Additionally, in some NSBH mergers
the neutron star is tidally disrupted by its black hole companion before being captured
by that black hole. Then, neutron rich matter is ejected into the surrounding interstellar
medium, enriching the Universe in heavy elements [399] and powering optical/infrared
transients days to weeks after the merger [15, 400–402] and radio emission month to years
after the merger [403]. Disrupting NSBH mergers may also be the engine behind some
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short gamma-ray bursts (SGRBs) [404–412], the associated emission of high-energy par-
ticles, and possibly seconds-long x-ray plateaus observed in the afterglow of some SGRBs
that may be associated to fallback material in NSBH mergers [413, 414]. Non-disrupting
NSBH binaries, on the other hand, have gravitational wave signals mostly indistinguish-
able from black hole binaries [415, 416], and are not expected to power bright post-merger
electromagnetic signals. They are useful probe of the mass and spin distribution of com-
pact objects, but their electromagnetic emission is likely limited to hard-to-detect and/or
weaker pre-merger signals [417–419]. As a result, the question of whether a neutron star
is disrupted or not during a NSBH merger is maybe the most important characteristic of
these systems. A low black hole mass, high black hole spin, large neutron star radius, or
large orbital eccentricity all favor disruption [399, 407, 416, 420–424]. One of the most
interesting aspect of NSBH binaries is that the simple existence of a multimessenger signal
already provides us with valuable information about the properties of the merging objects
by imposing a simple, well-understood cut on the allowed parameters of the binary [424–
426].

Another important difference between NSNS and NSBH mergers it that a single dis-
rupting NSBH merger likely ejects close to its orbital plane ∼ (0.01 − 0.1)M of cold, fast,
neutron rich matter [423, 427]. A comparable amount of hotter, slower, less neutron-rich
ejecta is produced during the subsequent disk evolution [428–431]. This differs noticeably
from NSNS mergers, for which the first type of ejecta typically has mass ≤ 0.01M . As a
result, one disrupting NSBH mergers will contribute significantly more to the formation
of the heaviest r-process elements than a NSNS merger. Its post-merger electromagnetic
emission is also likely to be redder, and to evolve more slowly [432–434]. As current pop-
ulation models favor volumetric rates for NSBH mergers significantly lower than for NSNS
mergers, NSBH mergers however probably contribute less to heavy-element nucleosynthe-
sis than NSNS systems [435].

3.4.3 Black Hole-Black Hole
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One of the first surprises from the gravitational wave (GW) detections by LIGO was the
existence of a whole population of black holes (BHs) with masses of tens of solar masses,
higher than the inferred masses of the BHs observed in X-rays [436]. The most numerous
of the LIGO sources, with nearly one hundred events reported so far, BHBH mergers have
created the field of GW astronomy [437–439]. The continued observation of such events
can provide information on stellar evolution and the possible existence of BH mass gaps,
and eventually distinguish between different binary formation channels [393, 440, 441].
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Additionally, important tests of fundamental physics can be performed by constraining al-
ternative theories of gravity and different models of exotic compact objects (black hole
alternatives) [442–446]. It is also expected that constraints on possible dark matter candi-
dates, such as axions, can possibly come from future GW detections, also with future GW
space detector LISA [447, 448]. A GRB detection associated with the first GW detection,
GW150914, was claimed, but the lack of other coincident GRB detections indicates that
it could have been unrelated [449]. Electromagnetic (EM) counterparts of stellar mass
BHBH mergers are not physically ruled out, but might require very extraordinary circum-
stances and even then might not be detectable at realistic distances. The situation is of
course expected to be very different for supermassive BHBH mergers, where circumbinary
accretion disks may provide interesting EM counterparts.

3.5 Other Transients

This section emphasizes the contributions of additional transient phenomena to multimes-
senger science.

3.5.1 Core-Collapse Supernovae and Long Gamma-Ray Bursts

Christopher L. Fryer1, Eric Burns2

1 Los Alamos National Laboratory, Los Alamos, NM, 87545, USA
2 Louisiana State University, Baton Rouge, LA, 70803, USA

SN 1987A was the first multimessenger transient being detected first in MeV neutrinos
and then in optical light. This event greatly set our modern understanding of the engine
of core-collapse supernova and forthcoming multimessenger facilities promise greater ad-
vancements. Neutrinos and Gravitational Waves provide the most direct diagnostic of
stellar collapse and the supernova engine. Both provide insight into the progenitor struc-
ture and the equation of state [450, 451], the nature of the convection [452–454] and the
role of rotation [455–457], and the neutrino physics [458–461]. These two diagnostics are
sensitive to different aspects of the engine and its physics: e.g. gravitational wave signals
are particularly sensitive to the rotation whereas neutrino signals probe neutrino physics
such as neutrino flavor oscillations. But neutrinos and gravitational waves are not the only
way to probe the nature of the supernova engine. To date, the strongest observational
constraints on the asymmetries in the supernova engine has been supernova-remnant ob-
servations of the distribution of elements produced in the central engine [462, 463].
Observed through the hard X-ray/γ-rays emitted in nuclear decay, these remnant distribu-
tions provide a clean probe of the engine asymmetries. Asymmetries in the central engine
can be proposed by the velocity distribution of compact remnants (assuming the velocities
are produced by asymmetric ejecta from large-scale convection [464–466]). The relative
velocities of neutron star and black hole systems can also help determine whether these
kicks are produced through asymmetric ejecta or asymmetric neutrino emission [467].
The compact remnant distribution, measured in a broad range of binaries: X-ray and pul-
sar (radio) binaries or gravitational wave merger events, can constrain the growth time of
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convection [468]. The spin distribution of these remnants further constrains the role of
rotation in the explosion [469]. A number of less direct (or more complicated) observa-
tions Broader nucleosynthetic yield measurements (in supernova light-curves, supernova
remnants and galactic chemical evolution) [] and prompt supernova emission [470, 471]
probe both the stellar structure and explosion properties. The list of diagnostics that con-
tributes to our understanding of the core-collapse engine is immense. And, by combining
all of these diagnostics, we are able to disentangle the many physical effects behind the
core-collapse supernova engine.

A rare class of core-collapse supernovae are collapsars: fast rotating core-collapse
events allowing for supereddington accretion powering bipolar ultrarelativistic jets that
ultimately release long gamma-rays bursts (GRBs). GRBs were thought to be promising
sources of UHECRs [472, 473] as their energy-dense jets should always have some level of
baryon content [e.g. 474]. Owing to the difficulties in associating UHECR to their origin,
searches for associated neutrinos were expected to prove UHECR arise from GRBs, as both
particles arise from generic photohadronic production.

Deep searches have never robustly associated these signals with GRBs [475, 476],
suggesting very low baryon loading in GRB jets. Alternatively, it can be explained as
the dissipatation radius being far larger than previously thought [e.g., 477]. These non-
detections led to suggestions that choked long gamma-ray bursts (LGRBs), where the jet
fails to breakout through the massive star, may be significant sources of neutrinos [e.g.,
478, 479]. Improved high-energy neutrino telescopes will either associated neutrinos to
GRBs or continue to advance understanding of particle acceleration in the most extreme
regime.

3.5.2 Fast Radio Bursts

Elijah Willox1
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Fast Radio bursts (FRBs) were first discovered in 2007 [480] and now there have been just
under 800 bursts detected by multiple experiments [481]. Fast radio bursts (FRBs) are
a class of short-duration, high fluence transients in radio wavelengths, with some sources
observed to repeat, while others are apparent single-burst events. In response to this newly
discovered class of events, many observatories have taken lessons from the history of the
GRB field [482]. Multiwavelength observations are not only informative, but critical to
the identification of FRB sources. Optical follow-ups have already identified the source
galaxies of a few of these sources [483], and X-ray and gamma ray data is being analyzed
to provide more insight into the sources of FRBs. The recent discovery of an FRB from
the galactic magnetar SGR1935+2154, with simultaneous hard X-ray emission provides
new insight to FRB mechanics, and is evidence of the benefit provided by multi-messenger
studies [484]. In the coming years the number of recorded FRBs will increase dramatically
and observations at all wavelengths will provide more insights on this still mysterious class
of transients.
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3.5.3 Supernova Remnants

Miroslav D. Filipovíc1 , Robert Brose2 , Shi Dai1
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The expanding shock of stellar ejecta from Supernovae (SNe) explosions sweep up and
enrich the surrounding interstellar medium (ISM). This expanding shock front and swept
up material is known as an supernova remnant (SNR) and is a strong source of synchrotron
emission at radio frequencies. The detection of non-thermal X-ray emission from about a
dozen Galactic SNRs confirmed that electrons get efficiently accelerated in these objects
[485].

SNRs are mainly studied via the photons that emit from radio to gamma-ray energies
as any charged particle that they might release get scattered in the ISM and are not back-
tractable to their origin. Hence, the study of SNRs is closely connected to the search of
the sources of Galactic Cosmic Rays (CRs) – so protons, heavier nuclei and electrons with
energies up to at least 1015 eV – and their detection with space and ground-based detectors
at Earth. Theoretically, the acceleration of protons and nuclei via diffusive shock accelera-
tion (first-order Fermi acceleration) at the expanding shock of the SNR, whereby particles
are trapped by the magnetic fields and cross over the shock multiple times, gaining energy
in the process, was predicted for a long time [e.g. 486, 487]. The acceleration of electrons
up to ≈ 20 TeV in SNRs was known since the 1970s’ but recently, the gamma-ray spec-
tra of the Galactic remnants IC443 and W44 revealed a low-energy cutoff, characteristic
for gamma-rays originating from decaying neutral Pions that get created by a population
of highly-relativistic protons (or nuclei) [488]. The same process that produces the neu-
tral pions (and subsequently gamma-rays) will also produce charged pions that decay into
neutrinos, which constitute the third messenger by which SNRs can be studied. Enormous
synergies arise when information from these messengers gets combined.

There are about a dozen historical SNe observed in our Galaxy over the past 2 000
years and almost 350 Galactic SNRs known to exist [489]. Previous studies of the Large
Magellanic Cloud (LMC) SNRs revealed 71 confirmed objects and 19 candidates [490–
494] while in somewhat smaller neighbouring Small Magellanic Cloud we found 21 bona
fide SNRs with couple of additional candidates [495]. Also, extensive search for SNRs are
performed in the M 31 and M 33 [496, 497] as well as other nearby galaxies [498]. Finally,
we now discovered a possible first intergalactic SNR located in between the Milky Way and
the LMC [499].

SNRs heat and ionise the ambient ISM and distribute the chemical elements that were
processed in the progenitor’s interior and in the supernova into the ISM. In addition, elec-
trons and nuclei are accelerated in the shock waves to highly relativistic energies and are
responsible for a considerable fraction of the energy density in the Universe. The ratio of
chemical abundances of the accelerated CRs represents the chemistry of the environment
into which the SNRs expand. The 22Ne/20Ne ratio observed in CRs is for instance a factor
of 5 higher than in the solar wind [500], pointing to a sizeable contribution of CRs being
accelerated from win-material of massive stars. At the same time, is the acceleration of
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heavier nuclei from the material surrounding massive stars affecting the gamma-ray signal
that has to be expected at the hadronic low-energy cutoff [501, 502]. The precise mea-
surements of nuclei-ratios [503] reveal features in the abundance-ratios that either point to
necessary modification of our models for the Galactic CR propagation or at particularities
of the acceleration-process itself. For instance, a possible selection-effect on the acceler-
ated CRs at a SNR shock-front [504] was only detectable based on the AMS-02 spectra but
not from direct observations of SNRs via photons. Further, composition-measurements of
CRs around 1015 eV might point to a different spectral behaviour of protons and heavier
nuclei [505], a finding that needs to be further explored by direct CR-measurements for
instance by Tibet ASγ [506], LHAASO [507] and SWGO [508], deeper observations in the
electromagnetic spectrum of SNRs and theoretical models that are able to accommodate
all these findings.

Similarly to SNRs, highly relativistic particles have been detected in superbubbles [e.g.,
30 Dor C; 509, 510], which are interstellar structures created by the combination of stellar
winds of massive stars and their supernovae. However, the underlying physics such as par-
ticle injection, magnetic field configuration and amplification, and the escape of particles
from the shock regions requires further investigation. Magnetic fields in SNRs are most
likely a complex mixture of interstellar magnetic fields, relic fields of the progenitor, fields
modified and enhanced by turbulence in the shock regions, and fields excited by relativistic
particles. Therefore, various new generations of high spatial resolution, high sensitivity,
and high spectral resolution multimessenger observations are necessary to address these
challenges.

A sub-field of SNR-studies that will extraordinarily benefit from multimessenger efforts
is the investigation of very young SNRs as the sources of the highest-energy CRs. While
evolved Galactic remnants should produce neutrino-signals, the expected fluxes are too
low to be directly measured with current or even next-generation instruments. Further,
the expected neutrino-energy is limited by the parent-proton energies of below ≈ 20 TeV
[511]. However, acceleration theory points to SNRs with ages of less than 20 years ex-
panding in very dense circumstellar environments as potential source of CRs up to 1015 eV
[512]. These objects might be powerful gamma-ray emitters even though a sizeable part of
the gamma-ray emission gets absorbed close to the source by γγ -absorption [513]. How-
ever, the neutrinos produced in these objects – not by the SN explosion itself (link to CC-SN
section), but by the particles accelerated in the shock-fronts – can freely escape the sources
and might be detected by the next-generation neutrino facilities like IceCube Gen-II. Fur-
ther, the proposed Einstein-telescope GW observatory will be able to detect the GW-signal
from core-collapse supernovae (CC-SN) at distances up to 4 Mpc. This will help to con-
strain the explosion-process of CC-SN and be utterly important as a trigger for ground
and space-based targeted observations across the electromagnetic spectrum. A precise and
early localisation of such events is essential to detect the faint gamma-ray signal that has
to be detected days to weeks after the explosion in time. Further constraints on the explo-
sion mechanism impact our understanding of the shock dynamic, that are crucial for the
particle acceleration itself.

Similarly, will the LISA mission be sensitive to close-in Galactic white-dwarf (WD) bina-
ries? These systems are one type of progenitors for Type Ia SN and the remnants that are
formed from these explosions. Understanding the properties of Galactic WD binaries will
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help to put the observations of Galactic SNRs in an appropriate context in understanding
the conditions of the explosion, the resulting shock-dynamics and the particle-acceleration
that arises there-of.

For SNRs with a young pulsar born inside, another extremely energetic phenomenon
is the so-called pulsar wind nebula (PWN). PWNe are generally believed to be powered
by relativistic winds generated by the central pulsar inside the shell of a SNR. They show
rich wide-band emissions from radio to infrared and from optical to X-ray and gamma-
ray sources[514]. PWNe can also be efficient TeV gamma-ray emitters, for example the
Crab Nebula is a well-known source of TeV gamma-rays [515]. Future large ground-based
telescopes, such as Cherenkov Telescope Array (CTA) [140], will have the sensitivity to
detect gamma-ray emission from PWNe at even higher energies and from a large sample of
PWNe. Recently, the detection of UHE photons by LHAASO revealed the possible presence
of an additional hadronic component at the highest gamma-ray energies in the emission
from pulsars [516, 517]. This additional component will also produce a neutrino signal
that might be detectable with next-generation neutrino experiments and more data from
existing facilities. These will allow us to understand the radiation mechanism and probe
the magnetic field of PWNe, which can be used in modelling and interpreting other nebular
structures.

A nearby (5-100 pc) explosion of SN and it’s consequent remnant expansion might have
a profound effect on our life and existence. Supernovae (and SNRs) distribute the products
of stellar burning, which are the raw materials of life. However, don’t stand too close: they
adversely affect nearby life-friendly planets, bathing them in high-energy radiation, cosmic
rays, neutrinos, gravitational waves and ejecta. This is primarily done via their impact on
Earth’s ozone layer, which is plausibly responsible for the irradiation and destruction of
surface sea life, causing mass extinction events. SNe and SNRs emit enough extreme and
high energy radiation to strip planetary atmospheres at few tens of parsec-scale distances.
New observational data and improved theoretical models of the high energy SNRs in this
‘extreme Universe’ could illuminate the history of life on Earth (and further), and aid the
search for potentially life-hosting planets in our Galaxy. The extreme Universe including
its SNRs puts bounds on the spaces in which life – and particularly complex life – can exist.
This leads to a complementary approach to the study of life in the Universe. Traditional
astrobiology concentrates on finding places with a high prior probability of finding life
(’follow the water’). By studying the Extreme Universe (SNRs), we can instead start to
exclude parts of the Universe from consideration.

There are currently a number of observational studies of SNRs using today’s state-of-art
gamma-ray (HESS), X-ray (Chandra, XMM, eROSITA) and radio telescopes (ATCA, LOFAR,
eVLA) and will continue our efforts with upcoming telescopes like CTA, IceCube & KM3NeT
[518], gravitational wave observatory [519] and the SKA precursors, including synergistic
programmes such as MeerKAT-ASKAP-MWA. SKA pathfinders’observations in radio at low
frequencies with moderate-to-high sensitivity will detect new SNRs in our Galaxy and the
Magellanic Clouds, which are either old and too faint, young and too small, or located
in a too confusing environment and have thus not been detected yet. In addition, the
SKA pathfinders’ observations will also allow high-resolution polarimetry and are key to
the study of the energetics of accelerated particles as well as the magnetic field strength
and configurations. Future gamma-ray studies will provide answers to the long-standing
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question in high energy astrophysics: Where do cosmic rays come from? The gamma-ray
emission seen from some middle-aged SNRs is now known to be from distant populations
of cosmic-rays (probably accelerated locally) interacting with gas, but there is still much
work to be done in accounting for the Galactic cosmic-ray flux. Young PeV gamma-ray
SNRs (a.k.a. PeVatrons) require different techniques to address the question of cosmic-ray
acceleration. We particularly expect that the CTA, LHAASO and SWGO [508] will allow us
to do this.

3.5.4 Pulsars and Magnetars

Zorawar Wadiasingh1,2,3
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Magnetars are a topical subclass of neutron stars with surface fields exceeding1010 Tesla,
a regime where exotic QED processes may operate[520–523]. Magnetars in our galaxy are
largely observed through their X-ray/gamma-ray emission via bursts and persistent emis-
sion phenomenology. This radiation is powered by the dissipation of their strong fields.
For multimessenger studies of magnetars, magnetar bursts (particularly a subclass known
as “giant flares”) offer the best prospects both in the neutrino and gravitational wave sec-
tors. Giant flares are relatively rare events (roughly once per two decades in our galaxy)
that involve energetics exceeding 1045 erg [524–529]. In contrast, more than O(103) com-
mon lower energy recurrent “short bursts” are observed by gamma-ray burst detectors per
decade from nearby magnetars. These, too, have some prospects for potential multimes-
senger signals. Both giant flares and short bursts exhibit as impulsive events transpiring on
timescales much less than a second. Recent observations favor a very low altitude origin
for both short bursts and giant flares, one that involves the neutron star crust such that
these events can excite global seismic oscillations [e.g., 530–536]. If neutron star f-modes
are excited in these bursts [537–539], third generational gravitational detectors observa-
tions of the nearby universe will attain highly constraining levels for magnetar models
[540]. Detection of gravitational waves would enable astroseismology [541], constraints
on the neutron star equation of state, and speed of gravity measurements.

In April 2020, a magnetar giant flare was observed from the nearby Sculptor galaxy
[542, 543]. Subsequently, it was demonstrated [544] that magnetars giant flares cos-
mological volumetric rate is high and that they constitute the most prolific class of ex-
tragalactic gamma-ray bursts. The giant flare was also accompanied by a GeV afterglow,
consistent with an ultrarelativistic outflow impacting local ambient medium and acceler-
ating particles via diffusive shock acceleration. Analogous to jets and shocks in canonical
cosmological gamma-ray bursts, such shocks ought to also produce neutrinos by p-γ inter-
actions. Moreover, the magnetospheres of magnetars may produce neutrinos if sufficiently
high voltages (to accelerate protons) are realized [545–547]. For giant flares and short
bursts, TeV to PeV voltages may be realized if the magnetosphere is charge-starved to a
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triggering impulsive disturbance (e.g. starquake) [548, 549] – incidentally, similar condi-
tions may be a necessary condition for producing a fast radio burst. The total diffuse flux
of neutrinos from such events is expected to be low, yet temporal/spatial coincidences may
enhance detection significance.

3.5.5 Pulsar Halos

Mattia Di Mauro
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The HAWC Collaboration reported the detection of few-degrees-extended γ-ray emission
at TeV energies around the Geminga and Monogem pulsars [550]. Very recently, the
LHAASO experiment reported the detection of an extended γ− ray emission around the
pulsar PSR J0622+3749 [551] at energies E > 25 TeV as well. The existence of these
γ-ray structures, called halos, has been predicted a while ago by Ref. [552]. γ-ray halos
are the result of electrons and positrons (e± ) accelerated at the pulsar’s wind termination
shock and propagating diffusively in the turbulent interstellar medium (ISM) and inverse
Compton scattering (ICS) on the interstellar radiation field.

The small angular size of the γ-ray halos around the PSR J0622+3749, Monogem, and
Geminga pulsars led to the conclusion that the cosmic-ray (CR) diffusion was inhibited
within few tens of pc from the pulsar, and consequently the energy dependent CR diffu-
sion coefficient, D(E) , should be smaller, by at least two orders of magnitudes, than the
nominal value used in conventional models of propagation of Galactic CRs [550]. Since
then, the suppression of the diffusion coefficient around pulsars has become a popular
hypothesis [553–558], but so far no convincing theoretical explanation of this effect has
been proposed (see, e.g., [559–561]).

Very recently, Ref. [562] has shown that the conclusion about the inhibited diffusion
is driven by the wrong assumption that particles propagate diffusively right away after
the injection without taking into account the ballistic propagation. However, the parti-
cles first move ballistically until they travel a distance approximately equal to the typical
diffusion length, λc(E) = 3D(E)/c , after which they start to scatter efficiently on the
inhomogeneities of the magnetic field and undergo diffusion. Ref. [562] examined the
extended emission around the Geminga, Monogem, and PSR J0622+3749 pulsars consid-
ering the transition from the quasi-ballistic, valid for the most recently injected particles,
to the diffusive transport regime and found a good match with the data for typical inter-
stellar values of the diffusion coefficient without the need to invoke a strong suppression
of the diffusion coefficient.

