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Bellido (Universidad Autónoma de Madrid, Spain), Carlos Garćıa Canal (Universidad Nacional de
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Executive Summary

Cosmic Probes of Fundamental Physics take two primary forms: Very high energy particles
and gravitational waves (GWs). Already today, these probes give access to fundamental
physics not available by any other means, helping elucidate the underlying theory that
completes the Standard Model [1]. The last decade has witnessed a revolution of ex-
citing discoveries such as the detection of high-energy neutrinos [2, 3] and gravitational
waves [4]. The scope for major developments in the next decades is dramatic, as detailed
in this report. For example, precise measurements of the cosmic microwave background
(CMB) [5] and large scale structure hint at complications in the concordance model of
cosmology, which will be subjected to independent clarification within a few years thanks
to the new cosmic probe of gravitational waves [6]. Another cosmic probe still in the
incubation stage is the discovery and exploration of the cosmic neutrino background.

The very high energy particles we exploit include cosmic rays, gamma rays, and neu-
trinos. Their energies enable study of particle collisions at energies far above those ac-
cessible with laboratory measurements, and their enormous propagation distances enable
extremely sensitive constraints to be placed on fundamental physics, including Grand Uni-
fied Theories (GUT) and Planck-scale phenomena such as Lorentz Invariance Violation and
GUT-scale dark matter [7–11]. Ultra-high-energy cosmic rays (UHECRs) are observed with
energies above 1011 GeV [1]. When a 1011 GeV nucleus collides with an air nucleus in the
upper atmosphere, the total center-of-mass (CM) energy is 1, 700 TeV – nearly twice that in
Pb-Pb collisions at the Large Hadron Collider (LHC). Of order 10% of these UHECRs may
be protons and, as techniques to constrain the nature of individual UHECRs improve and
proton-induced collisions can be separately identified, pN collisions at 1, 700 TeV can be
isolated. This is 120 TeV in the p-nucleon CM even without collective effects, and a host of
new phenomena can be studied in the ultra-high-energy air showers, including black hole
production, quark gluon plasma, and production of new long-lived heavy particles [7].
The already-established anomalous muon production in UHECR air showers (which has
eluded explanation in models tuned to LHC data) [12] guarantees that discoveries will be
made.

In addition to studying hadron physics at ultra-high energies in UHECR air show-
ers, experiments such as AugerPrime [13], GCOS [14] and POEMMA [15] can discrim-
inate between nucleus-, photon- and neutrino-induced showers. Observations of photons
and neutrinos at such energies enable unique probes of new physics including instanton-
induced decay of super-heavy relics from the Big Bang [16, 17], cosmic strings [18],
Lorentz Invariance Violation [19], and axion-photon conversion in large-scale magnetic
fields fields [20, 21].

Neutrinos and gamma rays produced when ultra-high-energy cosmic rays interact with
ambient gas and thermal photon backgrounds in their source environment also provide
invaluable tests of fundamental symmetries [8–11]. (The boost factor of a neutrino of en-
ergy 107 GeV is five orders of magnitude higher than has ever been observed for a proton
primary!) Furthermore, cosmic neutrinos and gamma rays provide a unique indirect probe
of particle dark matter [7–9]. Next-generation gamma-ray telescopes such as the South-
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ern Wide-field Gamma-ray Observatory (SWGO) [22, 23], the Cherenkov Telescope Array
(CTA) [24], and the All-sky Medium-Energy Gamma-ray Observatory (AMEGO) [25] fore-
see significant improvements in sensitivity, effective area, and field of view. The IceCube-
Upgrade [26] and other upcoming cosmic neutrino experiments at GeV energies will pro-
vide neutrino oscillation sensitivity complementary to long baseline experiments. Future
PeV-EeV neutrino experiments (as summarized in Figure 12) will advance neutrino physics
at energies beyond the reach of colliders by measuring the properties of standard model
particles and their interactions, such as neutrino-nucleon cross sections. Observations
of neutrino flavors and neutrino-antineutrino ratios have the potential to probe beyond-
standard-model (BSM) neutrino physics, such as interactions with sterile neutrinos and
unknown electrically neutral mediators.

Cosmic particle physics has an important synergy with accelerator-based particle physics.
For instance, forward particle production plays a crucial role in astroparticle physics [27],
which will thereby benefit enormously from the far-forward experiments at the high-
luminosity LHC to be studied at the Forward Physics Facility [28, 29]. Measurements of
forward neutrinos will provide critical information to understand the anomalous muon
production observed in UHECR air showers, while multi-faceted measurements of the
properties of UHECR air showers – as are now possible with state-of-the-art UHECR obser-
vatories – will reciprocally inform theories of forward hadron production [30]. Another
example is constraints on forward charm production using LHC neutrinos, being a key
input for current and upcoming generations of large-scale neutrino telescopes.

Complementing very high energy particles as probes of new physics, we have Gravita-
tional Waves. These can be measured in several frequency bands with few-to-tens of kilo-
meter scale interferometers (LIGO/Virgo and future terrestrian GW observatories), pul-
sar timing arrays (PTAs), and future space-based interferometers such as the European
Space Agency’s Laser Interferometer Space Antenna (LISA, NASA) to be launched around
2037 [31]. These different techniques allow observation of mergers between neutron stars
and black holes in the mass range of less than 1 to ∼ 3,000 solar masses (terrestrial GW
observatories), the merger of 104–107 solar mass supermassive black holes (LISA) and the
stochastic gravitational-wave background produced by a population of supermassive black
holes (PTAs).

Future gravitational-wave observatories [32, 33] will measure the dense matter equa-
tion of state with exquisite precision [32, 34, 35], probe the QCD phase transition in
neutron star cores [36], explore dark matter in astrophysical environments [37, 38] and
potentially discover primordial black holes in the dark ages [38, 39], begin a new era
in precision cosmology [6], open a new window for probing extreme gravitational phe-
nomena in the early Universe [37, 40–43], and have arguably unprecedented discovery
potential [32]. Already, LIGO and Virgo limits on the difference in the speed of light and
gravitational waves from a single, well-measured, binary neutron star merger have dra-
matically reduced the model-space for theories of modified gravity. The measured tidal
deformability in this same merger implies that neutron stars of ∼ 1.5 solar masses have
surprisingly similar radii to neutron stars of & 2M� measured by NICER, with important
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implications for quark matter [44]. The large number of binary neutron star and neutron
star-black hole mergers to be measured by LIGO/Virgo and future GW observatories will
enable the exploration of transition between baryon and quark degrees of freedom and the
quark matter equation of state to be mapped out in detail, confronting theoretical physics
with data on non-perturbative QCD phenomena in an entirely new regime.

GW observatories will also strongly constrain cosmology, most immediately by offering
a clean, largely systematic-free measurement of Hubble constant H0 that should defini-
tively settle the question of whether the expansion rate of the universe today is the same
as or different from the value obtained from CMB measurements using ΛCDM. Further-
more, Cosmic Explorer and Einstein Telescope will enable structure and the black hole
mass spectrum to be measured out to z ≈ 50 and beyond, opening a completely new
regime of testing ΛCDM and determining if there are primordial black holes.

The dawn of a new Astrophysical Multimessenger Era has been heralded by the recent
co-detection of gamma rays and gravitational waves in a binary neutron star merger [45],
the co-detection of gamma rays and neutrinos in a blazar flare [46] and recent examples
of neutrinos consistent with production in tidal disruption events [47, 48]. Over the next
decade, simultaneous observations with different techniques promise to reveal where these
extreme-energy cosmic messengers come from, and how they came to be [49]. Maximal
exploitation of our cosmic probes will require a level of programmatic planning for com-
plementarity between facilities with distinct goals, not previously attempted. The United
States is well poised to lead this endeavor, through investment in facilities as well as the
communities of scientists and specialists that build, maintain, and utilize them, but coor-
dination between agencies will be indispensable to realizing this potential.
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1 The Big Questions and Goals for the Next Decade

The seventh Cosmic Frontier
(CF7), named Cosmic Probes of Fun-
damental Physics, was asked to sum-
marize current knowledge and iden-
tify future opportunities (both ex-
perimental and theoretical) in the
use of astrophysical and cosmological
probes of fundamental physics. As a
result of the breadth of this area of re-
search, CF7 has been subdivided into
five main topical areas: (i) History of
the Universe and Cosmology; (ii) Cos-
mic Probes of Dark Matter; (iii) As-
troparticle Physics; (iv) Multimessen-
ger Synergies in Particle Astrophysics;
and (v) Architecture of Spacetime. All
of these areas are aligned with the pri-
mary goals of High Energy Physics in
general, and the APS Division of Par-
ticles and Fields (DPF) in particular.