3.6 Diffuse Backgrounds

Diffuse astrophysical backgrounds arise in all of the messengers not just due to the limita-
tions of current detectors, but as an indication of large scale and diffuse structure in the
universe. These diffuse backgrounds are studied extensively for individual messengers,
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but future insights to the origin of the cosmos may arise from considering their similarities
and collaboration across diffuse working groups for each messenger.

3.6.1 Introducing the Diffuse Gamma-Ray Background

Mora Durocher1

1 Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Mora (Pat Harding’s postdoc) has promised this to Kristi. We can combine it with
Michela’s contriibution once it is received.

The high-energy Diffuse Gamma-Ray Background (DGRB) is an isotropic gamma-ray
emission representing the superposition of uncorrelated gamma-ray sources. It is believed
to originate from extragalactic objects which are too faint or too diffuse to be resolved,
such as active galactic nuclei, starburst galaxies [563] and gamma-ray bursts [564]. Un-
derstanding the origin of the DGRB would help understand the nature of high-energy as-
trophysical objects and would help with searches for physics beyond the Standard Model.
Dark matter annihilation and decay (Section 2.3) are expected to spread across the sky
with a nearly isotropic distribution, in addition to isolated dense regions. Due to Earth’s
location near the middle of the Milky Way’s dark matter halo, this would produce a galac-
tic contribution to the DGRB [565, 566]. Some studies have set limits on isotropic emis-
sions from dark matter interactions [567, 568], while other studies have observed or con-
strained the DGRB [569–572] and its anisotropies [573]. In general, astrophysical pion
decays produce neutrinos as well as gamma rays. A relation between the gamma ray flux
and the neutrino flux has been established [574, 575] thus inviting potentially significant
multi-messenger studies, such as constraining the origin of TeV-PeV isotropic neutrino flux
detected by IceCube [576].

3.6.2 Phenomenology of the Diffuse Gamma-Ray Background
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The diffuse gamma-ray background is defined as a smooth residual component of
the measured gamma-ray emission emerging after the subtraction of known sources of
gamma-rays, such as point-like and extended sources (both Galactic and extragalactic)
and the Galactic diffuse emission produced by energetic cosmic rays interacting with the
interstellar medium and radiation fields in our Galaxy. The gamma-ray background de-
fined above, appears in literature with different names. The list includes: IGRB (isotropic
gamma-ray background), DGRB (diffuse gamma-ray background), CGB (cosmic gamma-
ray background), and UGRB (unresolved gamma-ray background). Sometimes it is mis-
taken with the extragalactic gamma-ray background (EGB), which typically include both
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the gamma-ray background and the gamma-ray emission from extragalactic sources. Here-
after we will use the acronym UGRB, as the term “unresolved” is the most comprehensive
to collectively describe anything that may contribute to the gamma-ray background.

The intensity of the UGRB is nearly isotropic, and this kind of topology can be easily
explained by the cumulative emission of randomly distributed gamma-ray sources whose
flux is below the sensitivity of the observing instrument. The first measurement of the
UGRB intensity spectrum, (as opposed to the EGB, which was measured already by EGRET
and SAS-2) was performed by the Fermi Large Area Telescope (LAT, [577]) collaboration
in 2010 [578], and then updated in 2015 [579], which still represents the most updated
measurement of the UGRB intensity between 100 MeV and 800 GeV. Despite the exten-
sive interpretation campaign, the exact composition of the UGRB emission and the relative
contributions from different populations of sources remains one of the main unanswered
questions of gamma-ray astrophysics. Contribution from well-known extragalactic astro-
physical source populations, such as blazars [580, 581] and misaligned AGNs (mAGNs)
[582, 583] is guaranteed, them being quite rare objects generally speaking, but the bright-
est and the most numerous seen in gamma-rays. Also, a non-negligible contribution (even
dominant, according to some models) is expected from SFGs [581, 584–587], which are
not very bright in the gamma-band but extremely abundant in the Universe. Minor con-
tributions from an unresolved population of Galactic millisecond pulsars (MSPs) can be
expected [588, 589], as well as from galaxy clusters [580, 590, 591], Type Ia supernovae
[592, 593], and GRBs [594, 595]. Furthermore, more exotic scenarios may contribute
as well [596–601]: despite a huge current experimental effort aimed to search for evi-
dence of annihilating or decaying particles of dark matter (DM) through the detection of
gamma-rays (primarily or secondarily produced), no signal has been robustly associated
with DM up to now, so if present it is most probably unresolved and contributes to the
UGRB. Anyway, the interest in finding a definitive answer is attributable to the need to
constrain the faint end of the luminosity function of the UGRB contributors, which could
also tell something about the cosmological evolution of the classes of objects involved. Be-
ing these objects too faint to be resolved individually, the study of the UGRB may represent
the only source of information about them, at least until a new, more sensitive instrument
will improve upon the Fermi-LAT observations.

In addition to the intensity spectrum of the UGRB one can extract valuable information
from the study of the angular scale and the amplitude of the intensity fluctuation field of
the UGRB. Several spatial autocorrelation analyses have been performed throughout the
Fermi-LAT survey [599, 602, 603], every time unveiling fainter components (by resolving
and removing more sources). Recently, the latest measurement of the anisotropy energy
spectrum has been interpreted in terms of blazars [601, 604], showing how this popula-
tion can account for 100% of the measured anisotropy and be consistent with the resolve
population of blazars. In particular, Ref. [601], show how flat spectrum radio quasars
contributes more at lower energies (having on average steeper spectra) of the anisotropy
energy spectrum, while BL Lacs dominates above ∼ 5 GeV . The constrain on the blazar
contribution to the UGRB emission derived from the anisotropy spectrum are more strin-
gent than those derived considering only the intensity spectrum: even if representing the
100% of the anisotropy, the unresolved blazars can account only for a fraction of the UGRB
intensity spectrum . Nevertheless, such a contribution is guaranteed, and any other addi-

38



tional contributor (e.g. SFG), should not overshoot the total measured intensity.
Other works considered the photon count statistics and the one-point probability distri-

bution functions of the expected UGRB components to constrain their contribution [604–
610]. These works set constraints on the unresolved blazar population which are compat-
ible to those resulting from the anisotropy study.

One final remark regards the possibility to characterized the gamma-ray background
composition by exploiting a multiwavelength and, possibly (in the future) multimessen-
ger approach. Since the majority of the unresolved emission of the UGRB is extragalactic,
we expect a certain level of cross-correlation signal with the large-scale structure (LSS)
tracers of the Universe. Cross-correlation studies involving the UGRB have been done con-
sidering the special distribution of galaxies [611–613], galaxy cluster catalogs [614–617],
cosmic shear from weak lensing [618–621], and lensing potential of the cosmic-microwave
background [622]. By exploiting the redshift and/or band-dependent luminosity distribu-
tions available in some galaxy catalogs, a tomographic study of the UGRB is possible [see
e.g., 612, 613]. Such studies allow the characterization of the UGRB sources in terms
of time-evolution, star formation activity, and masses of the objects. Future wide-field
deep surveys, such as Nancy Roman Observatory, will be fundamental to push forward our
understanding of the UGRB and its evolution.

From a multimessenger point of view, of particular interest is the relation between the
very-high-energy astrophysical neutrinos [623] and the gamma-ray emission from extra-
galactic objects. The observation of a neutrino event by IceCube * in temporal and spacial
coincidence with a gamma-ray flare from the BL Lac TXS 0506+056 [4], suggested that
blazars are good candidates to contribute to the neutrino astrophysical background. How-
ever no many more of these events have been observed from gamma-ray detected blazars.
Also SFG have been suggested as contributors to the astrophysical neutrino flux [see e.g.,
624]. Looking for connections between very-high-energy neutrinos and the UGRB might
shed some light on the origin of the astrophysical neutrinos observed by IceCube. Spa-
tial cross-correlation analyses (both with UGRB and LSS tracers, as the one attempted in
Ref [625]), might be a useful tool for the future, once (and if) the neutrino event localiza-
tion accuracy will significantly improve.

3.6.3 Diffuse Astrophysical Neutrino Background
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The detection of 25 neutrinos from the Type II supernova in the Large Magellanic Cloud
(LMC), the event named SN1987A [626–628], is believed to be the beginning point of
multi-messenger astronomy. This event marked the first time neutrinos were detected
from a massive star undergoing core-collapse. The Electromagnetic observations of this
event along with the distribution of the recorded neutrinos in time and energy confirmed
the formation of a hot proto neutron star (PNS) in a core collapse supernova (ccSN) [629],
highlighting the importance of a multi-messenger approach when addressing astrophysical

*https://icecube.wisc.edu
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questions. The underlying mechanisms of these collapsing stars are still poorly understood
and neutrinos are the ideal candidate to reveal such information about the core. This
is mainly because neutrinos are weakly interacting particles and they are able to escape
from the dense core revealing its properties. In order to reveal the dynamics of these
exotic environments a signal with high statistics is required which will be possible when
a galactic supernova occurs due to sensitivity limitations of current neutrino detectors
[630]. However, the galactic supernova rate remains quite low at ≤ 3 per century [631]
and much larger neutrino detectors will be required to detect supernovae neutrinos from
nearby galaxies (1-10 Mpc). Another avenue to study these explosions is available through
the detection of the Diffuse Supernova Neutrino Background (DSNB) which constitutes of
MeV neutrinos from all past core-collapse supernovae.

As the DSNB is comprised of neutrinos from past core collapse supernovae over the
history of the universe, it carries rich information such as the cosmic core-collapse super-
nova rate and supernova neutrino emission [632]. The dependency of the DSNB flux on
the core-collapse supernova rate and the use of a future DSNB detection to place con-
straints on the underlying star formation rate density (SFRD) model have been discussed
by various groups in the literature [633–639]. Modeling of the SFRD is done using various
tracers like UV, IR continuum and Hα emission [640] along with luminosity functions and
Initial Mass Function (IMF) which is subject to uncertainties. Mild discrepancies remain
among various SFRD models based on the type of tracer and the method used to determine
them. This highlights the need for alternative methods that are independent of each other
to constrain the SFRD models. For example, utilizing different SFRD models to calculate
the νe DSNB flux, while keeping other parameters constant, it is found that the DSNB flux
varies by ≈ 30% over the energy range of 19.3 MeV - 35 MeV shown in figure 3.1 [see also
638]. Hence a well determined DSNB flux measurement can in turn be used to constrain
the SFRD model using a method similar to the one illustrated in [641].

The spectral shape of the DSNB is affected by a wide range of physical effects [642]
and can be used as a tool to probe the intrinsic core-collapse supernova source spectrum.
For an example, black-hole forming supernovae (failed supernovae) make the DSNB spec-
trum harder [643] (see Figure 3.2). Even though the DSNB has not been detected yet,
the upper flux limits of the DSNB set by Super-Kamiokande experiment [630] are already
close to the theoretical predictions. Furthermore, the discovery prospects of the DSNB in
the next decade are promising with the gadolinium enhanced Super-Kamiokande (SK-Gd)
detector [644, 645] which will have reduced backgrounds and low energy thresholds mak-
ing the detection of low energy events (¿10 MeV) possible [632, 637]. Data taking in the
SK-Gd configuration started in late 2020 [646] and a statistical evidence (3σ) of the DSNB
signal is expected within 10 years of running time. Other experiments include, Jiangmen
Underground Neutrino Observatory [JUNO; 647] and Hyper-Kamiokande [648]. A future
DSNB measurement will no doubt be an exciting discovery and in convergence with elec-
tromagnetic observations would provide valuable insight into the core-collapse supernova
physics, various physical processes as well as the star formation history of the universe.
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Figure 3.1: The DSNB νe flux integrated over the 19.3 - 35 MeV energy range is shown
as a function of redshift in the right plot. The corresponding SFRD models used to obtain
these DSNB fluxes are shown in the left plot. The colors are kept consistent based on the
SFRD model used.

3.6.4 Stochastic Gravitational Wave Background

Patrick M. Meyers

Theoretical Astrophysics Group, California Institute of Technology, Pasadena, CA 91125, USA

While individual transient detections of gravitational-wave events pile up, efforts con-
tinue towards a detection of a gravitational-wave background (GWB). Exciting possibilities
lie in a detection of a GWB from cosmological sources. Here we highlight four promising
possibilities for multimessenger science with a GWB from unresolved point sources over
the next decade. We do not cover observations of individual white dwarf binary systems,
as well as improved white dwarf binary modelling, which will help characterize the con-
fusion noise that will limit sensitivity to individual events in a large section of the LISA
frequency band. While LISA won’t fly until 2034, the groundwork for the multimessenger
science that will come from its detection of a GWB from unresolved white dwarf binaries
will be set by observing campaigns and modelling that is done over the next decade.

Constraining star formation history and binary black hole formation and evolution
In the next decade, a detection of a GWB from unresolved binary black hole mergers is
plausible [660]. The amplitude of the background can immediately be combined with
individual CBC detections to constrain the merger rate as a function of redshift [660,
661]. Even a null result could offer significant information, including the redshift when
the merger rate peaks [660, 661]. Additionally, GWB results can also then be used to
constrain the distribution of time delay between formation and merger, and the formation
metallicity of binary black holes that merge in the LIGO/Virgo frequency bands [662, 663].
Similar studies have also been performed for primordial black holes [664, 665], which are
proposed candidates for dark matter.

Constraining galactic neutron star population properties Pulsar surveys with ultra-
wideband receivers and next-generation radio telescopes like SKA and DSA-2000 promise
to detect new, fainter galactic pulsars. These surveys will further constrain the spatial
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Figure 3.2: DSNB νe theoretical flux predictions from various models in the literature.
Figure obtained from [630]. Displayed here are models by [637, 643, 649–659]. Note
the change in the spectral shape of the DSNB due to various physical effects such as failed
supernovae [643], neutrino flavor conversions [655], etc.

distribution of pulsars in the galaxy and the fraction of pulsars that spin with millisecond
periods. A gravitational-wave background from unresolved, continuously emitting galac-
tic neutron stars could be detectable with third-generation gravitational-wave detectors.
Specifically, sensitivity estimates presented in [666], e.g. for LIGO A+ upgrades, start to
become comparable to the potential minimum neutron star ellipticity discussed in [667],
while third generation detector projections are even more promising. Sensitivity to this
background is significantly improved by having reliable templates for the spatial distribu-
tion of pulsars and the expected shape of the frequency spectrum † [666, 668, 669]. A
detection of the GWB from unresolved neutron stars could be used to constrain, e.g. the
average ellipticity of pulsars contributing to the background, in the simplest model of a
non-axisymmetric neutron star with a “mountain”. Other mechanisms for gravitational-

†The shape of the frequency spectrum depends on the number of sources emitting at a given frequency.
The emission frequency is typically expected to be a harmonic of the rotation frequency.
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wave emission have also been explored, and could still be detectable [670]. A review of
potential gravitational-wave emission mechanisms from individual neutron stars can be
found in [671].

Cross-correlating GWB maps with Galaxy catalogues A large interest has been taken
in the expected anisotropy of the astrophysical gravitational-wave background [672–680]
as a potential secondary probe of large-scale structure in the Universe, and recent searches
have placed limits on the level of anisotropy [681, 682]. However, the initial measurement
of an anisotropic background will be dominated by shot noise [683–685]. Most methods
to properly map the anisotropic background involve either waiting for more data [684],
or cross-correlating the GWB maps with galaxy catalogues [673, 678, 686] or CMB lens-
ing maps [687]. A detection and reliable map of the GWB would be ground-breaking in
its own right, but is likely not possible until third generation detectors like Einstein Tele-
scope or Cosmic Explorer. However, it is also a useful tool for the “budgeting” problem
of stochastic backgrounds [688–690] – a measurement of the level of contribution of the
GWB that is correlated with large-scale structure could be used separate the astrophysi-
cal GWB from cosmological backgrounds that would not necessarily be expected to trace
large-scale structure.

Multimessenger constraints on supermassive black hole binary populations In re-
cent years, pulsar timing arrays (PTAs; Section 4.2.1) like NANOGrav, Parkes Pulsar Timing
Array, European PTA, and the International PTA have shown evidence for a “common spec-
trum process” in pulsar timing data [691–694]. While the expected correlations between
pulsars that would be expected from a true GWB detection have not been measured, the
estimated parameters of the common spectrum are consistent with a GWB from super-
massive black hole binaries (SMBHBs; Section 3.3.1). First, note that pulsar timing arrays
are inherently multimessenger enterprises–improvement in our sensitivity to gravitational-
waves come from improving radio telescopes we use to time pulsars (and the data can
be used for myriad endeavours, including e.g. testing general relativity, studies of the
interstellar medium, etc.). Limited information can be learned about the population of
SMBHBs from a GWB detection alone, however, due to the covariance between numerous
population parameters. A GWB detection can shed light on the mass distribution of SMB-
HBs [695], but the spin distribution and the interaction between the binary its surrounding
environment (e.g. dynamical friction [696, 697], stellar loss cone scattering [698, 699],
and viscous circumbinary disk interactions [700, 701]) play a large role in how the bi-
nary orbit evolves with time, and therefore the amplitude of the GWB as a function of
frequency. Observations of individual “GW precursor” binaries, e.g. active galactic nuclei
within a few kpc of one another, are accessible to large electromagnetic surveys [702].
Measuring the properties of these systems can provide statistics on the systems that make
up the binary population that would contribute to the GWB detectable by PTAs, and help
break degeneracies in parameters we cannot measure with a GWB alone.

In addition to the science from an unresovled GWB from SMBHBs (Section 3.3.1), the
most promising multimessenger science to be had with pulsar timing array observations
almost certainly lies in observing both a continuous gravitational-wave signal from an
individual supermassive black hole binary systems, combined with radio observations of
the same system. See, e.g. [703] for a complete discussion.

Other potential sources We have highlighted four of the most promising targets for
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multimessenger science with a GWB from unresolved point sources. There are others, as
well. For example, a GWB from magnetars (Section 3.5.4) [704, 705], or from unresolved
supernovae [706–710]. A GWB from boson clouds around a black hole with a superra-
diant instability can constrain the mass of ultralight bosons, a generic prediction of many
beyond-standard-model theories [711, 712]. These constraints rely on external measure-
ments of the population characteristics of black holes, which will continue to improve
through GW and electromagnetic observations.
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Chapter 4

The Current and Future Multimessenger
Network

4.1 Real-Time Alert Network Coordination

4.1.1 Astrophysical Multimessenger Observatory Network

Hugo Alberto Ayala Solares

Department of Physics, Pennsylvania State University, State College, PA 16801, USA

AMON: The Astrophysical Multimessenger Observatory Network (AMON) is a cyber-
infrastructure developed to perform real-time coincidence analysis for multimessenger as-
trophysics. AMON accepts sub-threshold events, which are data that are below the point-
source analysis thresholds for individual observatories. Well-reconstructed events can be
below these thresholds and hence unusable by the individual observatory. However, with
the use of careful statistical analyses, AMON enables combining the datasets from dif-
ferent observatories and can recover these astrophysical events for point source analysis
[713, 714].

AMON has started sending real-time alerts from its Neutrino-Electromagnetic (NuEM)
channel. The channel consists of data combinations from HAWC and IceCube [575]; and
Fermi-LAT and ANTARES [715]. The coincidence alerts with low false-alarm rates (< 4 per
year) are sent to the Galactic Coordinates Network. AMON also works as a pass-through
system, delivering the IceCube Gold, Bronze and Cascade events; as well as the HAWC
Burst-like alerts.

The next steps for AMON are to increase the number of analyses in its NuEM channel
and to connect to the GW network in order to perform coincidence analyses between
high-energy gamma-ray and neutrino data. AMON is also partnering with SCiMMA to
distribute alerts and receive events from public streams that can help in the search for
multi-messenger sources.
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4.2 Facilities

4.2.1 Pulsar Timing Arrays

Joris P. W. Verbiest1,2,† , Stefan Osłowski3

1 Fakulẗat für Physik, Universität Bielefeld, Postfach 100131, 33501 Bielefeld, Germany
2 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany
3 Manly Astrophysics, 15/41-42 East Esplanade, Manly, NSW 2095, Australia

Pulsar Timing Arrays (PTAs) are experiments that exploit the unrivalled timing preci-
sion of millisecond pulsars to detect nanohertz gravitational waves (GWs). Presently, four
such experiments have been set up around the globe: NANOGrav in North America [716],
the PPTA in Australia [717], the EPTA in Europe [718], and the InPTA in India [719], all
of which collaborate in the International PTA [720]. In addition, two emergent PTAs have
recently been formed in South Africa and China [721]. The most likely GWs expected to
be detected by these experiments are those emanating from supermassive black-hole bina-
ries (SMBHBs), although waves from cosmic strings, the early Universe, primordial black
holes, or some dark-matter models have also been predicted.

The sensitivity of PTAs has been steadily increasing over the past decade, reaching
a sensitivity that is already informative for models of galaxy evolution and supermas-
sivee black hole (SMBH) population models [722]. Indeed, the most recent analyses by
NANOGrav [723], EPTA [724], PPTA [725], and IPTA [726] have already identified sig-
nals similar in character to those expected from a background of SMBHBs, although the
confirmation that this signal is caused by GWs requires a higher signal-to-noise ratio (S/N)
and is still pending.

In this intermediate-S/N regime, the sensitivity of a PTA to GWs is dominated by the
number of pulsars in the array, although the timing precision and data set length also
play a role [727]. The recent commencement of PTA experiments at the Square Kilometre
Array (SKA) pathfinder telescopes, MeerKAT [728] and FAST [721], hold great promise.
Their supreme sensitivity enables numerous new pulsar discoveries and improved timing
precision of all pulsars. By the inclusion of such novel telescopes and by continuing to
expand the timing baseline of the present projects, sensitivity continues to be gained.
Beyond this, the introduction of the SKA, which has recently commenced construction,
would provide a further boost in GW sensitivity for PTAs.

Given the presence of the ”GW-like” signal in current PTA data, a first statistically sig-
nificant detection of the stochastic GW background from SMBHBs is presently anticipated
in the near future [729]. In the following decade, further sensitivity improvements and
extended baselines imply a detailed characterisation of the spectral properties of this GW
background will become possible, and, due to enhanced resolution in the GW spectrum,
a detection of individual GW sources (or, initially, anisotropies in the GW background)
will become ever more likely. Such a detection would naturally enable multi-messenger
studies focused on the identification and characterisation of the host galaxy. To allow lo-
calization, a high-S/N detection of the GW source is of paramount importance [730]. Such

†Supported by the Deutsche Forschungsgemeinschaft(DFG) through the Heisenberg programme (Project
No. 433075039).