Figure 1: Connections between messengers and fundamental physics topics.
Current and future multimessenger landscapes are indicated by solid and
dashed curves, respectively.

We received 12 White Papers addressing the current challenges and future opportu-
nities in each of these fields as they relate to the other frontiers of High Energy Physics.
We have identified 27 big picture questions that will shape the course of discovery of CF7
in the coming decade. The report is organized as follows. In this section, we lay out
the big questions and goals for the next decade. In Secs. 2, 3, 4, 5, and 6, we introduce
the theoretical inputs needed for addressing these questions, with each subsection corre-
sponding to a question in Sec. 1. In Sec. 7, we go through a description of existing and
future experiments where a U.S. contribution is sought. In Sec. 8, we identify important
opportunities for complementarity with other frontiers. Finally, in Sec. 9 we explore some
challenges and limitations that professionals experience in their daily working practice to
identify strategies for expanding diversity, equity, inclusion, and accessibility. A summary
of the topics and their relevance to various messengers is shown in Figure 1.

Over the next decade, the physics community is poised to answer longstanding and
profound questions about the nature of the Universe and its elementary components. This
section highlights the big science questions in fundamental physics that can be addressed
by cosmic probes over the next 10 years.
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1.1 History of the Universe and Cosmology

• Is the Hubble constant measured with low redshift probes different from the value
inferred with ΛCDM normalized to the cosmic microwave background data?

• Is the Hubble tension a footprint of physics beyond the Standard Model?

• What is the absolute sum of neutrino mass? (given the lower limit of 0.06 eV from
oscillations) Is the hierarchy normal or inverted?

• What are the imprints of early Universe phase transitions and inflation in the stochas-
tic gravitational-wave backgrounds?

• What role do ultra-high-energy cosmic rays and advances in constraint-based mod-
elling of Grand Unified Theories play in early Universe model building?

1.2 Cosmic Probes of Dark Matter

• Is there a portal connecting the dark and visible sectors?

• What fraction of dark matter is held in primordial black holes? Are there currently
evaporating primordial black holes?

• Does the dark sector consist of a vast ensemble of particle species whose decay widths
are balanced against their cosmological abundances?

• What is the gravitational-wave signature of dark matter?

• What are the gravitational-wave signatures of dilute dark matter distributions?

1.3 Astroparticle Physics

• What are the properties of Standard Model particles and their interactions beyond
the reach of terrestrial accelerators?

• How do neutrino flavors mix at high energies? Are neutrinos stable? Are there
hidden neutrino interactions with cosmic backgrounds?

• Could an enhancement of strangeness production in hadronic collisions be the carrier
of the observed muon deficit in air-shower simulations when compared to ultra-high-
energy cosmic-ray data? Alternatively, do new particles and interactions exist at the
highest energies?

• How does matter behave in the center of neutron stars? What are the physical prop-
erties of matter at ultra-high density, large proton/neutron number asymmetry, and
low temperature?
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• Do the Lorentz and CPT symmetries that underpin the Standard Model break down
in extreme cosmic environments?

• Does the QED domain (extreme magnetic fields) produce exotic particles or dark
matter?

1.4 Multimessenger Synergies in Particle Astrophysics

• How are particles accelerated in the cosmos to ultra-high energies? Is the cosmic ray
maximum energy a fingerprint of physics beyond the Standard Model?

• What role do hadrons play in the extreme-energy Universe?

• How does diffuse emission from different messengers and energies contribute to cos-
mic evolution?

• How are Galactic TeVatrons and PeVatrons produced? Are gamma-ray halos a signal
of physics beyond the Standard Model?

• How are heavy elements formed?

1.5 Architecture of Spacetime

• What are the true degrees of freedom in gravitational-wave polarizations, how are
gravitational waves produced and how do they propagate?

• Is there a modification of General Relativity that successfully takes into account the
effects ascribed to dark matter and dark energy?

• Does the graviton have a mass, what is the speed of gravity, and is local Lorentz
invariance a fundamental symmetry of nature?

• Does General Relativity apply to electromagnetic and gravitational wave signals from
dynamic black hole environments without modification?

• What are the “ab initio” models of nonsingular, horizonless alternatives to black
holes, and self-consistent predictions of the ringdown spectra and echo signal they
might produce?

• What is the space of low energy Effective Field Theories that admit an UV comple-
tion? What are the phenomenological implications of the Swampland conjectures for
the topics discussed in this report?

3



2 History of the Universe and Cosmology

The Universe is composed primarily of matter and energy we do not understand. Dark en-
ergy makes up about 70% of the universe and we see its effects in the acceleration of the
expansion of the universe over time, especially through measurements of high-redshift su-
pernovae, anisotropies in the Cosmic Microwave Background, and the sub-critical density
of large scale structure— the distribution of galaxies and galaxy clusters. The past decade
has seen renewed recognition for discoveries in dark energy’s effects on the formation of
the large-scale structure. Over the next decade, measurements of the Hubble constant, the
cosmic microwave background, supernovae, and large-scale structure, especially in the
ultraviolet band, will challenge the new gravity theories, the concordance model of cos-
mology, and even the Standard Model. These cosmic probes could provide complementary
information about the unification of fundamental forces.

2.1 The Hubble Tension

The ΛCDM model, in which the expansion of the Universe today is dominated by the
cosmological constant Λ and cold dark matter (CDM), is the simplest model that pro-
vides a reasonably good account of all astrophysical and cosmological observations [1].
However, over the last decade, various discrepancies have emerged. In particular, local
measurements of the Hubble constant H0 = 100h km s−1 Mpc−1 are increasingly in ten-
sion with the value inferred from a ΛCDM fit to the cosmic microwave background (CMB)
and baryon acoustic oscillation (BAO) data [6]. Throughout, we refer to the Hubble ten-
sion as the 5.0σ disagreement between the value inferred by the Planck Collaboration,
H0 = (67.27± 0.60) km s−1 Mpc−1 at 68% CL [5], and the latest 2021 SH0ES Collabora-
tion distance ladder constraint based on Type Ia supernovae (SNIa) calibrated by Cepheids,
H0 = (73.04 ± 1.04) km s−1 Mpc−1 at 68% CL [50]. However, these are not the only H0

measurements— there are actually two sets of measurements. Remarkably, all of the in-
direct model-dependent estimates at early times agree between themselves (such as those
inferred from CMB and BAO experiments) and a similar agreement is reached by all of the
direct late-time ΛCDM-independent measurements (such as distance ladders and strong
lensing). Besides, an independent determination of H0, based on the calibration of SNIa
using the Tip of the Red Giant Branch, leads to H0 = (72.4 ± 2.0) km s−1 Mpc−1 [51] and
H0 = (69.6±0.8 (stat)±1.7 (sys)) km s−1 Mpc−1 [52], both at 68% CL. A measurement that
is independent of SNIa, based geometric distance measurements to megamaser-hosting
galaxies gives H0 = (73.9 ± 3.0) km s−1 Mpc−1 [53]. A collection of H0 measurements is
shown in Fig. 2.

Another seemingly different, but perhaps closely related, subject is the evidence of a
growing tension between the Planck-preferred value and the local determination of σ8,
which gauges the amplitude of mass-density fluctuations when smoothed with a top-hat
filter of radius 8h−1 Mpc. More concretely, it is the combination S8 = σ8(Ωm/0.3)1/2 that
is constrained by large-scale structure data, where Ωm is the present-day value of the

4
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Figure 2: 68% CL constraints on H0 from different cosmological probes. (Adapted from [6]).

non-relativistic matter density parameter. On the assumption of ΛCDM, the Planck Collab-
oration reported S8 = 0.830± 0.013 [5], which is in 3σ tension with the result reported by
KiDS-1000: S8 = 0.766+0.020

−0.014 [54]. A collection of S8 measurements is shown in Fig. 3.
The discrepancy in the value of H0 inferred from model-independent and -dependent

experiments (each sensitive to different physics and systematic errors) might be a hint that
the standard ΛCDM model needs to be modified. However, more data are needed before
we have a final verdict. An important role in reducing systematics of H0 measurements
will be played by gravitational-wave (GW) standard sirens (GWSS), the GW analog of as-
tronomical standard candles [6, 37, 49]. The amplitude of GWs is inversely proportional
to the luminosity distance from the source, hence they can be used in conjunction with
redshift information of the source location to probe the distance-redshift relation [55–58].
Observations of the binary neutron star merger GW170817, along with the redshift from
its host galaxy (identified from the observation of an electromagnetic counterpart [45]),
yield H0 = 70+12

− 8 km s−1 Mpc−1 at 68% CL [59]. Despite the fact that the measurement
has large uncertainties, it does not require any cosmic “distance ladder” and it is model-
independent— the absolute luminosity distance is directly calibrated by the theory of gen-
eral relativity [55]. In other words, these GWSS are an ideal independent probe to weigh
in on the Hubble tension. Around 50 additional observations of GWSS with electromag-
netic counterparts would be needed to measure H0 with a precision of 1–2% [60–62].
Complementary dark GWSS (GW sources without EM counterparts) [63–67] are expected
to provide percent-level uncertainty on H0 after combining a few hundreds to thousands
of events using the statistical host identification technique [68] or by identifying the host
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galaxy of the nearby sources [69]. Improved measurements of the Hubble constant will
also come from future CMB experiments [70] (including the Simon Observatory [71] and
CMB-S4 [72, 73]) which, combined with gigantic cosmic surveys (such as Euclid [74] and
Rubin [75]), are expected to measure H0 with an uncertainty of about 0.15% [76]. A
thorough discussion of probes that will help reducing uncertainties in H0, σ8, and S8, as
well as other anomalies of lower statistical significance (see e.g. [77]) is given in Ref. [6].

2.2 Model Building a Breakout from the Hubble Tension

Models addressing the H0 tension are extremely difficult to concoct [6]. One promising
class of models involves a boost in the expansion rate close to the epoch of matter-radiation
equality to reduce the size of the baryon-photon sound horizon rd at recombination and
increase the Hubble rate inferred from the CMB. Extra relativistic degrees of freedom at
recombination (scalars, Weyl fermions, and/or vector particles [78–81]) parametrized by
the number of equivalent light neutrino species Neff [82] is one such possibility. For three
families of massless (SM) neutrinos, NSM

eff ' 3.044 [83, 84], and so the contribution of extra
light relics to the cosmological energy density is usually expressed as ∆Neff = Neff −NMS

eff .
Current data are only sensitive enough to detect additional relics that froze out after the
quark-hadron transition, hence CMB-S4’s ability to probe times well before that transition
is a major advance [85]. More concretely, CMB-S4 will constrain ∆Neff < 0.06 at 95% C.L.,
achieving sensitivity to Weyl fermion and vector particles that froze out at temperatures a
few hundred times higher than that of the QCD phase transition [73]. Another promising
way to decrease rd is to include what is traditionally called “early dark energy” [86]. This
type of models posit an additional energy density that briefly bumps up the expansion rate
between the epoch of matter-radiation equality and recombination.

Deviations from ΛCDM that only affect pre-recombination physics have become more
tightly constrained as the CMB data improve [87, 88]. Modifications of the late-time
Universe have also been proposed [89–94]. The basic idea behind this class of models is
also simple: the matter-dark energy equality is shifted to earlier times than it otherwise
would in ΛCDM to obtain a larger value of H0. The challenge for this class of models is
to increase H(z) as z → 0 while keeping a redshift-distance relation that is compatible
with that inferred from the distance ladder [95, 96]. This is because calibrated type Ia
supernovae fundamentally tell us about their luminosity distances from us, which depends
on the integrated expansion history and not just on H0.

All in all, a plethora of new ideas have been put forward to ameliorate the H0 ten-
sion [6, 97], but as yet, none of the extant new physics models on this front have done so
to a satisfactory degree [98]. The resolution of this conundrum will likely require a coordi-
nated effort from the side of theory and phenomenology (to construct model-independent
consistency tests [99]), as well as data analysis and observation (to improve computational
methods that could disentangle systematics).
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2.3 Inferring the Neutrino Mass from Cosmological Probes

The total neutrino mass can be measured with the cosmological data thanks to the cosmic
neutrino background created at early times and the growth of structures at late times
(see [100–102]). The main cosmological probes that we can use for this purpose are the
CMB and the large scale structure (LSS) data.

The cosmic neutrino background (CNB) is formed when neutrinos decouple, that is
when the rate of the weak interaction reactions, which keep neutrinos in equilibrium with
the primordial plasma, becomes less than the expansion rate of the Universe, at a temper-
ature of about 1 MeV. After neutrino decoupling, photons are heated by electron-positron
annihilation. After the end of this process, the ratio between the temperatures of photons
and neutrinos will be frozen, although they cool as the Universe expands. Therefore, we
expect today a CNB at a temperature of Tν = (4/11)1/3Tγ ≈ 1.95 K. The CNB has not been
directly detected and it will be the goal of the PTOLEMY project [103]. However, in the
meantime, we have an indirect detection with the measurement of the effective neutrino
number Neff = 2.92+0.36

−0.37 at 95% CL from Planck [5], at many σ different from zero.
Neutrinos are the only particles in the standard model to have the transition between

the relativistic and the non-relativistic regime. When neutrinos are relativistic, they will
contribute to the radiation content of the universe. When they become non-relativistic,
they will behave like matter contributing to the expansion of the Universe like baryons
and cold dark matter. Neutrinos will only cluster on scales larger than their free streaming
scale, thereby suppressing the structure formation at small scales, and affecting the large
scale structures.

Since the CMB is formed at recombination, the effect of the neutrino mass can only
manifest itself by changing the evolution of the background and introducing some sec-
ondary anisotropy corrections [100, 101]. Indeed, by varying their total mass we are
changing the redshift of the matter-to-radiation equality zeq, and the amount of matter
density today ωm = ωb + ωcdm + (Σmν)/93.14 eV. Therefore, the impact on the CMB will be
the shift in the position of the peaks, the slope and the amplitude of the low-` multipoles
of the spectrum and the first peak, due to the ISW effect, and the damping of the high-`
tail, due to the lensing effect.

From Planck temperature and polarization spectra we have a very important upper
limit on the total neutrino mass Σmν < 0.26 eV [5]. This strong limit is completely due to
the CMB gravitational lensing, indicating that we have a clear detection of this signal in the
CMB spectra [104]. In fact, the more massive the neutrino, the fewer structures we have,
the less the CMB gravitational lensing should be. So a larger signal of the CMB lensing
means a smaller neutrino mass. Given the neutrino effect on the structure formation,
important observables are the LSS data, in particular the power spectrum of the non-
relativistic matter fluctuations in Fourier space P (k, z) = 〈|δm(k, z)|2〉, where δm = δρm/ρ̄m,
and the two-point correlation function in the configuration space.

The shape of the matter power spectrum is a key observable for constraining neu-
trino masses with cosmological methods, and can be obtained with measurements of the
CMB gravitational lensing, the clustering and the weak lensing of galaxies, and the galaxy
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cluster abundance [102, 105–109]. Unfortunately, this is really difficult to derive in non-
linear and mildly non-linear scales, and needs the help of perturbation theory or N-body
simulations. On the other hand, the BAO peak of galaxy correlation function, correspond-
ing to the acoustic scale at decoupling, is one of the prominent observables in today’s
cosmology and easier to obtain, and is very sensitive to massive neutrinos. Combining
Planck + BAO we get Σmν < 0.13 eV [5], because BAO data is directly sensitive to the
free-streaming nature of neutrinos and helps in breaking the degeneracies among cosmo-
logical parameters. Another important cosmological probe is the Redshift Space Distor-
tions (RSD), which is obtained by analysing the clustering in redshift space, and it is the
result of an anisotropic clustering along the radial direction because of the peculiar veloc-
ities [110]. This RSD measures fσ8, that is the product of the growth rate of structure (f)
and the clustering amplitude of the matter power spectrum (σ8). Massive neutrinos prefer
a lower value for the fσ8 data, so the inclusion of the latest RSD from eBOSS DR16 [111]
gives Σmν < 0.087 eV at 95% CL [112], disfavouring the minimal value allowed for In-
verted Ordering (IO, Σmν & 0.1 eV) at more than 2σ, but also the Normal Ordering (NO,
Σmν & 0.06 eV) at more than 68% CL (Σmν < 0.037 eV). Current cosmological data do
not allow to distinguish the ordering of the neutrino masses, but may give a preference
for the NO when combined with oscillation and not oscillation data [113–117]. It is worth
underlining that in fact the total neutrino mass preferred by the cosmological data is zero
or negative [111], and although this is not yet statistically significant, it shows a first hint
of tension between cosmology and neutrino oscillation experiments.