46



multi-wavelength identification would aid in breaking the chirp-mass/luminosity-distance
degeneracy and will furthermore place unique constraints on the SMBHB formation effi-
ciency, which is highly uncertain [731]. Also, in rare cases, a host identification could be
used to provide an independent measure of the mass of the graviton [732]. A full review
of further potential multi-wavelength studies of GW sources in the nanohertz band can be
found in Ref. 731.

Since PTA research will require highly sensitive pulsar surveys to be undertaken in the
coming decade, a different type of multi-messenger astronomy will be enabled. A sizeable
number of ultracompact binary neutron stars is expected to be detected [733]. The binary
properties of these systems will be easily determined through pulsar timing, while their
GW emission should be readily detectable in the mHz GW band by space interferometers,
enabling unique high-precision tests of gravity and neutron-star properties [734].

4.2.2 Current Ground-Based Gravitational Wave Interferometers and
Upgrades

Salvatore Vitale1,2

1 Kavli Institute for Astrophysics and Space Research and Department of Physics, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA

2 LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Modern ground-based gravitational-wave (GW) detectors are kilometer-scale Michel-
son interferometers with Fabry-Perot cavities, which are sensitive to relative arm displace-
ments of the order of10−22 . The current network consists of the two advanced LIGO obser-
vatories in the US [70] and advanced Virgo in Italy [71]. A fourth detector—KAGRA [72]—
has been recently constructed in Japan, while another LIGO detector will be built in India
and become operational after 2025 [735].

Unlike most electromagnetic (EM) telescopes, GW observatories are all-sky instru-
ments, and thus a single GW site cannot provide information about the sky location of
a source [736]. Two geographically separated sites yield limited information, usually con-
straining the location of a source in an annular region of hundreds or thousands of square
degrees [737]. A network of at least three sites is required to localize sources to better than
100 square degrees, while larger networks can bring the sky location for the best sources
to less than 10 square degrees. The need to precisely localize multimessenger sources of
GWs is thus one of the main reasons why it is desirable to have several ground-based GW
detectors online.

The advanced LIGO detectors have been taking data since 2015, with advanced Virgo
joining in 2017. These observatories are sensitive in the audio band (∼ 10–2000 Hz), and
thus target lighter sources that pulsar timing arrays or LISA. To date, roughly 100 GWs
from the merger of two compact objects, black holes and neutron stars, have been detected
in LIGO-Virgo data [395, 437, 738–743]. These include the discovery of GW170817 [744],
the merger of two neutron stars that was also detected in the EM band, at all frequencies,
and for which the host galaxy was discovered [13, 745–749]. Other potentially EM-bright
sources such as other binary neutron star (BNS) mergers, as well as mergers of neutron
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stars with black holes, have been discovered in LIGO/Virgo data, but no EM counterparts
have reported [394]. Most of the sources detected to date have been binary black hole
mergers [396]. The merger of two stellar mass black holes is not usually expected to
produce observable EM counterparts, though it has been suggested that mergers happen-
ing in gas-rich environments such as Active Galactic Nuclei (AGN) disks might be EM-
bright [750].

In the next few years, both the sensitivity of the detectors and the size of the net-
work will increase [736]. In their latest observing run (O3), which ended in early 2020,
the LIGO detectors could observe the merger of two neutron stars up ∼ 120 Mpc away,
whereas Virgo had an horizon distance of 50 Mpc [736]. The fourth observing run (O4) is
scheduled to start in late 2022 and last for one year. LIGO and Virgo will have a horizon
distance of ∼ 160–190 Mpc (90–120 Mpc). KAGRA is expected to join O4 with an horizon
distance of 25–130 Mpc [736]. Since the number of detections scales like the cube of the
horizon distance in the local universe, one can project that roughly one BNS merger will
be detected every month, and half of those will have sky localization uncertainties smaller
than ∼ 30 square degrees. Improved low-frequency sensitivity, as well as progress in low-
latency searches for compact binaries open the possibility of pre-merger alerts, which might
be circulated to the broader community before the two neutron stars merge [751, 752].
A few neutron star black hole mergers should also be detected in O4, with slightly worse
sky localization, owing to the smaller bandwidth of heavier sources. The fifth observing
run is currently schedule to start in 2025, with target BNS horizons of330Mpc for the US-
and India-based LIGO, 150 − 260Mpc for Virgo, and better than 130Mpc for KAGRA. Such
a network would detect tens of EM-bright mergers per year, many of which localized to
better than 10 square degrees [736].

Even though all of the GWs detected to date have been generated by the merger of
two compact objects, there exist other potential sources detectable with other messen-
gers [753]. Galactic core-collapse supernovae are expected to emit detectable GWs, and
would naturally detectable also in the EM and neutrino bands. Although rare, such an
event would be extremely consequential.

4.2.3 Third-Generation Ground-Based Gravitational Wave Interferom-
eters

Duncan A. Brown1 , Salvatore Vitale2,3

1 Department of Physics, Syracuse University, Syracuse, NY 13244, USA
2 Kavli Institute for Astrophysics and Space Research and Department of Physics, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139, USA

3 LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139,
USA

The gravitational-wave discoveries by Advanced LIGO1 and Advanced Virgo2 have opened
a new window on the universe. There is significant international interest in, and mobiliza-

1https://www.ligo.caltech.edu/
2https://www.virgo-gw.eu/
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tion toward, developing the next generation of ground-based gravitational-wave observa-
tories capable of observing gravitational waves throughout the history of star formation
and using gravitational waves to study fundamental physics. A community study of the
potential for a network of such third-generation observatories (and its synergy with other
types of gravitational-wave observatories and electromagnetic and astro-particle observa-
tories) have been undertaken by the Gravitational-Wave International Committee (GWIC)
and summarized in a series of white papers [754].

Figure 4.1: Amplitude spectral densities of detector noise for Cosmic Explorer, the cur-
rent (O3) and upgraded (A+) sensitivities of Advanced LIGO, LIGO Voyager, the proposed
Australian NEMO detector [755], and the three paired detectors of the triangular Einstein
Telescope. At each frequency, the noise is referred to the strain produced by a source with
optimal orientation and polarization.

In the U.S., the proposed Cosmic Explorer observtory is designed to have ten times
the sesnitivity of Advanced LIGO and will push the reach of gravitational-wave astron-
omy towards the edge of the observable universe ( z ∼ 100 ) [398, 756]. The European
Einstein Telescope proposal will offer a similar increase in observational reach [757]. Cos-
mic Explorer’s increased sensitivity comes primarily from scaling up a detector that uses
LIGO technology from 4 km to 40 km L-shaped arms. The Einstein Telescope will use
advanced detector technologies in a 10 km triangular interferometer with 60◦ angles built
underground to minimize low-frequency noise. A proposal known as LIGO Voyager would
upgrade the existing LIGO facilities to the limit of their observational reach using advanced
detector technologies [758], although this design does not reach the senstivity of Cosmic
Explorer and Einstein Telescope, which require new facilities. A comparison of the strain
stensitivity of these proposed detectors, and the existing LIGO detectors, is shown in Fig-
ure 4.1.

The third-generation ground-based gravitational-wave observatories will be a critical
part of the multimessenger landscape in the coming decades. A network consisting of Cos-
mic Explorer in the U.S. and Einstein Telescope in Europe would detect & 105 binary neu-
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tron stars per year, with a median redshift of ∼ 1.5—close to the peak of star formation—
and a horizon of z & 9 [759]. Approximately 200 of these binary neutron stars would be
localized every year to better than one square degree, enabling followup with telescopes
with small fields of view [759]. A factor of ten increase in the number of binary neutron
star mergers detected to within a square degree could be obtained by building a second
Cosmic Explorer observatory. The greater the separation between the detectors, the more
precisely sources can be localized, making Australia a prime site for a possible second
Cosmic Explorer detector, or for the proposed NEMO high-frequency third-generation de-
tector [760]. The improved low-frequency sensitivity of third-generation detectors allows
them to detect and localize sources prior to merger. The triangular configuration of the
Einstein Telescope allows it to localize sources without second observatory [397]. The
Einstein Telescope is able to detect 6 (2) sources per year at 5 (30) minutes before merger
with a localization better than ten square degrees, however a full three-detector network
with the operation of two Cosmic Explorer detectors and the Einstein Telescope would al-
low of order 10 sources per year to be localized localized to better than one square degree
five minutes before the merger [761]. These multimessenger observations would allow
exploration of a wealth of fundamental physics.

Neutron stars are excellent astrophysical laboratories for ultra-dense matter. The physics
of the star’s interior is encoded in the gravitational waves emitted when neutron stars co-
alesce [374, 762–764], allowing us to probe the fundamental properties and constituents
of matter in a phase that is inaccessible to terrestrial experiments [765]. After a binary
neutron star merges, oscillations of the hot, extremely dense remnant produce postmerger
gravitational radiation. This as-yet-undetected signal probes the unexplored high-density,
finite-temperature region of the quantum chromodynamic (QCD) phase diagram where
new forms of matter are most likely to appear [766–769]. Cosmic Explorer and Einstein
Telescope are well-suited to observing postmerger gravitational waves [770–772] and, to-
gether with multimessenger observations of the merger remnant, their observations will
shape theoretical models describing fundamental many-body nuclear interactions and an-
swer questions about the composition of matter at its most extreme, such as whether quark
matter is realized at high densities [769, 773, 774].

Gravitational wave standard sirens are expected to play an important role in the con-
text of cosmology. Gravitational waves allow measurement of the luminosity distance of
the source and, together with redshift measurements, can probe the distance-redshift re-
lation [775]. Mesurement of the Hubble parameter using standard sirens does not require
a cosmic distance ladder and is model-independent: the absolute luminosity distance is
directly calibrated by the theory of general relativity. Approximately fifty additional multi-
messenger binary neutron star observations would be needed to resolve the tension be-
tween the Planck and R19 measurements of H0 with a precision of 1–2% [776, 777].
The precision of third-generation detectors, combined with deep optical-to-near-infrared
observatories, would allow third-generation observatories to resolve this tension.

Multi-messenger observations of binary neutron star mergers are a promising new en-
vironment to probe weakly interacting light particles. Immediately after the merger, these
remnants reach temperatures in the 30–100 MeV range and densities above 1014 g/cm3,
similar to the proto-neutron stars formed in core-collapse supernovae that have been used
to place constraints on a wide range of scenarios. The large temperature and density of a
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post-merger remnant makes them very efficient at producing feebly interacting dark sector
particles, which can escape this environment and lead to observational signals [778–780].
Dark photons with masses in the 1–100 MeV range would be copiously produced and, for
a large range of unconstrained couplings, would lead to a very bright transient gamma-ray
signal originating from the dark photon decay [780]. The precision and early warning
offered by next-generation detectors allows the use of the associated gravitational-wave
signal as a trigger and a timing measurement to help distinguish signal from background
fluctuations and allows for gamma-ray observatories with narrower fields of view to ob-
serve events. Observations of gravitational waves from neutron star mergers can allow
exploration of an object with a non-negligible contribution from vacuum energy to their
total mass. The presence of vacuum energy in the inner cores of neutron stars occurs in
new QCD phases at large densities, with the vacuum energy appearing in the equation of
state for a new phase. This, in turn, leads to a change in the internal structure of neutron
stars and influences their tidal deformabilities, which are measurable in the gravitational-
wave signals of merging neutron stars [781].

The vast cosmological distances—redshifts in excess of z ∼ 20 —over which gravita-
tional waves travel, will severely constrain violation of local Lorentz invariance and the
graviton mass [782]. Such violations or a non-zero graviton mass would cause disper-
sion in the observed waves and hence help to discover new physics predicted by certain
quantum gravity theories. At the same time, propagation effects could also reveal the
presence of large extra-spatial dimensions that lead to different values for the luminos-
ity distance to a source, as inferred by gravitational-wave and electromagnetic observa-
tions [783, 784], or cause birefringence of the waves predicted in certain formulations
of string theory [785, 786]. The presence of additional polarizations predicted in certain
modified theories of gravity, instead of the two degrees of freedom in general relativity,
could also be explored by future detector networks [782, 787].

Massive stars undergoing core-collapse supernova also generate gravitational waves
from the dynamics of hot, high-density matter in their central regions. Cosmic Explorer
and Einstein Telescope will be sensitive to supernovae within the Milky Way and its satel-
lites, which are expected to occur once every few decades [788]. Core collapses should
be common enough to have a reasonable chance of occurring during the few-decades-long
lifetime of Cosmic Explorer. A core-collapse supernova seen by Cosmic Explorer will have a
significantly larger signal-to-noise ratio than one seen by current gravitational-wave detec-
tors, and could be detected by a contemporaneous neutrino detector like DUNE [789], giv-
ing a spectacular multimessenger event. Detection of a core-collapse event in gravitational
waves would provide a unique channel for observing the explosion’s central engine [790]
and the equation of state of the newly formed protoneutron star [791]. Detection of a
supernova would be spectacular, allowing measurement of the progenitor core’s rotational
energy and frequency measurements for oscillations driven by fallback onto the protoneu-
tron star [792].
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4.2.4 Space-Based Graviational Wave Detectors
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Earth-based gravitational wave observatories are typically designed to detect gravita-
tional waves (GWs) at frequencies above∼ 1 Hz due to the increase in both environmental
and anthroprogenic noise levels at lower frequencies, as well as the impractically large
antenna sizes needed to optimally couple to low-frequency GWs. Moving the observatory
to space allows both of these issues to be addressed. Specifically, designers of space-based
observatories have focused on the millihertz frequency band, which is rich in both the
number of sources and variety of source types. The most mature space mission concept is
the Laser Interferometer Space Antenna (LISA) [73], which is currently in development as
a Large-class mission of the European Space Agency with substantial contributions from
NASA and many European member stages [793]. LISA, which expects to be operational
in the 2030s, will observe in the band between 0.1mHz < f < 1 Hz. LISA and other
LISA-like concepts, such as China’s Taiji and TianQin programs [794, 795], define the first
generation of space-based GW observatories, which can expect to observe in the 2030s
and 2040s. Further in the future, second generation facilities may expand capabilities in
frequency, sensitivity, and angular resolution.

It is worth recognizing that one of the scientific motivations for developing an entirely
new kind of instrument is the opportunity to examine old problems from a new perspec-
tive. In this sense, all of GW science is ‘multimessenger’—GW observations will yield direct
information about populations of objects, including information such as masses and dis-
tances that are difficult to measure by other means—and this information will provide
additional insight when combined with electromagnetic (EM) and particle observations of
those same populations. For example, LISA will perform a census of massive black hole
mergers into the Cosmic Dawn, while X-ray missions will measure growth through accre-
tion onto single black holes; the combined information will paint a fuller picture of the
relative importance of these massive black hole growth channels through time.

With that context, there are a number of anticipated milliHertz GW measurements
for which there are opportunities for contemporaneous multimessenger astronomy— ob-
servations of the same physical system on human timescales with both GWs and other
messengers. A white paper [796] was developed for the 2020 Decadal Survey of Astron-
omy and Astrophysics [5] summarizing the multi-messenger opportunities for LISA, both
contextual and contemporaneous. Here we briefly summarize the latter category:

Cosmology with Standard Sirens One of the most vexing problems in modern astron-
omy is the apparent discrepancy between measurements of the Hubble flow made
using standard candles versus those inferred from the Cosmic Microwave Background
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(CMB). GWs offer an opportunity to bring a third technique to the problem— stan-
dard sirens [797]. Standard sirens take advantage of GWs ability to measure lumi-
nosity distances to chirping sources directly, without invoking the multi-rung distance
ladder needed to infer distances to standard candles such as Type Ia supernova (SN).
When combined with a redshift obtained from an EM measurement, this technique
can yield an independent measurement of the Hubble constant. This technique was
first demonstrated with the binary neutron star (NS) event GW170817 [798]. While
future binary NS events will improve the accuracy of this measurement, space-based
GW observatories will allow the technique to be extended to much higher redshifts
using GW observations of stellar-mass black holes at low redshifts ( z . 0.1 ), ex-
treme mass-ratio inspirals at moderate redshifts ( 0.1 . z . 2 ), and massive black
hole mergers at high redshifts ( z & 1 ) [799]. It is worth noting that these sources
are observable by GWs for hours to years, and this longer interval provides a better
opportunity for coordinated EM/Particle observation campaigns. The primary chal-
lenge for this technique is identifying the EM counterpart to the GW event, so that
both redshift and luminosity distance can be measured. Approaches range from coin-
cident searches for EM signals produced by the event, to searches for the host galaxy
using targeted surveys within the GW error volume, to correlation and statistical
inference between a population of GW events and galaxy catalogs.

Physics of Massive Black Hole Accretion The massive black holes (MBHs) that LISA and
other space-based GW detectors will observe merging are found in a surprisingly
large variety of galaxy hosts, including some with low-level Active Galactic Nuclei
(AGN) activity. GW observations will provide direct information about the MBHs,
including mass, spin, and orbital properties of this central engine, while EM observa-
tions will yield information about the physical properties of the material in the AGN
disk— temperatures, densities, and magnetic fields. The combined set of observa-
tions will allow dramatic improvement in modeling the detailed physics of accretion
flow in AGN. As with the standard sirens, the challenge for this class of investigation
lies in locating and identifying the host galaxy where the GW-observed merger is tak-
ing place. Since EM measurements coincident with the merger are required, extra
emphasis is placed on the ability to identify the target prior to the merger. As GW
localization rapidly improves as the merger is approached, this places extra emphasis
on rapid production of GW alerts (communications and data analysis), EM facilities
with fast survey capability, and a robust and large time-domain database of the sky.

Astrophysics of Compact White Dwarf Binaries By far the most numerous population
of millihertz GW sources are compact binary systems, predominantly white dwarf bi-
naries, in the Milky Way. LISA is expected to individually resolve perhaps20 × 104 of
these systems, with millions more contributing to an unresolved background that will
be detectable above the instrument noise floor. Unlike other sources, these galactic
binaries have long evolutionary timescales and, as a result, are observed as persistent
GW sources. This greatly reduces the difficulty in conducting multimessenger obser-
vations. In fact, roughly a dozen systems that will be detectable by LISA have already
been identified through EM surveys [800], representing a population of guaranteed
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multi-messenger sources. Additional surveys before the launch of LISA, such as those
conducted by the Vera Rubin Telescope [801], will add to this population. Once LISA
launches, many more multimessenger systems will be added to the catalog using
the reverse process— identification of EM sources from GW triggers. The science
opportunities for this population are vast. The sheer increase in the number of iden-
tified compact binary systems will help constrain models of the end states of stellar
evolution. For some individual systems, GW measurements will be able to measure
changes in the orbital frequency caused by GW emission, mass transfer, or a com-
bination of the two. The combined constraints from GW and EM observations are
improved by an order of magnitude over what either messenger can do alone [802].

Figure 4.2: Simulated electromagnetic emission from accreting binary massive black hole
during the late inspiral phase. [NASA/GSFC]

As with development of ground-based GW detectors, LISA will be just the beginning of
GW detectors in space [803]. The landscape of potential second-generation detectors has
been the subject of several recent white papers associated with the US Astronomy Decadal
Survey [804] and the European Space Agency’s Voyage 2050 process3. The opportunities
for second generation detectors fall into three main categories: increasing the sensitiv-
ity of the detector in roughly the same measurement band, moving to higher [805] or
lower [806] frequency bands relative to LISA, or increasing the number of baselines and
improving the astrometric localization capabilities [805]. Advances in each of these areas
has the potential to advance the scientific investigations outlined above.

For example, a detector with sensitivity at lower frequencies than LISA would preferen-
tially measure more MBH mergers and provide longer early-warning times for mergers of a
given mass, both of which could significantly improve prospects for detecting a contempo-
raneous EM signal. Such a detector would also allow the study of the still-unsolved puzzle
of the rapid emergence of high-z quasi-stellar objects (QSOs), with major implications on
the evolution of supermassive black holes and galaxy formation. The observation of the

3https://www.cosmos.esa.int/web/voyage-2050
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myriad of galactic binaries with orbital periods below the LISA band would also expand
our knowledge about their distribution and has the potential to uncover new sources such
as binary brown dwarfs and exoplanets. Technologically, such an observatory is within
reach using incremental evolution of LISA technologies, although the longer baselines
may require somewhat larger telescopes or more powerful lasers depending on the precise
sensitivity targets.

A mission covering the frequency gap between the Laser Interferometer Gravitational-
wave Observatory (LIGO) [807] and LISA ( .03Hz . f . 3 Hz) would allow observation
of the mass gap between LISA’s MBH mergers and LIGO’s stellar-mass black hole mergers.
Proposed missions in this frequency range also promise a sensitivity that could allow un-
precedented tests of General Relativity (GR) or other beyond-the-Standard-Model physics.
This is also the frequency range where white dwarfs in binary systems make contact, giv-
ing rise to an unprecedented early warning system for nearby supernovae. However, the
shorter arms required to optimize GW coupling in this band require corresponding im-
provements in interferometric sensitivity by at least two to three orders of magnitude, a
technological challenge which will need to be addressed as soon and which may require
departure from the LISA architecture.

A final category of improvement over LISA for future GW missions would be increasing
angular resolution through the addition of multiple baselines or multiple constellations.
Rather than relying on long-period modulations of the GW signal due to the orbit of the
constellation, such a system would have vastly improved sky localization, especially in
the early stages of a detection event. This could have an important impact on multi-
messenger studies by allowing facilities with higher sensitivities, but smaller fields of view,
to participate in the search process. Realizing such a mutli-detector network in space
would likely require changes to the project management and engineering approach away
from highly-specialized, highly-reliable spacecraft to easily manufacturable and potentially
replaceable spacecraft, forming a robust and flexible network.