These constraints could be drastically improved in the future. Terrestrial CMB tele-
scopes are currently the proposals with the highest probability of being realised. However,
they need large angular scale measurements (such as Planck or future experiments) to
measure the optical depth, that is strongly correlated with the neutrino masses, and a
perfect a priori knowledge of the foregrounds. The Simons Observatory [118] aims to
measure the total neutrino mass with an uncertainty σ(Σmν) = 0.04 eV when combined
with DESI BAO [119] and Rubin LSST [120] weak lensing data. The replacement of
Planck with LiteBIRD’s future cosmic variance-limited measurements of the optical depth
to reionisation SO can instead reach σ(Σmν) = 0.02 eV. CMB-S4 measurements [70] of
the lensing power spectrum (or cluster abundances), when combined with BAO from DESI
and the current measurement of the optical depth from Planck, will provide a constraint on
the sum of neutrino masses with a σ(Σmν) = 0.024 eV, improving to σ(Σmν) = 0.014 eV
with better measurements of the optical depth. PICO [121], a proposal for a future CMB
satellite experiment, plus BAO from DESI (or Euclid) should reach an uncertainty σ(Σmν)
= 0.014 eV, i.e. a 4σ detection of the minimum sum for the NO. A satellite experiment is
the only instrument that can measure very precisely all these neutrino properties together
with the optical depth with the same single dataset without calibration problems. Finally,
CMB-HD [122], a futuristic millimetre-wave survey, could get an uncertainty on σ(Σmν)
= 0.013 eV (at least 5σ detection for the sum of the neutrino masses), measuring the
gravitational lensing of the CMB and the thermal and kinetic SZ effect on small scales.

All of these constraints have been obtained by assuming the ΛCDM cosmological model,
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which is the mathematically simplest model among those introduced in the literature.
However, it cannot yet explain key pillars in our understanding of the structure and evo-
lution of the Universe, namely, dark energy, dark matter and inflation. For this reason, the
anomalies and tensions we see between some parameters coming from different cosmo-
logical probes may indicate the need for a paradigm shift [6]. We have, in fact, the H0

tension at 5σ and the S8 tension at the level of 2− 3σ, and both these parameters are very
important for the determination of the total neutrino mass because they are strongly cor-
related with it. Furthermore, we have the Alens consistency check which fails in the Planck
data and, due to their correlation, the upper limits on the total neutrino mass are strongly
weakened, up to a factor of 2 when Alens is free to vary. Finally, the global tensions between
CMB datasets, at the level of 2.6σ assuming the ΛCDM model and the Suspiciousness statis-
tics [123], is translated in 1σ preference from the terrestrial CMB telescopes ACT-DR4 and
SPT-3G data for a neutrino mass different from zero, which is very similar to the value
obtained from a combination of Planck + CMB Lensing, when Alens is free to vary [124].
Furthermore, if the neutrino limits are obtained in a 10 parameter model, ACT-DR4 and
SPT-3G can host even larger neutrino masses [124], and when CMB and BAO constraints
are considered in these extended cosmologies, they provide constraints on the Σmν vs H0

plane that clearly show a correlation between these two parameters, that is exactly the
opposite of what is obtained with the standard ΛCDM model, allowing this combination
to solve the H0 tension with massive neutrinos.

To conclude, the indication for anomalies and tensions present in the cosmological
data could significantly influence the current cosmological constraints on the neutrino
properties, presenting a serious limitation to precision cosmology. Until the nature of
these anomalies (whether new physics or systematic errors) is clear, we should be very
cautious when considering cosmological constraints.

2.4 Imprints from the Early Universe on the Gravitational Wave Back-
ground

Cosmic (super)strings Cosmic strings are topological defects that can form during phase
transitions in the early Universe [125, 126], and cosmic superstrings are the fundamen-
tal strings of string theory stretched to cosmological scales due to the expansion of the
Universe [127–132]. In a cosmological setting, and for the simplest superstring models,
cosmic string and superstring networks evolve in the same way. For a detailed review of
cosmic (super)string network evolution and observational signatures, see, e.g., [133]. Cos-
mic (super)strings can exchange partners when they meet and produce loops when they
self-intersect. These loops then oscillate and lose energy to GWs generating bursts and a
stochastic background [134–139]— signals that can be potentially detected by space-based
and terrestrial GW detectors and pulsar timing arrays [140, 141]. Strings are character-
ized by their mass per unit length µ, which is normally given in terms of the dimensionless
parameter Gµ/c2, the ratio of the string energy scale to the Planck scale squared.

The cosmic string GW spectrum is broad-band, spanning many orders of magnitude in
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frequency, and hence accessible to a number of GW experiments including the Laser In-
terferometer Gravitational-wave Observatory (LIGO) [142] and Virgo [143], Laser Inter-
ferometer Space Antenna (LISA) [144], and the Pulsar Timing Arrays (PTAs) [145]. PTAs
are currently the most sensitive experiment for the detection of cosmic (super)strings and
have set the most stringent bounds on the energy scale and other model parameters. The
best limit on the string tension, Gµ/c2 < 5.3(2)× 10−11, is several orders of magnitude bet-
ter than constraints from CMB data, and comes from the NANOGrav Collaboration [146].
In fact, PTAs might have already seen the first hints of a stochastic background [147]. A
definitive detection of GWs from cosmic (super)strings would be transformative for funda-
mental physics which could be enabled by PTAs over the next decade.

Primordial gravitational waves from inflation The inflationary paradigm that the very
early Universe saw a period of exponential expansion accounts for the observed homo-
geneity, isotropy, and flatness [148–154]. Additionally, by expanding quantum fluctuations
present in the pre-inflationary epoch, inflation seeds the density fluctuations that evolve
into the large-scale structures we see in the Universe today [155–159] and produces a
stochastic background of GWs [160–162], which have so far eluded detection. This GW
background is broad-band, like the one produced by cosmic strings, and potentially de-
tectable by multiple experiments.

Detecting primordial GWs from inflation has been a critical objective of CMB experi-
ments for some time [163]. The CMB is sensitive to the lowest frequency portion of the
GW spectrum from inflation, and CMB data can be used to constrain the tensor-to-scalar
ratio, which is the ratio of the size of GWs produced to that of scalar perturbations that
seed density fluctuations, as described above. For standard inflation models, the GW back-
ground in the PTA band is likely to be fainter than that of supermassive black hole binaries
depending on the nature of the latter at lowest frequencies [164]. In addition, some infla-
tionary models have a spectrum that rises with frequency. Thus, GW detectors operating at
higher frequencies than CMB experiments, like PTAs and space-based and terrestrial inter-
ferometers, can be used to constrain the shape of the inflationary GW spectrum. Indeed,
PTA, CMB, and GW interferometer data across 29 decades in frequency have already begun
to place stringent limits on such models [165], though future observations are necessary
to detect the background or tighten the constraints on model parameters.

Gravitational waves from phase transitions The early Universe may have experienced
multiple phase transitions as it expanded and cooled. Depending on the detailed physical
processes that occur during a phase transition, GWs can be generated with wavelengths
of order the Hubble length at the time of the phase transition. That length scale, suitably
redshifted, translates into a GW frequency today. Thus, GW experiments at different fre-
quencies today probe horizon-sized physical processes that occurred at different times in
the early Universe, with higher frequency experiments probing earlier and earlier times.

For example, the nanohertz frequency band accessible to PTAs maps onto the era in the
early Universe when the quantum chromodynamics (QCD) phase transition took place,
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about 10−5 s after the Big Bang. The horizon at that time was on the order of 10 km, and
any GWs generated at that length scale at that time would today be stretched to about 1 pc
(or 3 light-years), which corresponds to GW frequencies of about 10 nHz, and lie within
the PTA sensitivity band. The possibility that interesting QCD physics can result in a GW
signal detectable by PTAs was first pointed out by Witten in the 1980s [166]. More recently,
Caprini et al. [167] considered the possibility of a first-order phase transition at the QCD
scale. In standard cosmology, the QCD phase transition is only a cross-over and we do
not expect it to generate GWs. However, if the neutrino chemical potential is sufficiently
large, it can become first order (it is worth pointing out that if sterile neutrinos form dark
matter, we expect a large neutrino chemical potential). There is also the possibility that the
fluctuations of gluon fields could generate scalar GWs from the conformal anomaly in the
quark-gluon plasma phase [168]. Thus, PTAs provide a window onto physical processes
occurring in the Universe at the time of the QCD phase transition or before and could
detect GWs from a first order phase transition at that time.

2.5 Ultra-High-Energy Cosmic Rays as Probes of the Early Universe

The motivations for super-heavy dark matter (SHDM) particles were recently revived by
the possibility that new physics could only manifest at the Planck scale or at the scale
of Grand Unified Theories (GUTs) [7, 169]. This possibility is motivated not only by the
absence of any sign of new physics at the TeV scale, but also by the precise measurements
of the mass of the Higgs boson and the Yukawa coupling of the top quark that make it
possible to extrapolate the SM all the way to the Planck mass without encountering any
inconsistency that would make the electroweak vacuum of the SM unstable. This vacuum
lies, in fact, close to the boundary between stability and metastability [170].

Super-heavy dark matter particles that are only gravitationally coupled could have been
produced at the end of inflation via the freeze-in mechanism, which relies on annihilations
of SM fields to populate the dark sector. An interesting consequence is that, so as to
produce enough such very weakly coupled heavy particles, the reheating temperature must
be relatively high, which implies a tensor/scalar ratio of the primordial modes possibly
detectable in the power spectrum of the CMB. The limits inferred from the Planck satellite
on this ratio thus constrain the possible phase space for the mass of the particles and the
value of the Hubble rate at the end of inflation [171].

Another possibility to constrain these models is to look for the secondary products pro-
duced via particle decay. In the minimalist benchmark described above, dark matter (DM)
particles are protected in the perturbative domain by the conservation of quantum num-
bers, and so would only decay through non-perturbative effects. One of these effects is
due to the non-trivial vacuum structure of non-commutative gauge theories and the pos-
sibility of the generation of one quantum number for the benefit of another through the
change of configuration of gauge fields by tunnel effect (instantons) [172]. This mecha-
nism offers the possibility of providing metastable particles, which can produce detectable
secondaries.
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If SHDM particles decay into SM fields, then a flux of ultra-high-energy photons could
be observed preferentially from regions of denser DM density, such as the center of our
Galaxy [173–177]. AugerPrime is in a prime position to collect a large exposure in the
direction of the Galactic center [13]. Indeed the non-observation of photons in Auger
data has allowed limits to be set on the gauge coupling in the dark sector [16, 17], which
are complementary to those obtained via the tensor/scalar ratio of the primordial modes.
With increased sensitivity to the tensor-to-scalar ratio on the one hand and to ultra-high-
energy photons thanks to the planned extreme-energy cosmic-ray observatories in the next
decade [14, 15] on the other, the GUT parameter space will continue to shrink towards
the low-mass particle range and/or small gauge coupling values.

While the observation of ultra-high-energy photons could open a window to explore
high-energy gauge interactions and possibly GUTs in the early Universe, the observation
of extreme-energy neutrinos could provide a method of searching for strongly coupled
string moduli, which complements searches based on gravitational effects of cosmic strings
(including structure formation, CMB data, gravitational radiation, and gravitational lens-
ing) [178]. In particular, the future Probe of Extreme Multi-Messenger Astrophysics (PO-
EMMA) [15] will be able to detect extreme energy neutrinos from cosmic strings with
Gµ/c2 ∼ 10−20 [18]. Thus, POEMMA will be sensitive to dimensionless string tensions
down to 9 orders of magnitude below the current upper limit from the NANOGrav Collab-
oration [146].

3 Cosmic Probes of Dark Matter

A second component of the dark, or hidden, sector is dark matter. Dark matter is dis-
tinct from dark energy in that it is evidenced by its gravitational pull on celestial objects,
but its nature has otherwise eluded searches during decades. However, over the past
decade, new tools and techniques to search for dark matter have come to the fore to probe
new parameter spaces. Searches for primordial black holes, which should radiate both
baryonic and dark matter as they decay, are prominent in high-energy gamma rays, and
gravitational-wave facilities now look for evidence of dilute distributions and coalescence
of dark matter. Connections between Standard Model particles and the hidden sector may
now be revealed through a variety of messengers, including key measurements of cosmic
rays, neutrinos, gravitational waves, gamma rays, and other photon wavelengths.

3.1 Connection between Visible and Hidden Sectors

The nature of dark matter (DM) is one of the great fundamental puzzles of particle physics
and cosmology [179–184]. The DM distribution in galaxies and other virialized systems
is a powerful indicator of its nature and a portal towards understanding the DM phe-
nomenon [185]. The annihilations and decays of DM could produce visible particles over
a wide range of energy scales, which subsequently decay producing a range of visible
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secondary particles. Long-standing efforts have been dedicated to searches for such sig-
nals in photons, cosmic rays, and neutrinos, and future experiments offer the prospect of
significantly improved sensitivity.

Indirect searches for DM based on gamma-ray, cosmic-ray, and neutrino signals are
highly complementary [186]. For example, the production of high-mass quarks and gluons
leads to copious production of gamma rays, neutrinos, antiprotons, and antinuclei, while
the production of electrons or muons leads to strong signals in searches for cosmic-ray
positrons. Dark matter decaying or annihilating into neutrinos can be well constrained
by high-energy neutrino telescopes. In scotogenic models where the neutrinos mass is
achieved via interaction with DM, neutrinos might be the principal portal to the dark sector.
Combining constraints from all these channels allows us to avoid blind spots in sensitivity,
and probe the lifetime or annihilation rate of DM in broadest possible range of scenarios.
UHECR experiments could be also sensitive to interactions induced by macroscopic dark
quark nuggets [187] in the atmosphere, offering further windows to identify the nature of
DM [7, 188].

Searches for DM often rely critically on an understanding of astrophysical backgrounds
or systems, including diffuse astrophysical backgrounds, as discussed in Sec. 5.3, and emis-
sion by individual astrophysical sources, as discussed in Sec. 5.4. Poorly understood sys-
tematic errors associated with multimessenger astrophysics can be the major limiting fac-
tor for sensitivity to dark matter signals. In the event of a possible detection of DM in an
astrophysical data set, searches for multimessenger counterpart signals will be crucial in
determining whether the apparent detection is truly associated with DM, and if so, deter-
mining the properties of that DM.

3.2 Primordial Black Holes as Dark Matter

Primordial Black Holes (PBHs) have long been considered as plausible cold DM (CDM)
candidates [38, 189], potentially forming a significant fraction of the DM [190–198]. The
detection of binary black holes of masses in excess of 30 M� has brought renewed atten-
tion to this possibility by positing that progenitor black holes in these systems could be
primordial in origin [190, 199, 200]. It is not possible to obtain conclusive evidence for
PBHs in these detections as astrophysical models are able to explain their existence [201].
The primordial origin of binary black holes would be compelling if either of their masses
are below one solar mass or if they arise in the dark ages when stars could not have pro-
duced black hole binaries [39, 39, 192–195, 202–205]. PBHs can also be distinguished
on the basis of their source properties such as mass, and eccentricity spin, the redshift
evolution of BBH merger rates, and their spatial distribution, though a firm detection is
required.

PBHs have been predicted as a generic outcome of density perturbations in the early
Universe [192–196, 199–201, 206–216]. The formation of black holes in the early Uni-
verse appears to be quite generic [217] and does not require special conditions such as
large density fluctuations of matter. Large, non-Gaussian exponential tails in the density
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fluctuations arising from quantum processes during inflation could produce them [218].
Moreover, even the known thermal history of the Universe may play an important role
by providing the required lack of pressure to allow gravitational collapse at certain well-
defined epochs in the evolution of the Universe [219]; these are the Electroweak and
quantum chromodynamics (QCD) epochs at the time of e+e− annihilation, which generate
a multimodal PBH mass function with peaks at 10−5, 1, 102, and 106 M�. These black
holes come with different fractional abundances depending on the underlying inflation-
ary potential and this may be used as a window into the early Universe and fundamental
physics. For example, if an excess of 10−10 M� is found in microlensing events, or in the
induced Stochastic Gravitational Wave Background (SGWB) at LISA frequencies, we may
infer the existence of new fundamental particles at scales above those reached by present
particle physics accelerators, which become non-relativistic and momentarily decrease the
radiation pressure at a time when the mass within the horizon is precisely that mass scale.

The possibility that PBHs may be lurking in the dark Universe as building blocks of
the CDM fluid is extremely attractive [220]. In fact, the non-Gaussian exponential tails
mentioned above may give rise to enhanced clustering, which leads, after recombination,
to a population of PBH clusters with intermediate masses of order 106 M� that could
be searched for with the microlensing of quasars around clusters or the perturbations
they induce on stellar tidal streams around our galaxy and Andromeda [221]. These
clusters could explain where most of the mass in the halo of galaxies is, thus evading
the microlensing limits coming from stars in the Large Magellanic Cloud and the Galactic
bulge [222], which had been used in the past to rule out PBHs as the main component of
CDM [223]. Moreover, such dense objects may help explain many unexpected correlations
in the radio and X-ray backgrounds at high redshift [224, 225], as well as the unusually
high number of massive galaxies and quasars at high redshift, unaccounted for by the
standard ΛCDM scenario.

There is, nowadays, a great opportunity for testing all these ideas with new astrophys-
ical and cosmological observations. For example, if PBHs existed before recombination,
they should have left their imprint in an excess of injected energy in the plasma in the
form of spectral distortions at high frequencies that a CMB experiment dedicated to it
could detect [226]. One could further use the James Webb Space Telescope (JWST) to
look for the first stars and galaxies at redshifts bigger than 10 or 20, confirming the role of
black holes in early star formation [227, 228].