4.2.5 Current Space-Based Gamma-Ray Telescopes

Colleen A. Wilson-Hodge1, Joshua Wood1, Eric Burns2

1 NASA Marshall Space Flight Center, Huntsville, AL 35805
2 Department of Physics & Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA

The two pillars of modern multimessenger astrophysics, GW170817 [808] and TXS
0506+056 [4] were both made possible by gamma-ray discovery of the electromagnetic
half of these events. The nuclear gamma-rays from the first multimessenger source in as-
tronomy, SN 1987A, is still one of the strongest observational results enabling our current
understanding of the supernova engine. Gamma-ray counterparts are the foundation for
all modern multimessenger science. The essential gamma-ray capabilities that enable mul-
timessenger science are a very wide field-of-view with good sensitivity, rapid response and
alerts, good time resolution, broad energy coverage in the keV to GeV range, and good
gamma-ray localizations. No single gamma-ray mission provides all of these capabilities.
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A very wide field of view, as much of the sky as possible, is needed because the gamma-
ray emission is short-lived and nearly coincident with the GW or neutrino emission. De-
tection of a gamma-ray counterpart is necessary to determine if various types of mergers
produce counterparts and to determine the astrophysical origin of neutrinos. Rapid re-
sponse and alerts enable follow-up of events to detect afterglow or kilonovae. Good time
resolution is needed to correlate events and to measure the time difference between multi-
messenger events and gamma-ray emission. For gravitational wave events, the time delay
can be used to measure the speed of gravity and to constrain properties of the jet and
central engine. Broad energy coverage in the keV to GeV range enables measurements
of energy spectra, GRB energetics, and detections of flaring gamma-ray blazars. Good
gamma-ray localizations increase the confidence of the associations with the multimessen-
ger events and enable follow-up.

The Fermi Gamma-ray Space Telescope, launched in 2008, includes two instruments,
the Gamma-ray Burst Monitor (GBM, [809]) and the Large Area Telescope (LAT, [810]).
The GBM instrument is sensitive from 8 keV to 1MeV and has a time resolution of 2µs. GBM
views the entire sky that is not occulted by the Earth and provides automated gamma-ray
burst (GRB) triggers rapidly disseminated to the community through the Gamma-ray Burst
Coordinates Network (GCN, [811]). These automated alerts include degree-scale burst
localizations derived from the relative rates GBM detectors. Spectral analysis of GBM de-
tected GRBs constrains the peak energy for most GRBs, providing a measure of the GRB
energetics. On August 17, 2017, GBM independently detected and reported GRB 170817A
[812], the GRB associated with GW170817 [808], before the gravitational wave event
was announced by LIGO. GBM has worked closely with the LVK to provide joint automated
alerts in the next LVK observing run (O4). In addition to its automated triggers, GBM con-
tinues to provide sensitive sub-threshold searches for GRBs associated with gravitational
waves [813, 814]. These sub-threshold searches can also be used to search for gamma-
ray counterparts to neutrinos. The LAT instrument on-board Fermi is a pair production
telescope with silicon strip trackers, a Cesium Iodide calorimeter, and a plastic scintillator
anticoincidence system. The LAT has a large field of view of about 2.4 steradians and the
Fermi spacecraft is operated such that the LAT covers the entire sky approximately every
three hours. The LAT data provide the arrival time, arrival direction, and energy for indi-
vidual detected photons. Less than 10% of the GRBs detected by GBM are also detected by
the LAT [815], however for those GRBs, the LAT provides much more precise localizations.
A large number of high energy sources are monitored by the LAT, including a flaring blazar,
TXS 0506+056 associated with high-energy neutrinos [4].

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL, [816]) was launched
in 2002. The thick Anti-Coincidence Shield surrounding the Spectrometer on INTEGRAL
(SPI-ACS, [817], is an effective nearly omni-directional GRB detector, reaching 0.7 m 2

above about 75 keV with a time resolution of 50 ms and a single energy band. The SPI-ACS
detected GRB 170817A [818], associated with GW170817. The SPI-ACS has no localiza-
tion capability. SPI-ACS announces GRB detections through the GCN.

The Neil Gehrels Swift Observatory [819] was launched in 2004. Swift comprises
three instruments, the Burst Alert telescope (BAT), the X-ray telescope (XRT), and the
UV/Optical Telescope (UVOT). The BAT is sensitive to hard X-rays from 15-150 keV, with
a 2 steradian field of view and arcminute localizations [820]. Swift sends out rapid alerts
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through the GCN. The Swift spacecraft can rapidly repoint in response to GRBs detected
with the BAT, using the XRT (0.3-10 keV, [821]) to image and localize to arcsecond scales.
The UVOT (170-600 nm, [822] detected a UV counterpart to GW170817 [823], indicating
that the event produced a hot blue kilonova. A new capability has been developed [824] to
provide event level Swift BAT data on demand in response to GW events, GRB detections
from GBM and other instruments, and other potentially exciting gamma-ray events. This
provides arcminute localizations for GRBs detected in the subthreshold searches, and for
non-detections, improves localizations by eliminating sky regions visible to Swift BAT.

The InterPlanetary Network (IPN) is an international collaboration that combines in-
formation from multiple GRB monitors [825]. Over the last few decades the IPN has near
perfect sky coverage and almost unity livetime, and utilizing the finite speed of light to
triangulate bursts on the sky. It has been key in the discovery of soft gamma-ray repeaters
(now known to be a key magnetar class), magnetar giant flares, the first counterpart to
fast radio bursts, matching prompt GRBs to optically-discovered collapsars, and, thus far,
providing upper limits for externally discovered events of interest including orphan after-
glows, neutrinos, and more.

The current fleet of gamma-ray missions is quite old, ranging from 14-20 years, with
some of the IPN missions being much older. Maintaining and improving these capabilities
in the future is crucial to multimessenger astrophysics. Strategic coordination between
space and ground based assets, so that limited space missions overlap with ground fa-
cilities operating at their full sensitivity is key to the future success of multimessenger
astrophysics.

4.2.6 Next-Generation Space-Based Gamma-Ray Telescopes

Carolyn Kierans

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

There is a significant community effort to develop the next-generation gamma-ray
mission with the goal of advancing multimessenger astrophysics. As described in Sec-
tion 4.2.5, a wide field of view, rapid response, good timing resolution, broad energy cov-
erage, good localization, and, of course, high sensitivity, are needed to detect and study
the high-energy electromagnetic counterparts to multimessenger events. The fleet of mis-
sions in development and proposal stages satisfy different combinations of these required
capabilities.

The past few years have seen a new fleet of small satellites (CubeSats and Small-
Sats) that are being developed for the detection of gamma-ray burst (GRB) prompt emis-
sion. These are simple scintillator instruments optimized for all-sky transient detections
with no imaging capabilities, though rough localizations are achievable by analyzing the
rate-differential in multiple on-board detectors [826]. Modeled off of Fermi-GBM [827],
BustCube [828], Glowbug [829], and StarBurst [830] are just a few of the many missions
in this vein that are current being developed. With a simple detector design, these instru-
ments are also being worked on by university student groups. With the increasing number
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of small missions dedicated to the all-sky monitoring of GRBs, the community is also orga-
nizing to maximize the science output of the arrays of instruments through collaboration4.

To move beyond transient detections, a telescope capable of imaging allows for source
localization, background reduction and rejection, and the study of steady-state sources or
those with longer variability, such as flaring blazars. Imaging in gamma rays and the low
end of the MeV range requires a Compton telescope and above ∼ 10 MeV, pair conversion
dominates. The Compton Spectrometer and Imager (COSI) is a Small Explorer mission
that was recently selected for launch in 2025 [831]. COSI is a wide-field telescope de-
signed to survey the gamma-ray sky at 0.2–5 MeV. With excellent spectral resolution, and
background rejection through Compton imaging, COSI will detect and localize short GRBs
from merging neutrons stars and observe flaring blazers that are potential neutrino source
counterparts.

The gamma-ray astrophysics community is actively pushing for a mission that can bring
the Fermi Large Area Telescope (LAT; [810]) capabilities to the MeV range where multi-
messenger sources are the brightest. While no large-scale gamma-ray missions have been
selected, many mission concepts have been developed and proposed. Most of these mis-
sions combine Compton imaging and pair capabilities in the same instrument volume:
AMEGO [61] and AMEGO-X [832], GRAMS [833], and APT [834]. These missions provide
∼ 1 ◦ localization for transients and a sensitive, wide field of view for source monitoring
and observations. GECCO [835] uses Compton imaging combined with a coded mask to
achieve excellent angular resolution for more detailed studies of specific sources and the
dense Galactic center region.

Another sought-after capability is gamma-ray polarization to constrain the mission
models of GRBs and neutrino counterparts. Transient detectors, such as POLAR [836]
and LEAP [837], are optimized for GRB observations. At higher energies, concepts like
AdEPT [838] will operate in the pair regime where polarization measurements probe the
fundamental processes of particle acceleration in active astrophysical objects often associ-
ated with multimessenger sources.

Here we have only highlighted a small subset of the current instrument development
in the community as the drive to enable multi-messenger astrophysics strengthens. We en-
courage the interested reader to reference the Snowmass CF07 Gamma-Ray Experiments
white paper The Future of Gamma-Ray Experiments in the MeV–EeV Range for further de-
tails.

4.2.7 Current Ground-Based Gamma-Ray Telescopes

Brenda Dingus1,2 , Jordan Goodman1 , Brian Humensky1

1 University of Maryland, College Park, College Park, MD 20742, USA
2 Los Alamos National Laboratory, Los Alamos, NM 87545, USA

At the highest energies, the flux of gamma rays is too low to be detected with satel-
lite sized detectors. Two different technologies are used to detect gamma rays from the
ground: observing the showers of particles in our atmosphere with large mirrors to detect

4grbnanosats.net
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Cherenkov light, or with high-altitude arrays of particle detectors. The Imaging Atmo-
spheric Cherenkov Telescopes (IACTs) observe the entire shower and therefore can mea-
sure gamma-ray energy as well as distinguish gamma rays from the more plentiful back-
ground of cosmic rays. However, IACTs can operate only on clear nights and their field of
view (FoV) is limited to a diameter of a few degrees. Extensive Air Shower (EAS) particle
detectors operate continuously and have a wide FoV of about 2 sr—observing about 2π sr
daily—but have a higher energy threshold and less efficient cosmic-ray rejection.

The complementary nature of these two technologies requires both these technolo-
gies to probe multi-messenger phenomena. EAS detectors—with 1/6 of the sky always
observed—are uniquely capable of catching short, bright transients and providing long
term, continual monitoring of the TeV sky. For example, the prompt emission from short
Gamma Ray Bursts (GRBs; likely correlated with neutron star mergers that produce gravi-
tation waves) has a duration < 1–2 seconds as well as the evaporation of Primordial Black
Holes (PBHs) in which the highest energy emission is produced in the last fraction of a
second. EAS detectors can provide sub-degree localization and multimessenger triggers,
as well as observations of multimessenger sources prior, during, and after another mul-
timessenger trigger. IACTs must slew their mirrors to the direction of a multimessenger
trigger, taking tens of seconds; however, their better flux sensitivity and energy resolution
is ideally suited to detecting the decaying afterglow emission of GRBs and measuring the
temporal variation of energy spectra throughout an Active Galactic Nuclei (AGN) flare.

Current IACTs and EAS detectors have made important observations of multimessen-
ger sources. The nature of neutrino as well as gravitational-wave sources is not well
constrained, but both are likely particle accelerators which will produce gamma rays at
energies which can be detected from the ground. Gamma-ray observations of multimes-
senger sources can provide the link to identification with lower-energy sources as well
as constrain both fundamental physics and particle acceleration mechanisms. For exam-
ple, the most distant transient sources provide strong constraints on Lorentz Invariance.
Both IACTs and EAS have observed flaring in AGN— one AGN flare observed by an IACT
was associated with an IceCube neutrino. Also, IACTs and EAS detectors have observed
gravitational-wave sources, placing upper limits on the highest energy gamma-ray emis-
sion. IACTs have significantly detected several GRB afterglows, and EAS detectors have
placed strong limits on the prompt emission.

Three major arrays of IACTs are currently operating: H.E.S.S. [839] in the Southern
Hemisphere, and MAGIC [840] and VERITAS [841] in the Northern Hemisphere, with the
latter two separated by about 90 degrees in longitude. All three have programs in place
to respond rapidly to alerts regarding GRBs, astrophysical neutrinos, and gravitational-
wave events, and can begin observations within anywhere from a few tens seconds to
several minutes after a trigger. Their angular resolution (below 0.1 degree at 1 TeV) and
background rejection provide deep instantaneous sensitivity, though some serendipity is
required for an IACT to be in position to respond quickly to an interesting alert. Four
long GRBs have been detected at 5 sigma or above by IACTs in recent years, including
GRB190114C [842, 843] and GRB201216C [844] by MAGIC and GRB180720B [845] and
GRB190829A [846] by H.E.S.S.

Currently there are two major EAS detectors operating in the TeV–PeV range. They
are HAWC in Mexico and LHAASO in China. Both continuously monitoring the Northern
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sky, but observe different regions of the sky due to their different longitudes. Their data
are recorded and can be searched in near real-time for transient events, sending alerts
to other instruments, or their archival data can be searched to look for events that are
later observed/reported by other detectors. These include AGN flares, GRBs, astrophysical
neutrinos, gravitational-wave events, or even fast radio bursts. Since they observe the
particles that reach the ground, they don’t require dark nights and therefore can observe
the parts of the sky that are in daylight (which is approximately half the sky for half the
year).

HAWC has been in operation since 2015 and, up to now, has reported on flaring AGN
and set limits on GRBs, neutrino events, PBHs, and gravitational waves. Its threshold is
∼ 1 TeV and has measured galactic-source spectra beyond several hundred TeV. HAWC’s
newest reconstruction algorithms have enabled a significantly lower threshold and wider
FoV that should provide greater sensitivity to transients. LHAASO’s km2 has come online
within the last two years and has already observed sources extending up to, and possibly
beyond, a PeV. They have recently started operation with their water Cherenkov ponds
(about four times the area of HAWC with better light collection), which will give them
improved sensitivity below 1 TeV. LHAASO can be expected to operate for the foreseeable
future.

4.2.8 Future Ground-Based Gamma-Ray Telescopes

Brenda Dingus1,2 , Jordan Goodman1 , Brian Humensky1

1 University of Maryland, College Park, College Park, MD 20742, USA
2 Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Future IACTs and EAS particle detectors will have more than an order of magnitude im-
proved sensitivity over current observatories. Observatories are planned for both the
Northern and Southern Hemisphere, which is required to catch the relatively rare mul-
timessenger transients. There are two major international efforts planned— the Cerenkov
Telescope Array (CTA) and the Southern Wide-field Gamma-ray Observatory (SWGO).
Both of these observatories were endorsed by the National Academy of Sciences Astro
2020 Particle Astrophysics Group panel.

CTA [140] will consist of IACT arrays located at two sites— a Northern site on La Palma,
and a Southern site at the European Southern Observatory in Paranal, Chile. Telescopes
for CTA are being designed in three size classes: large-size telescopes (LSTs) to cover low
energy ranges (30 GeV–1 TeV), medium-size telescopes (MSTs) to cover medium energy
ranges (0.1–10 TeV), and small-size telescopes (SSTs) to cover high energy ranges (1– >
100TeV). The LSTs, in particular, are designed with a focus on rapid response to transients
and will be capable of slewing to any point on the sky within 20 seconds. The LSTs will
have a field of view (FoV) of 4.5 degrees, and while the MSTs will slew more slowly (60–90
seconds to reach any point on the sky), their 7–8 degree FoV and larger number (25 at the
Southern site and 15 at the Northern site) provide the opportunity to survey large areas
deeply and rapidly— ideal for follow-up of GW events.

The EAS detector, SWGO [96–98] (see Section 4.2.8.1), will be built at an altitude even
higher than HAWC and LHAASO with a substantially larger water Cherenkov detector to
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optimize the detection of lower-energy gamma rays. A lower energy threshold of detection
allows more distant sources to be detected as lower-energy gamma rays are less attenu-
ated by pair production with extragalactic infrared photons. With SWGO in the Southern
Hemisphere and LHAASO in the Northern Hemisphere, there will be, over the course of
the day, nearly full sky coverage at a threshold where transient events can be observed
from ∼ 100 GeV to above 1 PeV.

4.2.8.1 The Southern Wide-field Gamma-ray Observatory

Andrea Albert1 Chad Brisbois2 Kristi Engel1,2 J. Patrick Harding1,3 on behalf of the
SWGO Collaboration4
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2 University of Maryland, College Park, College Park, MD, 20742, USA
3 Michigan State University, East Lansing, MI, 48824, USA
4 https://www.swgo.org/SWGOWiki/doku.php?id=collaboration

The Southern Wide-field Gamma-ray Observatory (SWGO) is a proposed EAS experi-
ment that would be located in South America. The design will build on the technology and
successes of the High-Altitude Water Cherenkov (HAWC) Observatory [847], which also
inspired the Large High-Altitude Air-Shower Observatory (LHAASO) [99]. Since 2015,
HAWC has discovered new TeV sources and source classes, set new world-leading limits
on dark matter decay and annihilation, and played a crucial role in multi-messenger obser-
vations [3, 848–865]. Like HAWC, SWGO is planned to be a ground-based array of water
Cherenkov detectors (WCDs) that detect particles in extensive air showers created by in-
cident gamma rays in the upper atmosphere with a duty cycle of ∼ 100%. It will observe
gamma rays from < 500 GeV to> 100 TeV and have an instantaneous field of view of∼ 2 sr.
More details on the design of SWGO and the impact of the scientific goals of the Collabo-
ration on that design can be found in Refs. 96–98, with the phase space that SWGO will
occupy, showcasing ideal complementarity with existing and planned experiments, being
shown in Figure 4.3. A diverse science portfolio is possible with SWGO with such a design
approach and heritage, including multimessenger studies.

SWGO and Cosmic Rays:
Cosmic-ray science goals with SWGO include measuring the cosmic-ray spectrum up

to the so-called ‘knee’ (1015 eV). If the composition near the knee is dominated by pro-
tons, then 1017 eV is the end of the Galactic component to the cosmic-ray spectrum, with
extragalactic sources dominating beyond the knee [866]. If the composition is mostly
dominated by heavier nuclei (primarily Carbon, Nitrogen and Oxygen), the interpreta-
tion of the knee is less clear. The KArlsruhe Shower Core and Array DEtector (KASCADE)
results suggest the particle flux at the knee predominantly consists of protons [867],
while another EAS experiment, ARGO-YBJ (Astrophysical Radiation Ground-based Obser-
vatory at YangBaJing), finds that the spectral index at particle energies below the knee
is −2.63 ± 0.06 [868], and steepens to −3.34 ± 0.28 at higher energies [869], meaning
protons may not be dominant at the knee in favor of extragalactic cosmic rays [869, 870].
Additionally, direct detection cosmic-ray experiments find a hardening of the He spectrum
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Figure 4.3: The differential sensitivity of the HAWC Observatory [847], LHAASO [99],
and the Southern portion of the Chrenkov Telescope Array (CTA) [67] with the phase
space that will be explored in the design studies for SWGO. Figure from Ref. 97.

at rigidities (momentum/charge) larger than 100 GV [871]. EAS arrays (such as the Pierre
Auger Observatory or Telescope Array) measure cosmic rays with energies from∼ 100 TeV
to ∼ a few EeV [872, 873], while the direct detection satellites measure the spectrum up
to ∼ 10 TeV [874]. While conceived primarily as a high-energy gamma-ray observatory, the
design of SWGO enables sensitive tracing of the components of the ‘knee’ up to 1016 eV,
measuring the maximum acceleration energies of Galactic sources, making it well suited
to bridge the energy range between indirect and direct experiments.

First observed by Milagro, a large scale anisotropy has been observed in the distribution
of cosmic rays, which has been since confirmed by several experiments [875, 876]. The in-
complete field-of-view of ground based experiments necessitates combining data between
detectors to observe the full 4πsr coverage required to examine the large scale anisotropy.
The distribution of cosmic rays at 10 TeV was obtained by combining HAWC (Northern
Hemisphere) and IceCube (Southern Hemisphere) data, showing the all-sky anisotropy
for the first time [877]. SWGO would be able to provide coverage in the Southern sky,
with a maximum multipole scale > 0.1 PeV [97]. Combining data between SWGO, HAWC,
IceCube, and other experiments will improve our understanding of this anisotropy.

SWGO and Cosmic Neutrinos: Currently, the cosmic neutrinos Icecube has detected
thus far have energies between 100 TeV and 10 PeV [878], making SWGO’s gamma-ray
energy range complementary to IceCube’s neutrino energy range. Therefore, can search
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for common sources of neutrinos and gamma rays, which would indicate acceleration sites
of hadrons in those regions (Galactic or extragalactic). Additionally, many dark matter
decay models predict the creation of neutrinos, making dark-matter-dominated sources
key targets for multimessenger studies [879]. A cosmic neutrino event was seen coinci-
dent with a flaring blazar TXS 0506+056 at 3σ, resulting in an extensive multimessenger
search [4]. Similar events in the future would give opportunities for SWGO to participate
in the followup efforts. However, no localized cosmic neutrino source has been signifi-
cantly detected [880].

SWGO and Gravitational Waves: The first gravitational waves from a binary-black-
hole merger were detected in 2015 [2]. Subsequent to the binary-neutron-star merger,
GW170817, several experiments performed observations to examine the electromagnetic
(and potentially neutrino) component to the merger [13]. TeV gamma rays were observed
by the High-Energy Spectroscopic System (H.E.S.S.) array [881], but only after five hours
because the release of the LIGO localization maps delayed data taking. Since H.E.S.S. is a
pointed instrument, it needs localization information to know where to perform observa-
tions. An instrument like SWGO would be able to see such an event immediately, due to
its wide-field-of-view.

4.2.9 Future Ground-Based Extensive Air Shower Detectors for Cos-
mic Rays, Neutrinos, and Ultra-High-Energy Gamma Rays

Markus Ahlers1

1 Niels Bohr International Academy, Blegdamsvej 17, 2100 Copenhagen, Denmark

Cosmic ray interactions in the atmosphere create extensive air showers that can be
observed by ground-based observatories using large areas of water-Cherenkov detectors,
scintillator surface detector or underground muon detectors. The particle cascades in the
atmosphere are visible by fluorescence detectors, air-Cherenkov detectors or air-radio de-
tectors which are often augmented with a surface array for hybrid detection mechanisms.

The shower characteristics allow to infer cosmic ray mass composition and also to look
for characteristic (but rare) events produced by neutrino and UHE gamma rays. Neutrinos
can be identified via quasi-horizontal (θ . 60 ◦ ) extensive air showers with a high electro-
magnetic component. Earth-skimming tau neutrinos are visible as up-going showers from
the decay of tau leptons produced in charged-current interactions in the Earth’s crust. The
signatures of UHE gamma rays are air showers with a larger atmospheric depth at the
shower maximum and a steep lateral distribution function, along with a lower number of
muons with respect to showers initiated by nuclei.

The next generation of ground-based UHE CR observatories are envisioned for the
2030s. The community has started to collect ideas for the scientific scope and detector
concept of a Global Cosmic Ray Observatory (GCOS) [882]. The detector design will need
to be optimized for the competing requirements for energy and mass resolution on one
hand – typically achieved by small and dense surface arrays – and event statistics from
large exposures on the other hand – requiring larger arrays with sparser detectors. At the

63



moment, the GCOS detector concept envisions a hybrid design including a total surface
area of the order of 40,000 km2, which will allow to reach an exposures of the order of
2 × 105 km2yr for cosmic rays after ten years of operation.

The next-generation neutrino telescope IceCube-Gen2 also envisions an extended sur-
face detector component above the main in-ice optical Cherenkov detector [883, 884].
This surface detector would allow to observe cosmic ray air showers by their electromag-
netic component and low-energy muons on the surface whereas high-energy muons are
measured in the ice. A combination of elevated scintillation and radio detectors would
enable high measurement accuracy of air showers. Together with the surface detector en-
hancement presently underway for IceTop [885] the IceCube-Gen2 surface array aims to
cover an area of about 6 km2.

Ground-based detectors can identify “earth-skimming” tau neutrinos, i.e. tau neutrinos
that travel through the Earth’s crust at a shallow angle. At energiesE > 1 PeV tau neutrinos
have a high probability to create tau leptons in charged-current interactions with Earth
matter near the surface. These tau leptons can emerge from ground and initiate air shower
as they decay in flight. Even though tau neutrino production by cosmic ray interactions
is suppressed, neutrino flavor oscillations of astrophysical neutrinos guarantee a strong
contribution of tau neutrinos upon arrival at Earth.

Various future observatories have been proposed to observe Earth-skimming tau neu-
trinos by the decay of tau leptons above ground. Trinity is a detector concept that aims to
detect air-Cherenkov emission by using a novel optical structure design that points at the
horizon from an elevated vantage point [886]. BEACON [887] and TAROGE [888] plan
to detect air-radio emission from elevated locations using compact arrays. The Ashra NTA
is a proposed neutrino (and gamma ray) detector to be located on Mauna Loa, Hawaii,
that observes air-Cherenkov and fluorescence light emission above the volcano with four
detector stations [889]. TAMBO is another proposed detector to be located on one side
of an Andean canyon to detect air showers emerging from the opposite side with an array
of water-Cherenkov tanks [890]. GRAND [891] is a planned large array of sparse radio
antennas to detect the radio emission from air showers not only triggered by high-energy
neutrinos but also cosmic rays and gamma rays.

4.2.9.1 The Beamforming Elevated Array for Cosmic Neutrinos

Austin Cummings1

1 Pennsylvania State University, State College, PA 16801, USA

The Beamforming Elevated Array for Cosmic Neutrinos (BEACON) is a detector con-
cept involving a mountain-top radio array for the detection of tau neutrinos with ener-
gies exceeding 100 PeV [892]. The reference design for the BEACON detector includes
100 stations positioned at 3 km altitude, spaced 5 km apart to reduce the fraction of
overlapping triggers. Each station covers 120◦ in azimuth about the horizon and consists
of 10 beamforming antennas with a frequency bandwidth of either 30 MHz-80 MHz or
200 MHz-1200 MHz. Beamforming with multiple antennas in a single station both pro-
vides significant increases in the SNR for a given event, thereby lowering the detection
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threshold, and allows for excellent angular resolution, making source classification easier.
By viewing such large areas about the horizon with minimal antenna numbers, BEACON
is capable of cost-effectively achieving large geometric apertures: the all-flavor sensitivity
estimates of BEACON reach ∼ 7 × 10 −10 GeV cm−2 s−1 sr−1 after 3 years of integration,
assuming 1000 antenna stations (10 times larger than the reference design), which allows
for detection of the diffuse neutrino flux even under pessimistic models for the UHECR
mass composition and source evolution (pure iron composition and Fanaroff-Riley type II
AGN evolution). BEACON stations will be deployed at several sites around the world, al-
lowing for full-sky coverage and increasing the probability for potential multi-messenger
follow-up measurements for transient astrophysical events. BEACON is currently in the
demonstration phase, with a prototype array deployed at the Barcroft Station in the White
Mountains of California.

4.2.10 Current Balloon-Borne and Space-Based Extensive Air Shower
Detectors for Cosmic Rays, Neutrinos, Ultra-High-Energy Gamma
Rays

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

One of the fundamental difficulties in charged particle astronomy is the inherent deflec-
tion due to Galactic and extragalactic magnetic fields. Only protons with energies exceed-
ing 1019 eV are capable of pointing back to their sources without significant deflection (the
required energy for heavier nuclei is even larger). At these energies, the cosmic ray flux
is strongly suppressed, making charged particle astronomy with ground detectors nearly
impossible. One potential solution to this problem is to make observations from near-space
or space-based altitudes, using the entire Earth atmosphere as the active volume, thereby
significantly increasing the exposure to cosmic events [893]. Additionally, space-based ob-
servation offers the advantage of full sky coverage with a single instrument, reducing the
uncertainties inherent to ground-based detectors, which are capable of viewing only a sin-
gle hemisphere. The relatively short orbital period ( O(1 h)) of a space-based instrument
also ensures an optimal capability to follow up transient sources [894]. In this manner,
upcoming near-space and space-based instruments will make useful compliments to the
existing and upcoming ground-based observatories for multi-messenger observations.

4.2.10.1 The Antarctic Impulsive Transient Antenna

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

The Antarctic Impulsive Transient Antenna (ANITA) is a high altitude balloon-borne
detector with a payload that consists of quad-ridge horn antennas with a bandwidth of
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200 MHz to 1200 MHz. The first version of the instrument (ANITA-I) flew in 2006-2007,
while the last flight (ANITA-IV) was launched in December 2016, bringing the integrated
flight time to around 98 days. The final version of ANITA, ANITA-IV had an energy thresh-
old of ∼ 10 18 eV. Using the emission from the in-ice and in-air Askaryan effects as well
as geomagnetic emission, ANITA has detected both direct (above the Earth limb) and ice-
reflected UHECR and set the most stringent limits to date on the cosmic neutrino flux
for energies exceeding 100 EeV. In addition to the direct and reflected UHECR signals
observed during the flights of ANITA-I & III, two upwards going events with large emer-
gence angles were also observed. These events have non-inverted pulse shapes consistent
with direct events, but are not consistent with tau emergence probabilities calculated us-
ing Standard Model interactions of neutrinos [895]. In contrast, the flight of ANITA-IV
measured 6 signals consistent with upward-going showers with small emergence angles,
where the probability of having tau neutrino induced air showers are expected to be max-
imized. However, this observation is in conflict with limits set by existing ground-based
experiments, and the effect of refracted UHECR signals from above the limb cannot be ex-
cluded [896]. The successor to the ANITA mission, called the Payload for Ultrahigh Energy
Observations (PUEO) is currently in production (see section 4.2.11.1).

4.2.10.2 The Extreme Universe Space Observatory on a Super Pressure Balloon

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

The Extreme Universe Space Observatory on a Super Pressure Balloon 1 (EUSO-SPB1)
is the second generation balloon-borne instrument designed and built by the EUSO collab-
oration, and the first with the capability to measure UHECRs with energies above3×1018 eV
via fluorescence emission. The UV light within the 12◦ by 12◦ field of view was focused
by two 1 m diameter Fresnel lenses onto a focal surface populated with 2304 Multi-Anode
PhotoMultiplier (MAPMT) pixels. Due to a shortened flight in 2017, the instrument has
not recorded any showers, in agreement with estimated event rates calculated via exten-
sive simulation studies, leaving the proof of principle of the detection technique still open
while advancing the technical readiness level for the next step towards space observation
[897].

EUSO-SPB2 not only builds on the technologies utilized in EUSO-SPB1, allowing for
enhanced capability for detection of EAS induced by UHECR via fluorescence emission,
but also contains a second telescope optimized to detect optical Cherenkov emission from
EAS sourced from either Earth-skimming neutrinos or above-the-limb cosmic rays, making
EUSO-SPB2 the first true precursor to future space-based, multi-messenger instruments
such as POEMMA. The launch of EUSO-SPB2 is scheduled for Spring 2023 from Wanaka,
NZ with an mission duration of up to 100 days [898]. During the flight, EUSO-SPB2 will
measure, for the first time, EAS with energies E > 1018.2 eV from above using the fluores-
cence technique [899]. The Cherenkov telescope will raise the technology readiness level
for SiPMs in space instruments while measuring different background conditions for the
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detection of upward going EAS initiated by Earth-skimming neutrinos. While the sensitiv-
ity of EUSO-SPB2 to the diffuse neutrino flux is not competitive with respect to existing
ground-based experiments, it has some capability to measure neutrinos from astrophysical
events following multi-messenger alerts. The technique for measuring neutrino induced
EAS will be validated by pointing the instrument above the limb and detecting the optical
Cherenkov emission of upwards going cosmic rays, where the expected event rate is larger
than 100 events with energies above 1 PeV per hour of live time [900]. A successful flight
of EUSO-SPB2 will have a significant impact on the realization of future space instruments
as described in section 4.2.11.

4.2.10.3 The Mini Extreme Universe Space Observatory

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

The Mini Extreme Universe Space Observatory (MiniEUSO) is taking data since October
7, 2019 from inside the International Space Station (with a total of 51 sessions of data
taking completed by February 2022). The instrument has a 25 cm diameter aperture with
a wide FoV, utilizing Fresnel lenses to focus light onto the camera, which consists of 2304
MAPMT pixels. The primary goals of this mission are to qualify technology for space
flight, measure various atmospheric events (such as TLE), and to search for: nuclearites,
strange quark matter, meteors and meteoroids, UV emission from sea bio-luminescence,
artificial satellites, and man-made space debris. To accomplish these tasks, a multi-level
trigger with different time scales was developed, where each time scale was optimized for
a different physical phenomena, and all triggers ran concurrently. One level of the trigger
was designed to detect cosmic ray signals even though the estimated energy threshold for
such an event exceeds 1021 eV and no such signal is anticipated. More details about the
instrument and its results can be found in [901, 902].

4.2.10.4 The Tracking Ultraviolet Set-up

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

The Tracking Ultraviolet Set-up (TUS) was launched as part of the Lomonosov satellite
in 2016, pioneering the measurement of UHECR from space. The instrument focuses the
light from its 2 m2 mirror onto a focal surface of 256 pixels, with an overall FoV of ± 4.5°.
The trigger system had 4 levels: (i) a 0.8 µs frame length to look for EAS tracks (ii) an
integration time of 25.6 µs and (iii) 0.4 ms to record Transient Luminous Events (TLEs)
and (iv) an integration time of 6.6 ms for the optimized detection of meteors. Data taking
could only be commenced in one mode at a time. By late 2017, the instrument recorded
80000 triggers, observed multiple TLEs and meteors but no signal of a cosmic ray air
shower. This non-detection of UHECR is consistent for an estimated energy threshold
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above 1020 eV. A detailed discussion of the instrument and the first results can be found in
[903, 904].

4.2.11 Future Balloon-Borne and Space-Based Extensive Air Shower
Detectors for Cosmic Rays, Neutrinos, Ultra-High-Energy Gamma
Rays

4.2.11.1 The Payload for Ultrahigh Energy Observations

Remy L. Prechelt1 , Austin Cummings2, Johannes Eser3

1 Department of Physics & Astronomy, University of Hawai’i Mānoa, Honolulu, HI 96822
2 Pennsylvania State University, State College, PA 16801, USA
3 University of Chicago, Chicago, IL 60637, USA

The Payload for Ultrahigh Energy Observations (PUEO) is a long-duration Antarctic
balloon-borne experiment designed to detect UHECRs and UHE neutrinos via geomagnetic
radiation generated by extensive air showers or Askaryan radiation generated by upward-
going neutrino showers generated in ice [905]. It is a direct successor to the ANITA ex-
periment, which conducted a total of four flights between 2006 and 2016 [906–909]. The
PUEO design features several improvements that will enable it to achieve world-leading
sensitivity to UHE neutrinos above 1 EeV, improving upon ANITA by more than an order
of magnitude below 30 EeV. In combination with the largest target volumes for neutrino
interactions (∼ 10 6 km3), the improved sensitivity will position PUEO to either make the
first significant measurement of cosmic neutrinos with energies above 1 EeV or to set the
most stringent limits on the fluxes of cosmogenic and astrophysical neutrinos at these en-
ergies. With a large instantaneous aperture, PUEO will also be well-suited for searching
for UHE neutrinos from transient astrophysical sources.

PUEO’s instrument design builds significantly on the ANITA design, more than dou-
bling the number of antennas, as well as featuring a lower-noise radio-frequency signal
chain and an advanced trigger system that includes an interferometric phased-array trig-
ger. These design improvements will significantly increase PUEO’s sensitivity to all four
of ANITA’s detection channels – Askaryan signals from upward-going UHE neutrinos in-
teracting in the Antarctic ice and geomagnetic signals from above-the-horizon UHECRs,
downward-going UHECR EASs reflecting off of the Antarctic ice, and EASs generated by
the decay of Earth-emerging tau leptons generated from upward-going tau neutrinos.

In contrast to ANITA, PUEO will consist of two instruments, separately dedicated to
different detection channels. The Main Instrument consists of 108 dual-polarization quad-
ridged horn antennas (compared to the 48 used in the last flight of ANITA), including a ring
of downward-canted antennas that will search for anomalous steeply-inclined upward-
going cosmic-ray-like events such as those reported by ANITA from previous flights [895,
910]. The Main Instrument is designed to detect signals in the 300 MHz to 1200 MHz
frequency range, allowing for smaller antennas. The Low Frequency instrument will cover
the 50 MHz to 300 MHz frequency range and is designed to detect EAS signals from
UHECR and decaying tau leptons.
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In addition to the changes in antenna design, the trigger subsystem will utilize real-
time interferometric beamforming, further enhancing PUEO’s sensitivity. This beamform-
ing trigger computes highly directional beams on the sky by coherently summing wave-
forms with different time delays, improving PUEO’s trigger performance ( ∼ 50 % at a
signal-to-noise ratio of ∼1 ) [905]. The beamforming trigger system leverages extensive
heritage from the phased-array trigger of the Askaryan Radio Array [911] and employs the
Xilinx Radio-Frequency System-on-Chip platform, which combines high-bandwidth digitiz-
ers, large field-programmable gate-arrays, and digital signal processing cores onto a single
chip [905]. With these improvements PUEO will benefit from a lower trigger threshold
that will increase its acceptance to neutrino and cosmic-ray events.

All told, PUEO’s design features multiple augmentations and leverages new technology
in order to maximize its science reach.

4.2.11.2 The Probe of Extreme Multi-Messenger Astrophysics

Austin Cummings1, Johannes Eser2

1 Pennsylvania State University, State College, PA 16801, USA
2 University of Chicago, Chicago, IL 60637, USA

The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a proposed dual
satellite mission to observe both UHECR and VHE neutrinos [912]. The focal plane of
each POEMMA satellite is divided into two sections which target different science require-
ments: (i) the POEMMA Fluorescence Camera (PFC), which occupies roughly 80% of the
focal surface and is composed of 126720 1µs frame length MAPMTs and (ii) the POEMMA
Cherenkov Camera (PCC), which occupies the remainder of the focal surface and is com-
posed of 5360 1 ns frame length SiPMs. The PFC is designed to measure the fluorescence
emission from EAS induced by UHECRs in the Earth atmosphere while the PCC is de-
signed to measure the optical Cherenkov emission from upwards-going EAS sourced from
neutrino interactions in the Earth and from above-the-limb cosmic rays. POEMMA is de-
signed to encompass two operational modes: (i)“POEMMA-Stereo”, where both satellites
are separated by a distance of∼ 300 km and tilt towards one another near nadir to observe
a common volume, lowering the energy threshold for detection of UHECR via fluorescence
emission, as well as greatly improving the resolution ofX max (< 30 g cm−2 above 100 EeV)
and (ii) “POEMMA-Limb”, where the two satellites move closer together to a minimum of
30 km separation and tilt upwards to monitor the Earth limb following a potential multi-
messenger alert, tracking sources as they move across the sky. In this mode, UHECR are
still observed, but with higher energy thresholds, and reduced imaging capabilities. While
the current configuration of POEMMA is not expected to be competitive in observing the
diffuse neutrino flux with respect to existing ground-based observatories [913, 914], the
full sky coverage, fast pointing direction, and excellent angular resolution (1.5◦ ) allow for
enhanced “Target-of-Opportunity” multi-messenger follow-up observations [894].
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4.2.12 Current and Future In-Ice and In-Ocean Particle Detectors

4.2.12.1 The Askaryan Radio Array

Kaeli A. Hughes

Department of Physics, Enrico Fermi Institute, Kavli Institute for Cosmological Physics, Uni-
versity of Chicago, Chicago, IL 60637

The Askaryan Radio Array (ARA) is a ground-based neutrino detector designed to de-
tect radio Askaryan emission created by neutrinos interacting within the Antarctic ice
[915]. This detection mechanism is most sensitive to neutrinos with energies above
10 PeV. ARA was first deployed at the South Pole in 2011 and since then has built five
independently-operating stations, each separated from its neighboring station by about 2
km [916, 917]. An example station diagram is shown in Figure 4.2.12.1.

A classic ARA station consists of a mixture of horizontally-polarized and vertically-
polarized antennas buried to a maximum depth of 200 m in the Antarctic ice. These
antennas are designed to target the frequency range of 150 MHzto 850 MHz, and the po-
larization information they record allows the incoming direction of neutrino signals to be
reconstructed. This instrument triggers at a rate of around 5 Hz and has a 50% trigger ef-
ficiency at a signal-to-noise ratio (SNR) of approximately 3.75 [918]. A recent analysis of
two of the five ARA stations resulted in ARA setting the best limit set by a radio detection
experiment on the neutrino flux between 100 PeVand 30 EeV[919], as shown in Figure
4.2.12.1. Future analysis of all currently available ARA data will improve the livetime by
approximately a factor of 5.

ARA has also recently prototyped a phased array trigger, in which signals from neigh-
boring antennas are summed in pre-determined directions called beams prior to the trigger,
allowing impulsive signals to add coherently and effectively increasing the effective vol-
ume of the instrument. The 50% trigger efficiency for the phased array trigger occurs at an
SNR of approximately 2, a significant improvement compared to the classic ARA trigger.
A recent analysis of data from this prototype phased array trigger, recently submitted for
publication, shows that the phased array can improve the analysis efficiency as well, mo-
tivating this trigger design for future radio experiments such as RNO-G, PUEO, BEACON,
and IceCube-Gen2 [887, 920–922].

4.2.12.2 The Radio Neutrino Observatory in Greenland

Kaeli A. Hughes1

1 Dept. of Physics, Enrico Fermi Institute, Kavli Institute for Cosmological Physics, University
of Chicago, Chicago, IL 60637

The Radio Neutrino Observatory in Greenland (RNO-G) is a new experiment under
construction in Summit Station, Greenland [920]. Its location in the Northern hemisphere
makes RNO-G complementary to current and planned radio experiments at the South Pole
[919, 922, 925]. In addition, there are potential sources in the Northern hemisphere visi-
ble to RNO-G that could have interesting multi-messenger implications, including blazars
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Figure 4.4: Left: A diagram of an ARA station, from [923]. Stations 1-4 only consist of
the Classic ARA strings, shown in gray. Station 5 includes both the Classic ARA strings
as well as the additional Phased Array triggering string, shown in red. Right: The best
limits produced by the ARA Collaboration, shown in black (for the classic stations) and
purple (for the new Phased Array instrument). Other experiments and models are shown
[924–931]. Adapted from [923].

known to emit TeV gamma-rays [932, 933], the hotspot identified by the Telescope Array
from anisotropies in the UHECR flux [934], and the blazar flaring in gamma-rays with a
coincident neutrino detection from IceCube [4, 20].

RNO-G currently has three stations deployed, with a planned 35 stations to be installed
over the next few years. Like other experiments built to detect neutrinos above 10 PeV,
RNO-G is sensitive to the Askaryan emission created by neutrinos interacting in the ice.
Each RNO-G station is independent and is built using a combination of surface antennas
and deep antennas, achieving the maximum effective volume possible given the maximum
drilling depth of 100 m. An example of a station diagram is shown in Figure 4.2.12.2.

RNO-G utilizes a phased array trigger design, first prototyped for in-ice use in the ARA
experiment [918]. Unlike the previously-deployed phased array prototype, the RNO-G
stations are autonomous, getting power from a combination of solar panels and batter-
ies and communicating via a wireless network. There are multiple operating modes for
each station, allowing the power consumption to match the available power. The power
consumption ranges between 6 W-24 W for data-taking modes and down to 70 mW for
minimal winter operations during the polar night.

Because of its scale, the development of RNO-G will show the feasibility of large-scale
radio detectors for neutrinos above 10 PeV. The expected sensitivity of the RNO-G exper-
iment after five years, including the down time caused by polar night, is shown in Figure
4.2.12.2.
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Figure 4.5: Left: A diagram of an RNO-G Station. The Power String, on the left, holds the
antennas that make up the phased array trigger. Right: The five-year sensitivity of RNO-
G to the all-flavor neutrino flux, from [920]. The various bands represent the expected
performance band of the phased array trigger, as well as the 95% confidence level contours.
Also shown are various expected flux models.
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4.2.13 Optical Followup of Multimessenger Sources

Robert Stein1

California Institute of Technology, Pasadena, CA 91125, USA

Optical telescopes are an integral component of the multi-messenger landscape. Wide-
field optical telescopes discover the vast majority of transients such as core-collapse super-
novae (SNe, see also section 3.5.1) and Tidal Disruption Events (TDEs, see also section
3.2) with predicted multi-messenger emission. Indeed, the electromagnetic signature of
the first multi-messenger transient, SN1987A, was discovered by an optical telescope at
Las Cumbras Obervatory (LCO).