Moreover, GWs may also allow us to detect PBHs over a wide range of masses, be-
ing complementary to other proposed probes and able to distinguish between BHs of
astrophysical origin and PBHs using either resolved events [197, 198, 229–231] or the
stochastic GW background [203, 204, 232]. With the advent of the next generation of GW
antennas, like the Cosmic Explorer [32] and Einstein Telescope [33, 233] on the ground
and LISA in space [234], we should be able to reach black hole fusions at redshifts z ∼ 100,
where no plausible stellar evolution could have generated such a population, and thereby
convincingly proving their primordial nature. A further hint at their primordial origin,
which would link their formation with the cosmic history, would be the discovery of the
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induced SGWB from second-order perturbations of large-amplitude fluctuations entering
at the same time as the formation of PBHs [235], when the size of the horizon redshifted
today gives LISA frequencies (mHz), or perhaps in the PTA range (nHz). Such a discovery
would open a new window into the early Universe, where we could explore indepen-
dent constraints on the existence of PBHs [236–238] such as the non-Gaussian character
of the fluctuations giving rise to the PBH mass spectrum, as well as the number of rel-
ativistic species present at that time [219], well beyond the present reach with particle
accelerators. In addition, terrestrial GW detectors, LISA and PTAs, could give us conclu-
sive evidence of whether or not PBHs form a significant fraction of DM in a wide range of
masses [239–241].

The detection of PBHs of any size would acutely constrain our understanding of the
physics of the early Universe. Such a monumental reward motivates the search for signs of
PBHs across all facets of the multimessenger landscape, including the hunt for gamma-ray
and neutrino signatures of PBH evaporation. The prediction that a black hole will ther-
mally radiate (evaporate) with a blackbody temperature inversely proportional to its mass
was first calculated by Hawking [242]— the emitted radiation consisting of all fundamen-
tal particles with masses less than ∼TBH [243]. While Hawking radiation for black holes in
the stellar mass range and above is nearly negligible, this process dominates the evolution
of lower-mass PBHs over time. PBHs with initial 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 [244, 245]. Their final moments would thus be an ideal phenomenon
to observe with current space-based and terrestrial gamma-ray telescopes, as well as neu-
trino observatories [246–251]. Improvements in sensitivity, effective area, and field of
view seen with the proposed next generation of gamma-ray telescopes, such as the South-
ern Wide-field Gamma-ray Observatory (SWGO) [22, 23], the Cherenkov Telescope Ar-
ray (CTA) [24], and the All-sky Medium-Energy Gamma-ray Observatory (AMEGO) [25],
present a boundless new frontier for discovery beyond the Standard Model and character-
ization of early Universe conditions with PBHs. While this mass regime is not currently a
candidate for PBHs as dark matter, confirmation of an evaporation signal from a PBH of
any size would lend significant credence to that dark matter model.

For reference, it is worth pointing out the Snowmass paper on Primordial Black Holes,
Ref. [252], which specifically focuses on these natural candidates for dark matter, describes
the science cases (the origin of PBH dark matter in the early Universe) and the existing
observational constraints, and expands on the theoretical work and data analysis required
to improve the constraints and/or enable a possible detection in the future.

3.3 Properties of Non-Minimal Dark Sectors

For several decades, it has been suspected that the dark sector consists of one stable weakly
interacting massive particle. However, some critical thinking was recently adopted to build
up a more generic view of the hidden sector in which a given dark matter particle need
not be stable if its abundance at the time of its decay is sufficiently small. Dynamical Dark
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Matter (DDM) is a framework for non-minimal dark sectors which posits that the dark
matter in the Universe comprises a vast ensemble of interacting fields χ` with a variety
of different masses, lifetimes, and cosmological abundances [253]. In general, the mass
spectra and corresponding lifetimes and abundances of the individual states within the
DDM ensemble turn out to be tied together through scaling relations involving only a
few scaling exponents. As a result, the DDM ensemble is described by only a few free
parameters, rendering the DDM framework every bit as constrained and predictive as more
traditional dark matter scenarios.

The DDM framework might be experimentally tested and constrained through dark
matter direct- and indirect-detection [254–257] experiments, and at colliders [258–260].
Since there may be a large number of transitions between the ensemble of DDM states,
there may be a variety of lifetimes and long-lived particles which, on decay, can produce
spectacular signals at the Forward Physics Facility (FPF) [29]. DDM scenarios can also
leave observable imprints across the cosmological timeline, stretching from structure for-
mation [261, 262] all the way to late-time supernova recession data [263] and unexpected
implications for evaluating Ly-α constraints [264]. Such dark sectors also give rise to new
theoretical possibilities for stable mixed-component cosmological eras [265]. DDM sce-
narios also bring about enhanced complementarity relations [266, 267] between different
types of experimental probes.

DDM scenarios in which the constituents decay entirely within the dark sector—i.e.,
to final states comprising other, lighter ensemble constituents and/or dark radiation—are
particularly challenging to test. Nevertheless, there exist observational handles that can be
used to probe and constrain DDM ensembles that decay primarily via “dark-to-dark” decay
processes of this sort, and thus potentially permit us to distinguish them from traditional
DM candidates.

Dark-to-dark decays of this sort modify the way in which the expansion rate of the
Universe, as described by the Hubble parameter H(z), evolves with redshift. These modi-
fications, in turn, affect the functional relationship between the redshifts z and luminosity
distances DL(z) of Type-Ia supernovae [263]. Since the dark-to-dark decays of a DDM
ensemble alter the dependence of H(z) on z, the DDM framework can potentially also
provide a way of addressing the H0 tension [6]. The advantage of a DDM ensemble
relative to a single decaying dark matter species is that the timescale across which the
decays have a significant impact on the expansion rate can be far broader. Nevertheless,
DDM models in which the χ` decays into dark radiation via a two-body process of the
form χ` → ψψ̄, where ψ is a massless dark-radiation field, cannot ameliorate the H0 ten-
sion [268]. Models in which the χ` decays primarily via intra-ensemble processes—e.g., of
the form χ` → χmψ̄ψ, where ψ once again denotes a dark-radiation field—could be more
promising [269]. Such decays endow the final-state χm with non-negligible velocities,
thereby modifying the equation of state wm(z) for each ensemble constituent and modi-
fying the DM velocity distribution of the ensemble as a whole. Moreover, complementary
scattering processes of the form χ`ψ → χmψ, through which the different ensemble con-
stituents interact with the dark radiation, could potentially also help to ameliorate the σ8
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tension in the same way that they do in partially acoustic DM scenarios [270].
A concise description (put together in 13 “take-away lessons” for Snowmass 2021 [271])

of collective phenomena that can arise in dark sectors, which contain a large number of
states, underscores the need to maintain a broad perspective when contemplating the pos-
sible signals and theoretical possibilities associated with non-minimal hidden sectors.

3.4 Gravitational-Wave Probes of Coalescing Dark Matter

Some of the DM may have clustered gravitationally in the early Universe, forming compact
dark objects. These structures may cause a transient magnification of light from distant
stars via microlensing, which remains one of the most powerful techniques to constrain
compact dark objects in a wide range of masses [272].

DM clumps near (or within) the Earth can alter the planet’s tidal field—which is well
monitored for decades and therefore well constrained—or cause sudden accelerations,
leading to interesting constraints on asteroid-like clumps [273–275]. Albeit small, the
interaction cross section of DM with Standard Model fields can lead to the deposition of
small DM cores at the center of stars [276], with capture rates that can be enhanced by the
large density of white dwarfs and neutron stars. For fermionic fields, the accumulation of
DM could eventually lead to cores more massive than the Chandrasekhar limit, collapse of
the DM core to a black hole (BH), and eventually to the disruption of the star by accretion
onto the newly formed BH [277]. For bosonic DM, this fate may be eluded via gravitational
cooling [278].

Another possibility is that standard CDM models could produce small-scale clumps. A
CDM clump moving near the Earth or a pulsar produces an acceleration that could be
measurable in PTA data, providing an opportunity to test the CDM paradigm [275, 279].

The possibility of compact objects harboring DM cores is intriguing. If these cores are
sufficiently massive, the star is effectively described by a different equation of state and its
properties change. The coalescence of DM stars will differ from the prediction of standard
GR, leading to peculiar signatures in the GW signal close to merger [280, 281]. In fact,
DM clumps can also form in isolation and bind to compact stars in their vicinity. Compact
DM cores orbiting neutron stars (either in their exterior or in their interior) may give rise
to detectable signals in our Galaxy [282].