In recent years, optical telescopes such as ASAS-SN [850, 935], DECam [936], MAS-
TER [937], Pan-STARRS [938], and ZTF [255] perform dedicated follow-up programs to
search for sources of TeV neutrinos detected by IceCube. The first probable TeV neutrino
source, the blazar TXS 0506+056, exhibited a multi-wavelength flare coincident with the
detection of a high-energy neutrino (see also section 3.1). Optical observations of this
flare were provided by ASAS-SN, Kanata/HONIR and Kiso/KWFC [4] as well as MASTER
[939]. More recently, the TDE AT2019dsg and likely TDE AT2019fdr were identified as
probable sources of TeV neutrinos as a direct result of observations by the optical telescope
ZTF [255, 256].

The same optical telescopes, and many others, form the backbone of similar searches
for kilonova counterparts to gravitational waves detected by LIGO/Virgo/KAGRA (see sec-
tion 4.2.2). The first multi-messenger gravitational wave source, binary neutron star
merger GW170817, was detected in coincidence with a gamma-ray burst. However, the
localisation of this association was some ∼ 1100 sq deg, and it was not until the kilo-
nova counterpart AT2017gfo was found by the LCO optical telescope Swope that broad
multi-wavelength observations of the event could begin [3]. The identification of such a
counterpart, including a measurement of the associated redshift, is essential to unlock key
multi-messenger science such as studying heavy element formation [940] and measuring
the Hubble constant [941].
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Chapter 5

Collaboration and Infrastructure

5.1 Forging Multimessenger Era Partnerships

Rita M. Sambruna1, Joshua E. Schlieder1

1 NASA Goddard Space Flight Center, 8800 Greenbelt Rd., Greenbelt, MD 20771, USA

The era of multi-messenger astrophysics (MMA) is here, bringing with it a renewed
and more urgent need for the MMA (and time domain astrophysics, TDA) community to
coordinate, collaborate, and communicate. Hosted virtually at NASA’s Goddard Space
Flight Center (GSFC), the Multi-messenger Operational Science Support & Astrophysi-
cal Information Center (MOSSAIC, https://asd.gsfc.nasa.gov/mossaic) builds on current
GSFC capabilities to provide a nexus for the ground- and space-based communities to
come together and share information and planning. MOSSAIC’s services aim at foster-
ing easier and more efficient paths for users to acquire, analyze, and interpret data from
space-based observatories, and for planning future MMA/TDA missions. Future partner-
ships with other NASA Centers, academia, and industry will enable MOSSAIC to support
the MMA/TDA community as they respond to the priority recommendation for this science
from the Astrophysics 2020 Decadal Survey.

5.1.1 Multimessenger Operational Science Support and Astrophysics
Information Collaboration

Rita M. Sambruna1, Joshua E. Schlieder1

1 NASA Goddard Space Flight Center, 8800 Greenbelt Rd., Greenbelt, MD 20771, USA

Introduction The advent of advanced ground-based observatories in a few years will
expand the discovery horizon and drastically increase the number of transient and MMA
sources needing prompt electromagnetic (EM) follow-up from the ground and in space.
The needs of the MMA/TDA community will increase many-fold. This includes the need
for coordination, collaboration, and communication between space and ground-based fa-
cilities, and between the astronomy and physics communities; the need for adequate in-
frastructure (data analysis and interpretation tools, modern and efficient alert systems,
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proposer and observer support, rapid data transmission links, etc.); and the need for com-
mon and frequent brainstorming together to anticipate future needs and develop solutions.

Figure 5.1: MOSSAIC is deeply connected to various MMA and TDA communities through
research and services, including scientists worldwide, mission operating staff, and infras-
tructure developers. Connection is essential because MMA is a global enterprise and can’t
flourish without the concerted efforts of many parties. Facilitating collaboration, innova-
tion, and exchange of ideas is one of the core values of MOSSAIC.

Hosted virtually at NASA’s GSFC, MOSSAIC brings together current research, capa-
bilities, and resources needed to support MMA/TDA scientists at NASA and around the
world. MOSSAIC scientists, engineers, programmers, and managers are deeply engaged
in research and infrastructure development for MMA/TDA science, and collaborate closely
with the ground- and space-based, physics and astronomy communities. While the present
MOSSAIC builds entirely on Goddard’s capabilities, we have a standing partnership with
our colleagues at NASA’s Marshall Space Flight Center (MSFC), where other MMA/TDA
activities are underway, which will be incorporated in future augmentations of MOSSAIC’s
capabilities. We also look forward to new partnerships with academia and industry (Fig-
ure 5.1).

MOSSAIC’s Functions MOSSAIC’s services aim at providing the astrophysics commu-
nity with: 1. A robust system for rapid alerts, and tools for data analysis, interpretation,
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and dissemination; 2. Mission development support and expertise, including formulating
compelling and feasible science cases; 3. Space communication capabilities; and 4. Events
to bring stakeholders together for planning and brainstorming. For more information,
please visit https://asd.gsfc.nasa.gov/mossaic.

As the needs of the MMA/TDA community grow and evolve, so will MOSSAIC. Based on
input from a variety of stakeholders, we will continue to expand the services and functions
of MOSSAIC to better assist observers on the ground and in space.

Conclusions MOSSAIC core values focus on communication, coordination, and col-
laboration. Another core value is service to the community, which builds on Goddard’s
tradition. Partnerships with other NASA Centers, academia, institutions, and industry are
essential components of MOSSAIC. We invite you to join us in MOSSAIC and contribute to
the discovery of the dynamic Universe.

Acknowledgements The MOSSAIC concept received enthusiastic endorsement from many colleagues
and institutions in the ground- and space-based MMA/TDA communities, who recognize the need
for coordination and collaboration in this multifaceted discipline. We are grateful to the GSFC and
Center leadership for their support of MOSSAIC.

5.1.2 Time-Domain Astronomy Coordination Hub (TACH) and the New
Gamma-ray Coordinates Network (GCN)

Judith Racusin

Astroparticle Physics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD

The Gamma-ray Coordination Network (hereafter GCN Classic) has been the corner-
stone of high-energy transient astrophyscis for the last 30 years, especially in the field of
gamma-ray bursts (GRBs) and more recently serving alerts and coordinating the commu-
nity for gravitational waves from neutron star and black hole mergers, and high-energy
neutrinos. The TACH project has been working to modernize GCN and build tools to aid
in its expansion with the growth of multimessenger astrophysics. We released the GCN
Viewer (https://heasarc.gsfc.nasa.gov/tachgcn ) in 2021 providing an interface to a
searchable database of all GCN machine-generated Notices and human-written Circulars
organized by astronomical events as well as by observatory and instrument. In partner-
ship with High-Energy Astrophysics Science Archive Research Center (HEASARC), the GCN
Viewer will continue development over the next few years including cross-compatibility
with other HEASARC archives and services.

TACH is building upon the legacy of GCN Classic to provide a modern cloud-based
transient alert system known as the General Coordinates Network (GCN). The new GCN
utilizes the Apache Kafka protocol serving both GCN Classic formats (text, binary, VO-
event) as well as a unified AVRO schema simplifying records across missions. The new
GCN will begin public operations in by Summer 2022, and both producers and consumers
will be able to utilize any of the 3 systems (GCN Classic, GCN Classic over Kafka, or the
new GCN) for the next few years until the GCN Classic system is retired. The new GCN
is built to be compatible with other kafka-based systems (e.g. SCiMMA, Rubin brokers),
enabling coincidence searches and cross-system compatibility.
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5.2 Data Access and Archiving

5.2.1 High-Energy Astrophysics Science Archive Research Center

Tess Jaffe1 , Alan Smale1

1 HEASARC Office, NASA Goddard Space Flight Center, Greenbelt, MD

The global astronomical community has recognized the importance of making data
FAIR: findable, accessible, interoperable, and reusable. As an early example, the High
Energy Astrophysics Science Archive Research Center (HEASARC) was established in the
1990’s to change the way that x-ray and gamma-ray data were distributed and analyzed
in the community. HEASARC was created as a single user-friendly online facility through
which x-ray and gamma-ray data from NASA missions and those of other agencies could be
discovered and analyzed. It defined multimission standard data formats, similar standards
for software to analyze the data, and provided generic libraries and tools for common
tasks, plus domain expertise through active help desks. Today, HEASARC enables each
new high energy mission to take advantage of the knowledge gained by previous mis-
sions rather than reinventing the wheel, and likewise researchers will find new missions
familiar in many ways. The HEASARC is also a participant in the International Virtual Ob-
servatory Alliance (IVOA), which seeks to maximize the interoperability of all astronomy
data worldwide.

In addition to serving mission data on request, the HEASARC maintains the Gamma-ray
Coordination Network (GCN) that has been helping the transient astronomy community
automate the distribution of information about astronomical events in real time. The GCN
collaborates closely with the LIGO-Virgo gravitational wave group, with AMON (the Astro-
physical Multi-messenger Observatory Network), and with IceCube to disseminate multi-
messenger alerts for gravitational wave events, high energy neutrino detections, and other
non-EM-spectrum-based alerts. The number of alerts released ranges from 30-50k/day.
The GCN also provides follow-up notices giving new details about initial transient events,
including detections or upper limits in correlative observations. Work is already underway
to prepare GCN for the Vera Rubin Observatory LSST era using new commercial technolo-
gies for event brokers.

The revolutionary combination of multi-wavelength and multi-messenger data and the
rapid community response to gravitational wave and gamma-ray burst events has illus-
trated dramatically how such coordination benefits all. As a result the HEASARC has ex-
panded from its original NASA remit to archive multi-messenger data such as the ground-
based IceCube neutrino events and gravitational wave events, and includes the Legacy
Archive for Microwave Background Data Analysis (LAMBDA), the go-to archive of CMB-
related datasets whether space- or ground-based.

In the next decade such archives around the world will more closely interoperate with
each other through deeper VO interfaces and will continue to reduce barriers to multi-
wavelength and multi-messenger astronomy. The HEASARC GCN upgrade (see its new
front-end viewer at: https://heasarc.gsfc.nasa.gov/wsgi-scripts/tach/gcn v2/tach.wsgi/)
will allow users to subscribe to the alerts of interest from an even larger variety of multi-
messenger sources, accelerating the advances in time domain astrophysics. The Astro2020
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Decadal Survey also recommended that archives funded by NASA and the NSF should
increase their coordination in order to improve interoperability, and an effort to respond
to this is under way.

5.2.2 Space Science Data Center

Gianluca Polenta1 Stefano Ciprini 1,2 Valerio D’Elia1 Dario Gasparrini 1,2 Marco Giardino1

Cristina Leto1 Fabrizio Lucarelli1,3 Alessandro Maselli1,3 Matteo Perri1,3 Carlotta Pittori1,3

Francesco Verrecchia1,3 on behalf of the SSDC staff

1 Space Science Data Center, Italian Space Agency, via del Politecnico snc, 00133, Roma, Italy
2 INFN-Sezione di Roma Tor Vergatâı, 00133, Roma, Italy
3 INAF-OAR, via Frascati 33, 00078 Monte Porzio Catone (RM), Italy

The Space Science Data Center 1 (SSDC) is a collaborative effort between the Italian
Space Agency (ASI), National Institute for Astrophysics (INAF), and National Institute for
Nuclear Physics (INFN) to provide a Research Infrastructure designed to facilitate collec-
tion, reduction, analysis, and distribution of data from supported science missions. The
SSDC aims to develop a user-friendly, online, and public set of tools and services which
realize the open science FAIR (Findable, Accessable, Interoperable, and Reusable) principles.

These principles allow for non-expert users to easily navigate the large diversity of data
which SSDC hosts: photon data from radio to γ-ray, as well as, cosmic ray and neutrino
data. This is a crucial feature for practitioners of multi-wavelength and multi-messenger
science to be effective. This point is best illustrated by the tools and services available
on our web portal, including: the Sky Explorer 2, the Multi-Mission Interactive Archive 3,
the SSDC Data Explorer, the SED Builder4, the AGILE-LV3 tool, and the Fermi Online Data
Analysis. Below we provide a brief description of these tools and services. A more de-
tailed description can be found in “The Future of Gamma-Ray Experiments in the MeV–EeV
Range” White Paper [942].

The Sky Explorer is the main gateway to access SSDC services, and allows users to easily
investigate an astrophysical source via SSDC’s web tools simply by specifying its name or
coordinates. The SSDC Multi-Mission Interactive Archive (MMIA) allows users to easily ac-
cess SSDC’s high-energy astrophysics database, which contains extensive multi-wavelength
data from several space missions (e.g. AGILE, Fermi, Swift, NuSTAR, Herschel), and in-
terface with other SSDC web tools. The SSDC Data Explorer, for instance, enables users
to easily visualize and analyze MMIA data. Similarly, the SED Builder builds and displays
the spectral density distributions (SEDs) of astrophysical sources in the MMIA. Finally, for
γ-ray data above 100 MeV, the AGILE-LV3 and the Fermi Online Data Analysis tools allow
users to easily access data from AGILE and Fermi which may require substantial analysis
time and to interface query results with other SSDC tools.

1https://www.ssdc.asi.it
2https://tools.ssdc.asi.it
3https://www.ssdc.asi.it/mma.html
4https://tools.ssdc.asi.it/SED/
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5.2.3 Multiwavelength Classification Pipeline (MUWCLASS)

Hui Yang1, Jeremy Hare2,3 , Oleg Kargaltsev1
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DC 20052, USA

2 NASA Postdoctoral Program Fellow
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MD 20771, USA

In the era of multimessenger, multiwavelength (MW), and multidomain astronomy
rapid classification of a large number of sources becomes a particularly important task.
The positional uncertainties of gravitational wave sources, neutrino sources, or very high
energy gamma ray sources can range from arcminutes to many square degrees. Depend-
ing on the location on the sky these regions may include millions of stars and galaxies and
hundreds of X-ray and radio sources detected with new sensitive survey observatories such
as eROSITA and SKA (or its prototypes). The classifications may need to be performed
rapidly to identify possible counterparts/progenitors of a high-energy event to enable a
sensitive follow up to catch the fading EM emission from the event across the MW spec-
trum. On-the-fly classification of all X-ray sources within the area of interest or continuous
classification of all newly discovered X-ray sources will be an important component in the
era of multimessanger astronomy.

We have developed the multiwavelength machine learning pipeline for classification of
unidentified X-ray sources (MUWCLASS) which uses information from both spectral and
time domains. The major component of our supervised machine learning pipeline is the
training dataset (TD), which is a collection of several thousands X-ray sources with confi-
dent classifications. The current TD is categorized into 8 classes of X-ray emitters includ-
ing active galactic nuclei (AGN), cataclysmic variables, high mass stars, high mass X-ray
binaries, low mass stars, low mass X-ray binaries (this class includes non-accreting X-ray
binaries), pulsars and isolated neutron stars (NS; this class also includes 11 magnetars),
and young stellar objects which we constructed from multiple literature verified catalogs.
We have built two versions of TD by cross-matching those literature verified sources with
two X-ray catalogs, one from the Chandra Source Catalog Release 2.0 (CSCr2; [943]) and
the other from the 4XMM-DR11 catalog [944] within their corresponding positional uncer-
tainties. The CSC-based TD is now available online [945]. The X-ray band fluxes and the
hardness ratios are extracted as X-ray features as well as two X-ray variability parameters,
one for the inter-observation variability and the other for the intra-observation variabil-
ity. The photometric properties at lower frequencies are extracted by cross-matching X-ray
sources with the Gaia eDR3 [946] in the optical, the Two Micron All-Sky Survey (2MASS;
[947]) in the near infrared (NIR), and the WISE All-Sky Data Release in the infrared (IR;
[948]) .

At the heart of the MUWCLASS pipeline is a supervised ensemble decision-tree algo-
rithm, Random Forest (RF), which is implemented via the scikit-learn python package.
This algorithm offers a number of advantages over other ML algorithms (fast, does not
require a distance metric, resistant to overfitting). Before feeding our TD and unclassified
source data into our RF classifier, we also apply a location-specific reddening/absorption
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correction to AGNs from TD (which come from surveys conducted away from the Galactic
plan) while classifying sources in the Galactic plane. To handle the large imbalance of
source types (e.g., there are substantially more X-ray detected AGNs than NSs), we use
an implementation of the Synthetic Minority Over-sampling Technique to oversample our
training data [949]. Measurement uncertainties are also taken into account by Monte
Carlo (MC) sampling from feature probability density functions and averaging multiple
MC sampling results to obtain confident classifications and measure their uncertainties.
We have tested our pipeline which has an overall accuracy of about 86%, up to 95% for
“confident” classifications. The user-friendly automated MUWCLASS pipeline is now fully
implemented in Python and will be made available to the astrophysical community via
Github.

We are planning to generalize our pipeline to include radio properties and classify
radio sources. It can also be used to classify optical, NIR and IR sources. In the future,
we will keep expanding our TD by making use of more sensitive modern surveys (e.g.,
PanSTARRS), radio surveys (from MeerKAT and VLASS) and optical/IR time-domain data
from the Transiting Exoplanet Survey Satellite, the Zwicky Transient Facility as well. We
will also include distance information (from Gaia) and account for the variable extinction
and cross-matching confusion. We plan to adopt the pipeline to use eROSITA data as soon
as the X-ray survey data are released. Additionally, as the sample of transient astrophysical
X-ray sources (e.g., Tidal disruption events, gamma-ray bursts) grows we will include these
sources in our TD.

5.3 Software

5.3.1 Astrophysics Source Code Library

Peter Teuben1 , Alice Allen1,2

1 Department of Astronomy, University of Maryland College Park, College Park, MD 20742,
USA

2 Editor, Astrophysics Source Code Library

The development of software has undergone a dramatic transformation in the past 60
years, and continues to do so. There are two aspects to software in astronomy. On the
one hand there is the software that mirrors the development of the hardware, which was
discussed in the previous Section 5.2.3. Instruments need specific software for controlling
the hardware, and often as well software that is used for instrument specific calibration.
This type of software is often not widely discussed, but generally makes its way in journals
such as SPIE/IEEE/ADASS.

The second category is research software. This has traditionally become more open—
sometimes written by a collaboration of scientists and professional programmers—and has
sometimes even become less domain-specific, enabling collaborations between instruments
and missions, and even across disciplines.

Additionally, instruments now deliver large amounts of data and groups are collabo-
rating on the analysis of this data, fundamentally changing the tools used. Who gets the
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credit for such software? How should it be credited? How can other scientists discover
this software and re-use it?

We can view the corpus of research work in the framework of Papers, Data, and Soft-
ware, and we like to place these three on par with each other when it comes to finding
and citing them. With the onset of the World Wide Web, astronomy has had several efforts
in organizing this corpus and for Software, the sole survivor is the Astrophysics Source
Code Library (ASCL; ascl.net). Since 1999, this repository of scientist-written software has
become an asset to its community, enabling researchers to find codes used in published
works and discover new software that they might use. The ASCL now contains over 2,700
entries, which are also indexed by the NASA/SAO Astrophysics Data System (ADS) and
Clarivate’s Web of Science Data Citation Index, and are citable; citations to ASCL entries
are tracked by ADS, Google Scholar, and Web of Science.

So what are the current challenges? We list a few:

• Availability: code is not made available, or on a website that proves to be ephemeral,

• Documentation: code is poorly documented and not rigorously tested,

• Findability: finding research software, most notably in other disciplines but applica-
ble to ones own (reusability),

• Funding: the price of code is often under-estimated,

• Licensing: code is not or poorly licensed, restricting how others can use and amend
the code.

Some of these challenges are historic— the current perception leans towards the idea
that building software is an art, not a science. Compared to building an instrument or
a house, building software arguably does not have rigorous methods. While hardware
cannot be modified, the software often has to provide a solution “in post.” The lack of
funding also places constraints on the researcher to provide a finished product in a rea-
sonable time. Since there is no formal way to submit software as a polished product, the
researcher often leaves this as the last item. A good counter example is the Journal for
Open Source Software (JOSS), where authors are guided through an arguably complete
list that brings the software on a high standard.

How should this look in 10 or 20 years? There is clear movement from many stake-
holders towards making software more discoverable and citable. But, technology is hard
to predict on these timescales. Both software and hardware need rigorous procedures
for testing and verification, which arguably for research software is lagging that of the
hardware components. There needs to be a close collaboration between the publishing of
papers, data, and software, as well as more emphasis all around on their interplay!

5.3.2 SCiMMA

Adam Brazier1
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Introduction to SCiMMA: The growing field of Multi-Messenger Astrophysics (MMA)
has many needs, including reliable, low-latency communication of events to the MMA
community and coordination of follow-ups; a platform enabling analyses by experts from
the MMA community; cross-project and community exchange of MMA observation data
and analyses; secured access allowing proprietary communications within long-term and
also ad hoc communications; and cross-archive searches to discover objects, build sig-
nificance, and test theories [950]. To help the community respond to these needs with
robust cyberinfrastructure, the Scalable CyberInfrastructure for Multi-Messenger Astro-
physics (SCiMMA) project was formed. The infrastructure to deliver these functions must
scale to achieve the required performance and meet fluctuating demands while being af-
fordable to deploy, operate, and maintain.

The SCiMMA collaboration began as a conceptualization project funded by NSF OAC-
1841590— Collaborative Research: Community Planning for Scalable Cyberinfrastructure to
Support Multi-Messenger Astrophysics. This project concluded that an open-source effort
mediated through a decentralized “Institute” would best sustainably achieve the identified
goals, with a core team producing and maintaining services in response to community
need through an open development process, with community involvement at all stages.
Decentralizing the development team avoids the limits of excellence available at any one
location, and also encourages community participation from outside that locus, but it re-
quires a development process that directs and integrates the efforts of diverse Research
Software Engineers (RSEs), who often have other demands on their time. The conceptu-
alization project also identified federated identity and access management (IAM) as a key
deliverable to allow the exchange of proprietary and public data.

Following the conceptualization project, a next phase of early design and prototyping
was supported by NSF OAC-1934752, A Framework for Data Intensive Discovery in Multi-
messenger Astrophysics. A design and development team was assembled at seven locations
and the identified requirements were worked into a system design. The preferred platform
for the core messaging service was identified as public cloud (e.g., Amazon Web Services
(AWS), Google Cloud Platform, Microsoft’s Azure, etc.); this carries the risk of vendor
lock-in, which must be evaluated and mitigated when making architectural decisions. The
SCiMMA security policy and operational controls team identified CILogon and COMan-
age as the best infrastructure for the IAM service. The development process is a modified
form of Agile scrum with two-week sprints, primarily using Slack for communications and
GitHub for code management and continuous integration. An early test of the SCiMMA
team’s ability to integrate the needs and efforts of other services was with an engagement
with the Supernova Early Warning System (SNEWS) team [951].

The two first prototype services from SCiMMA are the publish/subscribe messaging
system, Hopskotch [952], and the extensible and federated SCiMMA identity manage-
ment system. Hopskotch is built on Apache Kafka [953] and hosted in AWS; the identity
of the server software is irrelevant to most users as the SCiMMA architecture is designed to
allow access to the Hopskotch service via a documented Python library, hop-client , dis-
tributed by SCiMMA through conda [954] and PyPi [955]; the client serves as the primary
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external API for users, hiding the details of the server architecture. Withhop-client , users
can identify themselves in the federated SCiMMA IAM system and subscribe and publish
to communications channels (“topics”) as permitted by the authorization rules for that
topic. The SCiMMA IAM service can be accessed programmatically or via the web inter-
face, scimma-admin [956], allowing the creation and association of security groups and
topics, testing scaling behaviour and managing resources, and implementing other policies
as necessary.

SCiMMA’s Future Plans: The next stage for SCiMMA is to bring the Hopskotch and IAM
services into full production. Early testing of the Hopskotch prototype demonstrates that
the requirements from the LIGO team [957] can be met and the necessary work and costs
to deliver the production system in time to serve events originating with LIGO’s O4 run,
to begin end of 2022, are well understood. SCiMMA has applied for additional funding
to provide services through the planned O4 and O5 runs [958], Vera Rubin Observatory
target-of-opportunity operations, and the IceCube Gen2 requirements-gathering process.

The immediate plans for additional SCiMMA development also include an archive of all
data that have transited the Hopskotch system; this flexible archive will not apply schema
restrictions at time of data ingress, because of the heterogeneous nature of MMA data and
communications, but will allow specification of schema at time of query (this sort of service
is often conceptualized as a “data lake”); the data lake will also allow additional data to
be ingested to increase the extent and value of data sets being queried. A JupyterHub
analysis platform based on Astronomy Commons [959, 960] will be connected to the data
lake, which will allow performant and flexible analysis of the real-time Hopskotch output
as well as the archived data.

5.3.3 FermiPy

Giacomo Principe1,2,3
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The Fermi LAT gamma-ray telescope [961] detects photons by conversion into electron-
positron pairs and has an operational energy range from 20 MeV to 2 TeV. LAT data, i.e.,
events classified as photon-like, are immediately publicly available at the NASA Fermi Sci-
ence Support Center 5 (FSSC). The FSSC also offer a suite of public software tools—the
Fermi ScienceTools (written in C++)—for the reduction and analysis of LAT data, as well
as a python interface (pyLikelihood) which facilitates scripting analysis in python of LAT
data.

Fermipy6 [962] is a python package that facilitates the analysis of Fermi-LAT data. It is
mainly based on the Fermi Science Tools and it makes use of the pyLikelihood python inter-
face. This tool depends on a few other open-source python libraries such as NumPy [963],
Scipy [964], and Astropy [965], as well as some new functionalities imported from GammaPy [966].

5https://fermi.gsfc.nasa.gov/ssc/data/access/
6https://fermipy.readthedocs.io/en/latest/
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In addition, an optional dependency needed for plotting and visualising the analysis results
is given by Matplotlib [967].

Fermipy is designed around a global analysis state object (GTAnalysis) which handles
the data and model preparation, as well as provides some high-level analysis methods.
The first step of the procedure is given by the creation of a configuration file that delin-
eates analysis parameters, including data selection, region-of-interest (ROI) geometry, and
model specifications. The high-level analysis methods are constituted by: model optimi-
sation, search for possible additional faint sources, generation of TS maps (significance
maps), re-localisation of the sources, and study of the extension, spectral and light-curve
analyses.

5.3.3.0.1 Fermipy multi-wavelength and multi-messenger applications Fermipy is
very suited for high level analyses of Fermi-LAT gamma-ray data, in particular, thanks to
its python framework, it makes possible to easily combine multi-wavelenght and multi-
messenger results of celestial objects.

Related to the astrophysical topics discussed in Chapters 2 and 3, in this paragraph we
highlight some examples of multi-wavelength and multi-messenger analyses performed
with Fermipy. Starting with AGN studies, a remarkable example is represented by the
extensive multi-wavelength campaign on M87 using ground- and space-based facilities
performed during the first Event Horizon Telescope (EHT) observations [968, 969]. In
addition, there were many multi-wavelength studies of AGNe populations, which investi-
gated the origin of the gamma-ray emission in young radio galaxies [970, 971], or bright
blazars [972]. Moving to our Galaxy, Fermipy was used for studying different classes of
Galactic sources, such as SNRs, PWNe and gamma-ray halos [973–975, respectively].

Fermipy is well suited for the search of gamma-ray transient emission on different time
scales: from few seconds [such as the search of high-energy emission from FRBs, 976],
to months [e.g. the first catalog of Fermi-LAT transient sources, 977], or even several
years [as in the case of the study FSRQs variability, 978].

Directly related to multi-messenger phenomena, Fermipy has been recently used for
studying the high-energy emission of the tidal disruption event (AT2019dsg) associated
with a high-energy neutrino [255].

Finally, it was adopted also in the search of dark matter in our Universe, like the search
of axion-like particles in extragalactic core-collapse supernovae [979], or the search for
dark-matter sub-halos in extended Fermi-LAT Galactic sources [980].

These ground-breaking multi-messenger and multi-wavelenghts science results herald
the great science still to come from Fermi-LAT, as well as the importance and flexibility of
the Fermipy package, which may be utilised for different sources and missions.

5.3.4 3ML
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The Multi-Mission Maximum Likelihood framework (3ML, also: threeML, see Ref. 981)
is a python-based software package for astronomical joint-likelihood analyses of multi-
wavelength data. By fitting models with measured data, a likelihood analysis aims to
produce estimates for certain free parameters, θ, of said “model”—be it phenomenological
or physical—describing the energy spectrum, shape, and/or time evolution of a gamma-
ray source. The data with which this model is matched, X , can be of a variety of formats,
analyzed together using the likelihood function L(θ | X) = P (X | θ) , where P (X | θ) de-
scribes the probability of measuring X , given model parameters, θ.

ThreeMLhandles data access, convolution of the models with the instrument responses,
and calculation of the likelihood through the use of plugins, each built to handle data
and instrument response files— both proprietary formats (e.g., HAWC, Fermi-LAT) and
community standards (OGIP). Plugins can be fully implemented within the framework as
wrappers around existing likelihood analysis tools or provided as standalone packages.
Plugins for a particular instrument are tailored as needed, e.g., providing the capability
to set active bins or define the region of interest for an analysis. Plugins are also used to
facilitate ThreeML’s options for minimizers and sampling algorithms, typically implemented
for this use as wrappers around external libraries. This design allows a user to switch
between options without modifying the rest of the analysis script.

A binned, forward-folding likelihood approach, whereP (X | θ) above is represented byQ
i

Poisson (xi | N i (θ, α))), is utilized in plugins for gamma-ray instruments such as HAWC

and Fermi-LAT. Here, data are binned in one or more dimensions (often energy, arrival
direction, and/or time) such that x i is the number of measured photon candidates in bin
i . The predicted counts, N i , are a function of the model parameters, θ, and nuisance pa-
rameters, α. The nuisance parameters are those that are internal to a given plugin, e.g.,
background normalization. The predicted counts, N i , are derived by folding the photon
emission predicted by the model with the detector response, which is derived from sim-
ulation and includes angular resolution, energy resolution, and effective area. Separate
plugin instances are used for analyses using multiple independent data sets, thereby cal-
culating the likelihoods separately for each data set, multiplying their results to obtain
to final likelihood value. The plugin approach makes threeML ideal for multi-wavelength
analyses as they allow the user to easily add or remove data sets from the analysis. Addi-
tionally, since the majority of the code is agnostic to which plugins are used and how they
are configured, a multi-instrument fit is no different than a single-instrument one except
for setting up the plugins.

In practice, calculation of the likelihood can be computationally expensive, due to the
large number of factors considered when simulating inputs to the Instrument Response
Functions and the number of bins. This means that the likelihood minimization may take
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significantly longer than performing a simple χ2-fit to a set of data points. To do this, one
must derive a Spectral Energy Distribution (SED) or energy spectrum for each source from
given data sets and then perform a χ2-fit to the data from that model. However, to do this
χ2-fit, one must first deconvolve the instrumental data, a nontrivial task (see Ref. 982). In
addition to maximum likelihood estimation of model parameters (allowing for frequentist
interpretation of results), threeML also supports Bayesian posterior distribution sampling.
The posterior probability is given by Bayes’ Theorem, p(θ|X) = P (x|θ)

p(x) p(θ), where P is the
likelihood as defined previously. The prior probability distribution of the free parameters,
p(θ), and p(x) is chosen so that the distribution is normalized appropriately.

ThreeMLrelies on the astromodels package (also written in Python) to model the un-
derlying gamma-ray emission. In astromodels , a “model” consists of all sources used to
describe a given region of interest. Sources consist of an emission spectrum, position, and
morphology. Many commonly used spectral and spatial functions, such as power laws and
point sources, are already implemented. The user may also supply external templates for
the morphology and spectrum, or define new functions as needed for an analysis. Ana-
lyzing sources exhibiting energy-dependent morphology or time-dependent spectra is also
possible. The user can freely select which model parameters to free or fix when perform-
ing the fit, as appropriate to their task. Multiple parameters may be linked to each other
and, for Bayesian analyses, have prior distributions associated with them. threeML also
provides an interface to download publicly accessible data (such as the Fermi-LAT’s 4FGL
catalog), generate models from that data, fit the free parameters in the model of that data,
plot fitted spectral energy distributions with propagated uncertainties, and investigate the
goodness-of-fit of the optimized model.

ThreeMLand astromodels is freely available, and may be found on github (https:
//github.com/threeML/ ). Both packages are released via conda(channel “threeML”) and
pip . Documentation and worked examples can be found athttps://threeml.readthedocs.
io/ and https://astromodels.readthedocs.io/ . New development on threeML is fo-
cused on further optimization and resource usage improvements, adding plugins for new
and future missions/instruments, and ongoing efforts to enhance existing plugins.

Acknowledgements H.F. acknowledges support by NASA under award number 80GSFC21M0002.
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5.4 Outreach, Public Engagement, and Citizen Science
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Outreach in High-Energy & Multimessenger Astrophysics Outreach is often used as
a tool of recruiting - share your science in order to make more scientists. However, this
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limited view has broad implications for the inaccessibility of basic information to the av-
erage person. Educational or public outreach that is not primarily for recruiting is about
providing a positive impression of science, scientists, and hopefully of a specific area of
science that you discussed to society. A democratic society that has broad popular respect
and enthusiasm for science and scientists is more likely to support the infrastructure for
new discoveries.

The first time a person interacts with a topic they are unlikely to come away with a
deep understanding and a week later, they may not remember a single basic fact about the
interaction, but they will remember how they felt during the discussion. Positive feelings
about science and communicating with scientists form the basis of a soft-infrastructure for
explaining the basics of multimessenger science for a non-expert audience that is part of
the society pursuing it.

At the core of K12 education in the U.S. is the production of an educated electorate, a
population that is able to consider their values in relation to the problems and opportuni-
ties available to local, state, and national governance. In that context, education should
provide a framework for organizing information in the world that may become relevant
through decisions about scientific priorities, long term innovation supported by ongoing
fundamental discoveries and an ability to use new information and innovations.

One of the key components of presenting physics for an audience that needs to un-
derstand some basic information that the modern world is built on, but most of whom
will not become physicists or astronomers, is to give precedence to modern physics topics
(rather than kinematics and the debate around whether one needs calculus to parse it).
Kinematics can be covered for those with an interest in pursuing science, engineering or
math formally, but it is not reasonable or beneficial to assume that desire or background as
a prerequisite for a conceptual overview of modern topics and how they are studied. For
example, most adults know that cells have organelles but do not know that black holes are
real or the difference between fission and fusion.

One way that scientists can help with this is to develop age appropriate activities and
demonstrations to help work understanding of high-energy astrophysics and multimessen-
ger science into the public conscience over time. Work of this nature should be supported
as an investment in the long term health of the field. A model for some of these activity
recipes and their distribution may be found with the education materials developed by the
Astronomical Society of the Pacific and their ongoing AAS Ambassador program, which
puts resources and communication techniques in the hands of early career astronomers
with a desire to engage with their local communities.

Community outreach is most effective when scientists are able to build rapport within
the local area. It can help to hold predictable repeat events with similar structure and
science representatives in attendance to foster a sense of community. It can also be help-
ful to develop branded programming, memberships, newsletters, etc to make sure that
interested persons feel included and know how to access the public-facing resources that
physicists can provide. Some examples of such programming include public lecture series,
local facility tours, open house events, Astronomy on Tap, Meet a Scientist, and tabling
events with themed activity stations. It is important to foster a sense of community and
to be mindful of addressing barriers to diverse, equitable, inclusive, and accessible par-
ticipation. Some ways to help thinking about preventing bias in event, information, and
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community access is to consult with local institutions (public schools, public libraries, mu-
seums or venues that might draw a similar crowd) and to connect with national programs
for science education and outreach.

Outreach is a major driver of public engagement in individual science topics. Putting
a face and a personality to the stories told about scientific discoveries can help to make
them more real. Public support for scientific work is an important aspect of congressional
support for scientific work.

Public Engagement in High-Energy & Multimessenger Astrophysics Public engage-
ment can occur through traditional media, which is often not managed by scientists. Pro-
grams that cover a wide range of topics may have difficulty finding experts to consult
on each one individually. It should be noted that an expert in one area is often not a
sufficient substitute for an expert in another. While scientists should feel comfortable in
admitting where their personal knowledge ends as a matter of respect for their colleagues,
it ultimately falls to producers to do enough personnel research to ask the right person.
Traditional media is so far reaching and the science they cover can last for decades in the
public consciousness without the average consumer being able to verify it elsewhere, so
there is a special imperative that the content be accurate.

Public engagement online may occur though actively managed social media accounts,
informational websites, online activities like scientist chats, topical walk throughs, and
home guides for engineering crafts. Virtual engagement is often more immediately acces-
sible to scientists who are interested in sharing a particular message with a target audience,
but many of the principles we use in the organization of local events also apply online: fos-
ter a sense of community and to be mindful of addressing barriers to entry or participation.
The building of an online community comes through repetition, intentional branding, and
advertisement across platforms.

Citizen Science in High-Energy & Multimessenger Astrophysics Citizen science makes
use of publicly available data or easily accessible facilities to perform simple tasks and in-
terface with a scientific community by participating in a small part of a research project.
Some notable examples in astronomy include linking amateur astronomers to optical fol-
lowup networks for transient events, and providing vast libraries of images online with the
goal of crowd sourcing pattern recognition as with Zooniverse.com.

For high-energy or multimessenger astrophysics these canned at-home projects might
look like hosting a small detector as part of a local network, and sharing with the host what
their detector is doing. Or otherwise to create simple, minimal time commitment, easily
reproducible activities and make them available to the general public through a website,
app, or public library equipment rental program.

One concept study to use people’s phones as detectors is discussed below, and addi-
tional effort should be devoted to improving upon the user experience and scientific utility
of publicly accessible scientific efforts.
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5.4.1 CREDO
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The Cosmic Ray Extremely Distributed Observatory (CREDO) Collaboration [983] ad-
vocates studies of cosmic ray phenomena called Cosmic Ray Ensembles (CRE) which are
currently not mainstream in the field but show promise of new, interesting, astrophysics.
There is a theme of looking for correlations in the cosmic ray beam, spatially over large
areas with innovative techniques, and temporally through the search for bursts in cosmic
ray data sets, see e.g. Ref. [984]. To date, most of the data collected by CREDO comes
from smartphones with the CREDO Detector app 7, operating on the Android system with
already more than 10.5million detections, and with the Cosmic Ray App8 dedicated to iOS
devices with more than 7 million detections. Another important example of the infrastruc-
ture working within the CREDO Collaboration, although not yet connected to the central
system, is the High Energy Astrophysics Muon System 9 (HEAMS), an array of muon de-
tectors operated by the University of Adelaide, Australia, consisting of several one square
meter scintillator muon detectors in two locations distant by 40 km. These two example re-
sources, and the corresponding studies, in particular the one demonstrating the feasibility
of identification of muons with smartphones [985, 986], illustrate the main concept and
potential of a global network of affordable radiation sensors. Correspondingly, established
public interest, including in particular many young science enthusiasts and their teachers,
promises a sustainable growth of the network and a continuous support for all the scien-
tific projects to be carried out using the CREDO resources. While CREDO aims at physical
hosting of a multi-detector and multi-technique global sensor network, its full openness
and free accessibility enables bridging and interoperability with practically all the detector
systems receiving a cosmic signal of any type, as envisaged to be necessary for optimizing
the observational strategies dedicated to CRE.

7https://credo.science/credo-detector-mobile-app/
8https://cosmicrayapp.com/
9http://www.physics.adelaide.edu.au/astrophysics/muon/
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5.5 Diversity, Equity, Inclusion, and Accessibility

Ronald S. Gamble1,2,3

1 Astrophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD
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Objectively, diversity is defined as the quality or state of having many different forms,
types, ideas, etc. It is rooted in the Latin language as Divertere, which means to turn in
different directions [987]. Implying that usage of the word is inherently focused on the
diversion or change of a chosen path. Taking into account that a diverted path, whether it
be of a physical notion or a more psychological one, does not necessarily imply a negative
outcome. Modern day usage of the word implies a more ethno-sociologically constructed
meaning. Today, diversity, equity, inclusion, and accessibility (DEIA) are viewed as funda-
mental elements of a well-rounded and sound workplace, school, and or team. Currently
the field of Astronomy and Astrophysics is made up of a community of scientists, engineers,
technical staff, teachers, and science-enthusiasts. All having various levels of experiences
and academic accolades, all having one primary quality that is synergistic to the profes-
sion. We are all human. If we are to push the profession forward to new heights, then it
is pertinent that we begin to build more diverse and inclusive collaborative teams. Histor-
ically, the profession is not kind to the people that bring the science to life. Often times
disregarding social and ethical consequences in the pursuit of scientific discovery. The in-
tegrity of the field of astronomy and astrophysics has become very fragile with respect to
increasing exposure to instances of racial and gender discrimination or exclusion.

An important aspect of building a diverse, inclusive, and effective collaborative team
is rooted in the overall scientific goal and or objective. If one is to have a strong effective
team of scientists collaborating on a body of work, then a certain degree of diversity in all
its aspects should be considered. A term that is used a number of times within the social
sciences is multimodal expertise. Defined as utilizing the collective experiences of a team
to reach a common goal, multimodal expertise is something that should be adopted more
often when executing DEIA efforts in building these collaborative teams of [humans]. Neu-
rodiversity is often looked at as being a form of diversity of thought; supporting the notion
that scientific advancements are done by collections of people working together towards
an objective conclusion to an overarching hypothesis. Analogous to the Astro2020 decadal
survey that puts heavy emphasis on multi-messenger astronomy [988], the importance of
diversity, equity, inclusion, and accessibility in collaborative teams, introduced as incor-
porating multimodal expertise, are rooted in the advancement of the profession as well.
With an ever increasing occurrence of large scientific collaborations, with lots of dynamical
elements to the collaboration, placing emphasis on the institutional values that a collabo-
ration is housed under becomes increasingly important [989]. Overall it can be seen that
there exists significant facets to building teams of scientists and non-scientists, MSI and
PWI alumni/students, binary and nonbinary genders, and the like.
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[135] M. G. Baring, M. B öttcher and E. J. Summerlin, “Probing acceleration and
turbulence at relativistic shocks in blazar jets”,
Monthly Notices of the Royal Astronomical Society 464 (2017) 4875
[1609.03899].

[136] L. Comisso and L. Sironi, “Particle Acceleration in Relativistic Plasma Turbulence”,
Phys. Rev. Lett. 121 (2018) 255101 [1809.01168].

[137] A. P. Marscher, “Turbulent, Extreme Multi-zone Model for Simulating Flux and
Polarization Variability in Blazars”, ApJ 780 (2014) 87 [1311.7665].

102



[138] X. Guo, J. Mao and J. Wang, “Can Turbulence Dominate Depolarization of Optical
Blazars?”, ApJ 843 (2017) 23 [1706.09097].

[139] N. R. MacDonald and A. P. Marscher, “Faraday Conversion in Turbulent Blazar
Jets”, ApJ 862 (2018) 58 [1611.09954].

[140] Cherenkov Telescope Array Consortium,
Science with the Cherenkov Telescope Array. World Scientific, 2019,
10.1142/10986.

[141] AMEGO collaboration, “All-sky Medium Energy Gamma-ray Observatory:
Exploring the Extreme Multimessenger Universe”, in Bulletin of the American
Astronomical Society, vol. 51, p. 245, Sept., 2019, 1907.07558.

[142] A. P. Marscher, S. G. Jorstad, F. D. D’Arcangelo, P. S. Smith, G. G. Williams, V. M.
Larionov et al., “The inner jet of an active galactic nucleus as revealed by a
radio-to-γ-ray outburst”, Nature 452 (2008) 966.

[143] A. A. Abdo, M. Ackermann, M. Ajello, M. Axelsson, L. Baldini, J. Ballet et al., “A
change in the optical polarization associated with a γ-ray flare in the blazar
3C279”, Nature 463 (2010) 919 [1004.3828].

[144] M. Lyutikov, V. I. Pariev and D. C. Gabuzda, “Polarization and structure of
relativistic parsec-scale AGN jets”,
Monthly Notices of the Royal Astronomical Society 360 (2005) 869
[astro-ph/0406144 ].
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Emission Mechanism and Magnetic Field of Neutrino Blazars with
Multiwavelength Polarization Signatures”, ApJ 876 (2019) 109 [1903.01956].

[161] M. Weisskopf, “An Overview of X-Ray Polarimetry of Astronomical Sources”,
Galaxies 6 (2018) 33.

[162] S. D. Hunter, P. F. Bloser, G. O. Depaola, M. P. Dion, G. A. DeNolfo, A. Hanu et al.,
“A pair production telescope for medium-energy gamma-ray polarimetry”,
Astroparticle Physics 59 (2014) 18 [1311.2059].