The general GW signatures of the coalescence of DM clumps or “blobs” have been
explored by various authors [see, e.g., 283, 284], but precise calculations of the signal
from the coalescence of two DM clumps require an underlying theory with a well-posed
initial value problem. One example are compact configurations made of self-gravitating
scalar fields, also known as boson stars [285–288].

3.5 The Gravitational-Wave Signatures of Dilute Dark Matter

One of the most solid experimental pillars of modern physics is the equivalence princi-
ple, which ensures that all forms of matter couple universally to gravity. Even if DM

18



does not form compact objects, dilute DM configurations must still interact gravitation-
ally; dense DM spikes can then develop in the vicinity of isolated compact bodies such as
BHs [289, 290]. Massive BHs are expected to be present at the center of many galaxies.
In these environments the DM density should therefore be substantially higher than in the
Solar System. Compact objects (BHs or neutron stars) moving in these dense DM environ-
ments will be subject to accretion and dynamical friction, leading to small changes in their
dynamics that require a detailed understanding of the physics involved in these processes.
Preliminary studies indicate that DM-induced changes in the GW phase of compact objects
could be detectable by next-generation GW interferometers [291–297].

If DM has a very large Compton wavelength, as in the case of “fuzzy” ultralight DM
fields of mass 10−23–10−22 eV, it may give rise to small pressure oscillations at low frequency
(e.g., of the order of nHz), that could affect the motion of stars and binary systems [298,
299]. These minute changes can be tracked with PTA experiments. These oscillations can
also affect the GW detectors themselves: the direct couplings to the beam splitter of GW
detectors can be used to set stringent constraints on the abundance and coupling strength
of DM [300, 301].

Nonperturbative effects: ultralight bosonic fields The simplest possibility for new mat-
ter sectors are bosonic or fermionic degrees of freedom minimally coupled to gravity. These
fields could form all or part of the DM. Their scale is set by their mass µ, which could range
from cosmological scales to very heavy particles [302–304]. Bosonic fields with Compton
wavelengths comparable to the Schwarzschild radius of astrophysical BHs of mass M , i.e.,
GMµ/(c~) ∼ 1, can trigger a new fascinating phenomenon caused by the existence of er-
goregions around spinning BHs [305, 306]. Spinning BHs can spontaneously transfer their
rotational energy to a boson “condensate” or “cloud” co-rotating with the BH and carrying
a significant fraction of its angular momentum. The bosonic cloud is a classical object of
size much larger than the BH itself, and it can contain up to 10% of its mass [306]. The
BH/cloud system is similar to a huge gravitational “lighthouse” which extracts energy from
the BH by emitting a nearly monochromatic GW signal.

Proposed ways to rule out or constrain light bosons as DM candidates include [306]:

(i) Monitoring the spin and mass distribution of astrophysical BHs. Measurements of
highly spinning BHs will immediately rule out fields with Compton wavelengths com-
parable to the horizon radius, as these BHs should have been spun down on relatively
short timescales [306–308].

(ii) Direct searches for the resolvable or stochastic monochromatic GW signals produced
by the boson cloud [309–315], which are now routinely carried out by the LIGO/Virgo
collaboration [316].

(iii) Searches for electromagnetic (EM) emission from BH/boson cloud systems. Axion-
like particles have been proposed in many theoretical scenarios, including variations
of the original solution to the strong CP problem of QCD. Self-interactions and cou-
plings with Standard Model fields can lead to periodic bursts of light, “bosenovas,”
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and other interesting phenomenology [317, 318]. In addition, axion-like particles
should couple to photons and produce preferentially polarized light [319].

(iv) Observations of peculiar stellar distributions around massive BHs. The nonaxisym-
metric boson cloud can cause a periodic forcing of other orbiting bodies, possibly
leading to Lindblad or corotation resonances where stars can cluster [320, 321].

These are only some of the possible strategies. Superradiance does not require any
“seed” boson abundance: any vacuum fluctuation will lead to energy extraction and expo-
nential growth in time. In this sense, BHs are natural particle detectors, complementary to
terrestrial colliders [306, 322]. It is important to remark that the complementary role of
the different GW and EM instruments necessary to probe the large range of mass/energy
scales— astrophysical BHs span about ten orders of magnitude in mass, thus allowing us
to constrain ultralight bosonic fields across ten orders of magnitude in mass (or energy).

Most of the discussion above was focused on a neutral DM environment and gravi-
tational dynamics. Another possibility is that beyond-the-Standard-Model fermions may
carry a fractional electric charge or be charged under a hidden U(1) symmetry [323, 324].
Modified theories of gravity can also lead to compact stars or BHs carrying nonzero scalar
charges [325–327]. In all of these theoretical scenarios, BHs and compact stars can carry
non-negligible charges that would lead to different inspiral and merger signals [328–334];
GW observations can be used to reveal or constrain these charges and the underlying the-
ories.

4 Astroparticle Physics

In order to understand the fundamental physical forces at play in sources that human
hands did not create, there is a need to collaborate with astronomers and astrophysicists
to discover the nature of matter and emission from cosmic sources. This is akin to un-
derstanding the machinery along a particle accelerator to put the detection in context.
While the specialties of building detectors and interpreting the results go hand in hand for
particle and astroparticle physics, specialities in particle instrumentation and astrophysical
progenitors require more intentional collaboration for a common goal. Nevertheless, the
inclusion of each area of expertise is vital to broadening our understanding of physics as a
species since each piece of the Standard Model puzzle is necessary for its completion.

4.1 Properties of Standard Model Particles and their Interactions

The history of cosmic-ray and neutrino studies has witnessed many discoveries central to
the progress of High Energy Physics, from the watershed identification of new elemen-
tary particles in the early days, to the confirmation of long-suspected neutrino oscilla-
tions, to measuring cross sections and accessing particle interactions far above accelera-
tor energies. There have recently been two major achievements towards this progress:
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(i) the measurement of the proton-proton cross section at
√
s ∼ 75 TeV [335–337], which

provides evidence that the proton behaves as a black disk at asymptotically high ener-
gies [338, 339], and (ii) the measurements of both the charged-current neutrino-nucleon
cross section [340, 341] and the neutral-to-charged-current cross-section ratio [342] at√
s ∼ 1 TeV, which provide restrictive constraints on fundamental physics at sub-fermi

distances. Moreover, at ultra-high energies, neutrino interactions probe the structure of
the proton in kinematic regions that cannot be explored by accelerator experiments. In the
coming decade, neutrino-nucleon cross sections will be probed well above the energy scale
of colliders, testing many allowed novel-physics scenarios; see Fig. 4 and Refs. [8, 343–
345] for details. Additionally, the inelasticity distribution of events detected at neutrino
telescopes has also been envisioned as an important tool for revealing new physics pro-
cesses [346]. Current IceCube data in the TeV–PeV range are in good agreement with the
SM predictions [347]. Finally, the cosmic neutrino observatories such as the upcoming
IceCube Upgrade will provide complimentary sensitivity to neutrino oscillation measure-
ments by long baseline oscillation facilities, as shown in Fig. 5 and discussed in the white
papers [8, 11].

Above ∼ 1 PeV, W -boson production becomes relevant from two processes: electron
anti-neutrino scattering on atomic electrons and neutrino-nucleus interactions in which the
hadronic coupling is via a virtual photon. The former produces the distinct Glashow reso-
nance at 6.3 PeV [348]. The latter can reach up to 5–10% of the deep-inelastic-scattering
cross section in the PeV range [349–353]. IceCube recently reported the detection of
a particle shower compatible with a Glashow resonance event [354]. W -boson produc-
tion [349, 350, 352, 353] can play a significant role in the detection of tau neutrinos from
cosmic origin [355]. Future analyses with more neutrino data above PeV energies will
better probe these effects.

LHC experiments provide a laboratory for measurements relevant to understand the
subtleties of astroparticle physics. Atmospheric neutrinos, produced in the interaction of
cosmic rays with nuclei in the Earth’s atmosphere and the subsequent decay of mesons,
are an irreducible background to searches for cosmic neutrinos (see e.g. [364]). An ac-
curate understanding of the physics of cosmic sources therefore requires an in-depth un-
derstanding of the atmospheric neutrino flux. The CERN’s Forward Physics Facility (FPF)
will provide key information to reduce the uncertainties for cosmic neutrino searches in
the context of multimessenger astrophysics [28, 29, 365, 366]. More concretely, LHC neu-
trinos to be measured at the FPF experiments could give critical information on charm
production at Feynman-x close to 1. This process could potentially become a source of
background for cosmic neutrinos above 107.3 GeV [367] and, at the moment, we have no
supportive data and no theory for the process.