[163] J. F. Hawley, C. Fendt, M. Hardcastle, E. Nokhrina and A. Tchekhovskoy, “Disks and
Jets - Gravity, Rotation and Magnetic Fields”, Space Sci. Rev. 191 (2015) 441
[1508.02546].

[164] B. Cerutti and A. A. Philippov, “Dissipation of the striped pulsar wind”, A&A 607
(2017) A134 [1710.07320].

[165] R. Blandford, D. Meier and A. Readhead, “Relativistic jets from active galactic
nuclei”, Annual Review of Astronomy and Astrophysics 57 (2019) 467
[https://doi.org/10.1146/annurev-astro-081817-051948 ].

104



[166] N. R. MacDonald and A. P. Marscher, “Faraday Conversion in Turbulent Blazar
Jets”, ApJ 862 (2018) 58 [1611.09954].

[167] R. D. Blandford and R. L. Znajek, “Electromagnetic extraction of energy from Kerr
black holes.”, Monthly Notices of the Royal Astronomical Society 179 (1977) 433.

[168] M. A. Aloy, E. Mueller, J. M. Ibanez, J. M. Marti and A. MacFadyen, “Title:
relativistic jets from collapsars”, Astrophys. J. Lett. 531 (2000) L119
[astro-ph/9911098 ].

[169] O. Porth, H. Olivares, Y. Mizuno, Z. Younsi, L. Rezzolla, M. Moscibrodzka et al.,
“The black hole accretion code”, Computational Astrophysics and Cosmology 4
(2017) 1 [1611.09720].

[170] E. Liang, “Inverse comptonization and the nature of the march 1979 γ-ray burst
event”, Nature 292 (1981) 319.

[171] E. Clausen-Brown, M. Lyutikov and P. Kharb, “Signatures of large-scale magnetic
fields in active galactic nuclei jets: transverse asymmetries”, Monthly Notices of
the Royal Astronomical Society 415 (2011) 2081
[https://academic.oup.com/mnras/article-pdf/415/3/2081/5967557/mnras0415-2081.pdf ].

[172] D. L. Meier, “Probing the Exhaust System of the Most Powerful Engines with
VSOP-2”, in Approaching Micro-Arcsecond Resolution with VSOP-2: Astrophysics
and Technologies, Y. Hagiwara, E. Fomalont, M. Tsuboi and M. Yasuhiro, eds.,
vol. 402 of Astronomical Society of the Pacific Conference Series, p. 342, Aug.,
2009.

[173] T. Piran, “Magnetic fields in gamma-ray bursts: A Short overview”, AIP Conf. Proc.
784 (2005) 164 [astro-ph/0503060 ].

[174] N. R. MacDonald and A. P. Marscher, “Faraday Conversion in Turbulent Blazar
Jets”, Astrophys. J. 862 (2018) 58 [1611.09954].

[175] J.-M. Mart ı́, “Numerical simulations of jets from active galactic nuclei”, Galaxies 7
(2019) .

[176] B. Punsly and F. V. Coroniti, “Ergosphere-driven Winds”, ApJ 354 (1990) 583.

[177] R. Penrose, “Gravitational collapse: The role of general relativity”, Riv. Nuovo Cim.
1 (1969) 252.

[178] E VENT HORIZON TELESCOPE collaboration, “Event Horizon Telescope observations
of the jet launching and collimation in Centaurus A”, Nature Astron. 5 (2021)
1017 [2111.03356].

[179] M. Ruiz, S. L. Shapiro and A. Tsokaros, “GW170817, General Relativistic
Magnetohydrodynamic Simulations, and the Neutron Star Maximum Mass”, Phys.
Rev. D 97 (2018) 021501 [1711.00473].

105



[180] S. P. O’Sullivan, N. M. McClure-Griffiths, I. J. Feain, B. M. Gaensler and R. J. Sault,
“Broadband radio circular polarization spectrum of the relativistic jet in PKS
B2126-158”, Mon. Not. Roy. Astron. Soc. 435 (2013) 311 [1307.5121].

[181] M. Birkinshaw, “The Kelvin–Helmholtz instability for relativistic particle beams – I.
Stability analyses in the time and space domains for vortex-sheet flows”, Monthly
Notices of the Royal Astronomical Society 208 (1984) 887
[https://academic.oup.com/mnras/article-pdf/208/4/887/2897228/mnras208-0887.pdf ].

[182] M. Birkinshaw, “Instabilities in astrophysical jets”, Astrophysics and Space Science
242 (1996) 17.

[183] J. M. Stone and M. L. Norman, “Numerical simulations of magnetic accretion
disks”, The Astrophysical Journal 433 (1994) 746.

[184] A. Meli and K.-i. Nishikawa, “Particle-in-cell simulations of astrophysical relativistic
jets”, Universe 7 (2021) .

[185] L. Sironi, A. Spitkovsky and J. Arons, “The maximum energy of accelerated
particles in relativistic collisionless shocks”, The Astrophysical Journal 771 (2013)
54.

[186] E. P. Alves, T. Grismayer, R. A. Fonseca and L. O. Silva, “Transverse electron-scale
instability in relativistic shear flows”, Phys. Rev. E 92 (2015) 021101
[1505.06016].

[187] K. Ardaneh, D. Cai and K.-I. Nishikawa, “COLLISIONLESS ELECTRON–ION
SHOCKS IN RELATIVISTIC UNMAGNETIZED JET–AMBIENT INTERACTIONS:
NON-THERMAL ELECTRON INJECTION BY DOUBLE LAYER”, The Astrophysical
Journal 827 (2016) 124.
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[479] N. Senno, K. Murase and P. Mészáros, “Choked jets and low-luminosity gamma-ray
bursts as hidden neutrino sources”, Phys. Rev. D 93 (2016) 083003.

[480] D. R. Lorimer, M. Bailes, M. A. McLaughlin, D. J. Narkevic and F. Crawford, “A
bright millisecond radio burst of extragalactic origin”, Science 318 (2007) 777
[0709.4301].

[481] “Home — transient name server.”

[482] B. Zhang, “The physical mechanisms of fast radio bursts”, Nature 587 (2020) 45.

[483] L. Nicastro, C. Guidorzi, E. Palazzi, L. Zampieri, M. Turatto and A. Gardini,
“Multiwavelength observations of Fast Radio Bursts”, Universe 7 (2021) 76
[2103.07786].

[484] F. Kirsten, M. Snelders, M. Jenkins, K. Nimmo, J. van den Eijnden, J. Hessels et al.,
“Detection of two bright radio bursts from magnetar SGR 1935 + 2154”, Nature
Astron. 5 (2021) 414 [2007.05101].

[485] G. Cassam-Chena ı̈, A. Decourchelle, J. Ballet, U. Hwang, J. P. Hughes, R. Petre
et al., “XMM-Newton observation of Kepler’s supernova remnant”, A&A 414
(2004) 545 [astro-ph/0310687 ].
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[545] B. Zhang, Z. G. Dai, P. Mészáros, E. Waxman and A. K. Harding, “High-Energy
Neutrinos from Magnetars”, ApJ 595 (2003) 346 [astro-ph/0210382 ].

[546] T. Herpay, S. Razzaque, A. Patkós and P. Mészáros, “High energy neutrinos and
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[762] É. É. Flanagan and T. Hinderer, “Constraining neutron-star tidal Love numbers
with gravitational-wave detectors”, Phys. Rev. D 77 (2008) 021502 [0709.1915].

[763] T. Damour, A. Nagar and L. Villain, “Measurability of the tidal polarizability of
neutron stars in late-inspiral gravitational-wave signals”, Phys. Rev. D 85 (2012)
123007 [1203.4352].

[764] K. Chatziioannou, “Neutron-star tidal deformability and equation-of-state
constraints”, General Relativity and Gravitation 52 (2020) 109 [2006.03168].

[765] C. Schmidt and S. Sharma, “The phase structure of QCD”, Journal of Physics G
Nuclear Physics 44 (2017) 104002 [1701.04707].

[766] N. Yasutake, T. Maruyama and T. Tatsumi, “Hot hadron-quark mixed phase
including hyperons”, Phys. Rev. D 80 (2009) 123009 [0910.1144].

[767] A. Kurkela and A. Vuorinen, “Cool Quark Matter”, Phys. Rev. Lett. 117 (2016)
042501 [1603.00750].

[768] M. Oertel, F. Gulminelli, C. Providência and A. R. Raduta, “Hyperons in neutron
stars and supernova cores”, European Physical Journal A 52 (2016) 50
[1601.00435].

[769] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske, S. Schramm, H. Stöcker
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[801] N. J. Fantin, P. Côté and A. W. McConnachie, “White Dwarfs in the Era of the LSST
and Its Synergies with Space-based Missions”, ApJ 900 (2020) 139 [2007.01312].

[802] T. B. Littenberg, K. Breivik, W. R. Brown, M. Eracleous, J. J. Hermes,
K. Holley-Bockelmann et al., “Astro2020 Decadal Science White Paper:
Gravitational Wave Survey of Galactic Ultra Compact Binaries”, arXiv e-prints
(2019) arXiv:1903.05583 [1903.05583].

[803] D. Shoemaker, M. McLaughlin, J. I. Thorpe and Gravitational Wave International
Committee, “Gravitational-Wave Astronomy in the 2020s and Beyond: A view
across the gravitational wave spectrum”, BAAS 51 (2019) 232.

[804] G. Mueller, J. Baker, S. Barke, P. L. Bender, E. Berti, R. Caldwell et al., “Space
based gravitational wave astronomy beyond LISA”, in Bulletin of the American
Astronomical Society, vol. 51, p. 243, Sept., 2019, 1907.11305.

[805] M. Arca Sedda, C. P. L. Berry, K. Jani, P. Amaro-Seoane, P. Auclair, J. Baird et al.,
“The missing link in gravitational-wave astronomy”, Experimental Astronomy 51
(2021) 1427.

[806] A. Sesana, N. Korsakova, M. Arca Sedda, V. Baibhav, E. Barausse, S. Barke et al.,
“Unveiling the gravitational universe at µ-Hz frequencies”, Experimental
Astronomy 51 (2021) 1333 [1908.11391].

[807] G. M. H. and, “Advanced LIGO: the next generation of gravitational wave
detectors”, Classical and Quantum Gravity 27 (2010) 084006.

[808] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams et al.,
“Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A”, Astrophys. J. Lett. 848 (2017) L13 [1710.05834].

[809] C. Meegan, G. Lichti, P. N. Bhat, E. Bissaldi, M. S. Briggs, V. Connaughton et al.,
“The Fermi Gamma-ray Burst Monitor”, ApJ 702 (2009) 791 [0908.0450].

153



[810] W. B. Atwood, A. A. Abdo, M. Ackermann, W. Althouse, B. Anderson, M. Axelsson
et al., “The Large Area Telescope on the Fermi Gamma-Ray Space Telescope
Mission”, ApJ 697 (2009) 1071 [0902.1089].

[811] S. D. Barthelmy, P. Butterworth, T. L. Cline, N. Gehrels, G. J. Fishman,
C. Kouveliotou et al., “BACODINE, the Real-Time BATSE Gamma-Ray Burst
Coordinates Distribution Network”, Ap&SS 231 (1995) 235.

[812] A. Goldstein, P. Veres, E. Burns, M. S. Briggs, R. Hamburg, D. Kocevski et al., “An
Ordinary Short Gamma-Ray Burst with Extraordinary Implications: Fermi-GBM
Detection of GRB 170817A”, Astrophys. J. Lett. 848 (2017) L14 [1710.05446].

[813] R. Hamburg, C. Fletcher, E. Burns, A. Goldstein, E. Bissaldi, M. S. Briggs et al., “A
Joint Fermi-GBM and LIGO/Virgo Analysis of Compact Binary Mergers from the
First and Second Gravitational-wave Observing Runs”, ApJ 893 (2020) 100
[2001.00923].

[814] A. Goldstein, R. Hamburg, J. Wood, C. M. Hui, W. H. Cleveland, D. Kocevski et al.,
“Updates to the Fermi GBM Targeted Sub-threshold Search in Preparation for the
Third Observing Run of LIGO/Virgo”, arXiv e-prints (2019) arXiv:1903.12597
[1903.12597].

[815] M. Ajello, W. B. Atwood, M. Axelsson, R. Bagagli, M. Bagni, L. Baldini et al., “Fermi
Large Area Telescope Performance after 10 Years of Operation”, ApJS 256 (2021)
12 [2106.12203].

[816] C. Winkler, T. J. L. Courvoisier, G. Di Cocco, N. Gehrels, A. Giménez, S. Grebenev
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Olinto, “POEMMA’s Target of Opportunity Sensitivity to Cosmic Neutrino Transient
Sources”, Phys. Rev. D 102 (2020) 123013 [1906.07209].

[895] ANITA collaboration, “Observation of an Unusual Upward-going Cosmic-ray-like
Event in the Third Flight of ANITA”, Phys. Rev. Lett. 121 (2018) 161102
[1803.05088].

[896] ANITA collaboration, “Unusual Near-Horizon Cosmic-Ray-like Events Observed by
ANITA-IV”, Phys. Rev. Lett. 126 (2021) 071103 [2008.05690].

[897] JEM-EUSO collaboration, “Results of the EUSO-SPB1 flight”, PoS ICRC2019
(2021) 247 [1909.03005].

[898] JEM-EUSO collaboration, “Science and mission status of EUSO-SPB2”, PoS
ICRC2021 (2021) 404 [2112.08509].

[899] JEM-EUSO collaboration, “Expected Performance of the EUSO-SPB2 Fluorescence
Telescope”, PoS ICRC2021 (2021) 405.

[900] A. Cummings, R. Aloisio, J. Eser and J. Krizmanic, “Detection of Above the Limb
Cosmic Rays in the Optical Cherenkov Regime Using Sub-Orbital and Orbital
Instruments”, PoS ICRC2021 (2021) 437.

160



[901] S. Bacholle et al., “Mini-EUSO Mission to Study Earth UV Emissions on board the
ISS”, Astrophys. J. Suppl. 253 (2021) 36 [2010.01937].

[902] JEM-EUSO collaboration, “The Mini-EUSO telescope on board the International
Space Station: Launch and first results”, PoS ICRC2021 (2021) 354 [2201.01213].

[903] P. A. Klimov et al., “The TUS detector of extreme energy cosmic rays on board the
Lomonosov satellite”, Space Sci. Rev. 212 (2017) 1687 [1706.04976].

[904] D. Barghini, M. Bertaina, A. Cellino, F. Fenu, S. Ferrarese, A. Golzio et al., “Uv
telescope tus on board lomonosov satellite: Selected results of the mission”,
Advances in Space Research (2021) .

[905] PUEO collaboration, “The Payload for Ultrahigh Energy Observations (PUEO): a
white paper”, JINST 16 (2021) P08035 [2010.02892].

[906] ANITA collaboration, “The Antarctic Impulsive Transient Antenna Ultra-high
Energy Neutrino Detector Design, Performance, and Sensitivity for 2006-2007
Balloon Flight”, Astropart. Phys. 32 (2009) 10 [0812.1920].

[907] P. W. Gorham, P. Allison, B. M. Baughman, J. J. Beatty, K. Belov, D. Z. Besson
et al., “Observational constraints on the ultrahigh energy cosmic neutrino flux
from the second flight of the ANITA experiment”, Phys. Rev. D 82 (2010) 022004
[1003.2961].

[908] ANITA collaboration, “Constraints on the diffuse high-energy neutrino flux from
the third flight of ANITA”, Phys. Rev. D 98 (2018) 022001 [1803.02719].

[909] ANITA collaboration, “Constraints on the ultrahigh-energy cosmic neutrino flux
from the fourth flight of ANITA”, Phys. Rev. D 99 (2019) 122001 [1902.04005].

[910] ANITA collaboration, “Upward-Pointing Cosmic-Ray-like Events Observed with
ANITA”, PoS ICRC2017 (2018) 935 [1810.00439].

[911] P. Allison et al., “Design and performance of an interferometric trigger array for
radio detection of high-energy neutrinos”, Nucl. Instrum. Meth. A 930 (2019) 112
[1809.04573].

[912] POEMMA collaboration, “The POEMMA (Probe of Extreme Multi-Messenger
Astrophysics) observatory”, JCAP 06 (2021) 007 [2012.07945].

[913] M. H. Reno, J. F. Krizmanic and T. M. Venters, “Cosmic tau neutrino detection via
cherenkov signals from air showers from earth-emerging taus”, Phys. Rev. D 100
(2019) 063010.

[914] A. L. Cummings, R. Aloisio and J. F. Krizmanic, “Modeling of the tau and muon
neutrino-induced optical cherenkov signals from upward-moving extensive air
showers”, Phys. Rev. D 103 (2021) 043017.

161



[915] G. Askaryan, “Excess negative charge of an electron-photon shower and its
coherent radio emission”, Sov.Phys.JETP (1961) .

[916] ARA collaboration, “First Constraints on the Ultra-High Energy Neutrino Flux from
a Prototype Station of the Askaryan Radio Array”, Astropart. Phys. 70 (2015) 62
[1404.5285].

[917] ARA collaboration, “Performance of two Askaryan Radio Array stations and first
results in the search for ultrahigh energy neutrinos”, Phys. Rev. D93 (2016)
082003 [1507.08991].

[918] P. Allison et al., “Design and performance of an interferometric trigger array for
radio detection of high-energy neutrinos”, Nuclear Instruments and Methods in
Physics Research A 930 (2019) 112.

[919] P. Allison et al., “Constraints on the diffuse flux of ultrahigh energy neutrinos from
four years of askaryan radio array data in two stations”, Physical Review D 102
(2020) .

[920] J. A. Aguilar et al., “Design and sensitivity of the radio neutrino observatory in
greenland (rno-g)”, Journal of Instrumentation 16 (2021) P03025.

[921] Q. Abarr et al., “The payload for ultrahigh energy observations (pueo): a white
paper”, Journal of Instrumentation 16 (2021) P08035.

[922] M. G. Aartsen et al., “Icecube-gen2: the window to the extreme universe”, Journal
of Physics G: Nuclear and Particle Physics 48 (2021) 060501.

[923] P. Allison, S. Archambault, J. J. Beatty, D. Z. Besson, A. Bishop, C. C. Chen et al., “A
low-threshold ultrahigh-energy neutrino search with the askaryan radio array”,
2022.

[924] ANITA collaboration, “Constraints on the ultrahigh-energy cosmic neutrino flux
from the fourth flight of ANITA”, Phys. Rev. D99 (2019) 122001 [1902.04005].

[925] A. Anker et al., “Targeting ultra-high energy neutrinos with the arianna
experiment”, Advances in Space Research 64 (2019) 2595.

[926] A. Aab et al., “Probing the origin of ultra-high-energy cosmic rays with neutrinos in
the EeV energy range using the pierre auger observatory”, Journal of Cosmology
and Astroparticle Physics 2019 (2019) 022.

[927] I CECUBE COLLABORATION 2 collaboration, “Differential limit on the
extremely-high-energy cosmic neutrino flux in the presence of astrophysical
background from nine years of icecube data”, Phys. Rev. D 98 (2018) 062003.

[928] M. G. Aartsen et al., “OBSERVATION AND CHARACTERIZATION OF a COSMIC
MUON NEUTRINO FLUX FROM THE NORTHERN HEMISPHERE USING SIX
YEARS OF ICECUBE DATA”, The Astrophysical Journal 833 (2016) 3.

162



[929] A. V. Olinto, K. Kotera and D. Allard, “Ultrahigh Energy Cosmic Rays and
Neutrinos”, Nucl. Phys. Proc. Suppl. 217 (2011) 231 [1102.5133].

[930] K. Kotera and A. V. Olinto, “The Astrophysics of Ultrahigh Energy Cosmic Rays”,
Ann. Rev. Astron. Astrophys. 49 (2011) 119 [1101.4256].

[931] M. Ahlers and F. Halzen, “Minimal Cosmogenic Neutrinos”, Phys. Rev. D. 86
(2012) 083010 [1208.4181].

[932] J. Quinn, C. W. Akerlof, S. Biller, J. Buckley, D. A. Carter-Lewis, M. F. Cawley
et al., “Detection of Gamma Rays with E ¿ 300 GeV from Markarian 501”,
Astrophys. J. Lett. 456 (1996) L83.

[933] M. Punch, C. W. Akerlof, M. F. Cawley, M. Chantell, D. J. Fegan, S. Fennell et al.,
“Detection of TeV photons from the active galaxy Markarian 421”, Nature 358
(1992) 477.

[934] T ELESCOPE ARRAY collaboration, “Indications of Intermediate-Scale Anisotropy of
Cosmic Rays with Energy Greater Than 57 EeV in the Northern Sky Measured with
the Surface Detector of the Telescope Array Experiment”, Astrophys. J. Lett. 790
(2014) L21 [1404.5890].

[935] B. Shappee, J. Prieto, K. Z. Stanek, C. S. Kochanek, T. Holoien, J. Jencson et al.,
“All Sky Automated Survey for SuperNovae (ASAS-SN or “Assassin”)”, in American
Astronomical Society Meeting Abstracts #223, vol. 223 of American Astronomical
Society Meeting Abstracts, p. 236.03, Jan., 2014.

[936] R. Morgan et al., “A DECam Search for Explosive Optical Transients Associated
with IceCube Neutrinos”, Astrophys. J. 883 (2019) 125 [1907.07193].

[937] V. M. Lipunov, V. G. Kornilov, K. Zhirkov, E. Gorbovskoy, N. M. Budnev, D. A. H.
Buckley et al., “Optical Observations Reveal Strong Evidence for High-energy
Neutrino Progenitor”, Astrophys. J. Lett. 896 (2020) L19 [2006.04918].

[938] P AN -STARRS, I CECUBE collaboration, “Search for transient optical counterparts to
high-energy IceCube neutrinos with Pan-STARRS1”, Astron. Astrophys. 626 (2019)
A117 [1901.11080].

[939] V. M. Lipunov, V. G. Kornilov, K. Zhirkov, E. Gorbovskoy, N. M. Budnev, D. A. H.
Buckley et al., “Optical Observations Reveal Strong Evidence for High-energy
Neutrino Progenitor”, Astrophys. J. Lett. 896 (2020) L19 [2006.04918].

[940] N. R. Tanvir, A. J. Levan, C. González-Fernández, O. Korobkin, I. Mandel,
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