4.2 Beyond-Standard-Model Neutrino Physics

Neutrinos could have beyond-Standard-Model (BSM) interactions and, if the coupling
strengths are weak or if heavy particles mediate the interactions, these interactions may
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Figure 4: Neutrino-nucleon cross section measurements, compared to deep-inelastic-scattering (DIS) cross section predictions from
Ref. [356] (BGR18). In the TeV range, FASER and FASERν have started measurements [357]. Measurements in the TeV–PeV range
are based on IceCube showers [341, 358] and tracks [340]. Projected measurements at energies above 100 PeV [345] are based on
10 years of operation of the radio component of IceCube-Gen2, assuming a resolution in energy of 10% and a resolution in zenith angle
of 2°. Since the flux at these energies remains undiscovered, projections for the measurement of the cross section are for different flux
predictions. From Ref. [8], adapted from Ref. [345].

only manifest themselves in the high-energy (HE) and ultra-high-energy (UHE) neutrino
sector. Possible scenarios include BSM neutrino interactions with dark matter—including
heavy dark matter—and with sterile neutrinos.

While the SM allows for interactions among neutrinos, these interactions are all highly
suppressed by the electroweak scale. It is still unknown whether there are additional,
BSM secret interactions solely among neutrinos that are stronger. In a UV-complete BSM
model, this implies the existence of some new electrically neutral mediator, significantly
lighter than the Z boson, that couples to neutrinos.

New interactions of this type can significantly modify the character of the HE and UHE
neutrino flux arriving at the Earth by the scattering of the HE/UHE neutrinos off of nearly
at-rest cosmic neutrino background (CνB) neutrinos. Such spectral distortion features
may appear in the PeV–EeV regime, depending on the absolute mass of neutrinos [368–
380]. The secret neutrino interactions are independently motivated by the neutrino mass
generation mechanism [373], muon g − 2 anomaly [381], small-scale problems in dark
matter substructures [382, 383], and apparent Hubble tension [384–387].

In addition, flavor and ν/ν̄ ratios provide complementary probes of new neutrino
physics and neutrino production mechanisms [8–11]. Due to the fact that neutrinos are
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Figure 5: Measurements of sin2(θ23) and ∆m2
32 with the IceCube Upgrade (inner fiducial volume) with 3 years of data, comparing

with long-baseline neutrino oscillation facilities and other Cherenkov detectors [359–362]. From Ref. [26, 363].

predominately expected from the decays of muons and charged pions, the nominal expec-
tation is that only electron and muon neutrinos are generated at the sources and that ν
and ν̄ are produced in comparable numbers. After leaving the sources, oscillations over
cosmological distances are expected to distribute the flux nearly evenly among all flavors
by the time the neutrinos reach Earth. In reality, however, different neutrino production
channels become accessible at different energies and, as a result, the flavor and ν/ν̄ ratios
should vary with energy [see, e.g., 388–391]. Following this, the expected flavor ratios at
Earth might deviate from a democratic flavor composition, and may do so as a function
of energy. Hence, the flavor ratios measured at Earth [392] combined with information
about the values of the neutrino mixing parameters [393] can be used to infer the flavor
ratios at the sources [394–396]. However, as discussed in Sec. 3.1, large deviations are
possible in some BSM scenarios (e.g., neutrino decay, pseudo-Dirac states, new neutrino
interactions with dark matter or sterile neutrinos, violation of Lorentz and CPT symme-
tries) which can alter the oscillation parameters [397–409]. Large event statistics and
complementary flavor-specific detection techniques are needed to identify flavor-specific
signals and to measure the flavor composition statistically in a sample of collected events.

Constraints on BSM neutrino interactions using current IceCube data have been de-
rived in Refs. [379, 410]. Future detectors, with improvements in particular in detector
energy resolution and capability to identify neutrino flavor, are crucial to probing the BSM
neutrino physics.

The ANtarctic Impulsive Transient Antenna (ANITA) has observed two anomalous events,
which qualitatively look like air showers initiated by energetic (∼ 500 PeV) particles that
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emerge from the ice along trajectories with large elevation angles (∼ 30◦ above the hori-
zon) [411, 412]. As was immediately noted by the ANITA Collaboration, these events may
originate in the atmospheric decay of an upgoing tau-lepton produced through a charged
current interaction of a tau-neutrino inside the Earth. However, for the angles inferred
from ANITA observations, the ice would be well screened from up-going high-energy neu-
trinos by the underlying layers of Earth, challenging SM explanations [413]. As of today,
the origin of these anomalous events remains unclear; follow-up observations of these
unusual events by EUSO-SPB2 [414] and PUEO [415] are well-motivated [8].

4.3 The Muon Puzzle of Ultra-High-Energy Cosmic Rays

The muonic component of cosmic-ray air showers is generally used as a probe of the
hadronic interactions during the cascade development [7]. Various measurements of at-
mospheric muons with energies 1 . Eµ/GeV . 10 have revealed a discrepancy between
simulated and observed muon production in air showers. The highest energy cosmic rays
currently observed by the Pierre Auger Observatory (Auger) show a significant discrep-
ancy in the shower muon content when compared to predictions of LHC-tuned hadronic
event generators [12, 416]. More concretely, the analysis of Auger data suggests that the
hadronic component of showers (with primary energy 109.8 < E/GeV < 1010.2) contains
about 30% to 60% more muons than expected with a significance somewhat above 2.1σ.
The discrepancy between experiment and simulations has also been observed in the Tele-
scope Array data analysis at the same energy range [417]. Auger findings have also been
recently confirmed by studying air-shower measurements over a wide range of energies.
The muon deficit between simulation and data, dubbed the muon puzzle, seems to start at
E ∼ 108 GeV, increasing noticeably as primary energy grows, with a slope that was found
to be significant at ∼ 8σ [418]. However, the muon deficit of simulated events has not
been observed in IceTop data with 106.4 < E/GeV < 108.1 [419]. It is noteworthy that,
in this energy range, the cosmic-ray spectrum has a significant contribution of nulcei [7],
and so the center-of-mass energy per nucleon pair of the showers in the IceTop sample is
well below those of LHC collisions. In contrast, the center-of-mass energy per nucleon of
a 1010.3 GeV helium nucleus incident upon a nucleon in the atmosphere is 100 TeV, and so
many secondary interactions would be above the LHC center-of-mass energy [420]. Within
this decade, ongoing detector upgrades of existing facilities—such as AugerPrime [13] and
IceCube-Gen2 [421]—will enhance the precision of air-shower measurements and reduce
uncertainties in the interpretation of muon data. In particular, as a part of the upcoming
AugerPrime upgrade, each surface station will have additional detectors that will provide
complementary measurements of the incoming shower particles, consequently leading to
improved reconstruction of muons and electromagnetic particles [13]. This will allow for
the measurement of the properties of extensive air showers initiated by the highest energy
cosmic rays with unprecedented precision, providing a unique probe of hadronic collisions
at center-of-mass energies that surpass the LHC energy.

In solving the muon puzzle, one has to simultaneously get good agreement with the
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measurements of the distribution of the depth of shower maximum Xmax [422] and the
fluctuations in the number of muons [423]. A thorough phenomenological study has
shown that an unrivaled solution to the muon deficit, compatible with the observed Xmax

distributions, is to reduce the transfer of energy from the hadronic shower into the elec-
tromagnetic shower by reducing the production or decay of neutral pions [420]. Hence,
the amount of forward strangeness production could be of particular relevance in address-
ing the muon puzzle [30, 420, 424, 425]. Strangeness production is traced by the ratio
of charged kaons to pions, for which the ratio of electron and muon neutrino fluxes is a
proxy that will be measured by the FPF experiments [28, 29]. Electron neutrino fluxes are
a measurement of kaons, whereas both muon and electron neutrinos are produced via pion
decay. However, νµ and νe populate different energy regions, which can help to disentangle
them. In addition, neutrinos from pion decay are more concentrated around the line-of-
sight than those of kaonic origin, given that mπ < mK , and thus neutrinos from pions
obtain less additional transverse momentum than those from kaon decays. Thereby, the
closeness of the neutrinos to the line-of-sight or, equivalently, their rapidity distribution,
can be used to disentangle different neutrino origins to get an estimate of the pion-to-kaon
ratio. This implies that measurements at the FPF will improve the modeling of high-energy
hadronic interactions in the atmosphere, reduce the associated uncertainties of air-shower
measurements, and thereby help to understand the properties of cosmic rays, such as their
energy and baryonic structure, which is crucial to discover their origin.

There is also the possibility that the muon puzzle does not originate from an incomplete
understanding of the forward particle physics. If this were the case, future ultra-high-
energy cosmic-ray (UHECR) measurements would provide a unique probe of BSM physics
with a high potential for discovery [7].

4.4 The Nature of Matter in Neutron Star Interiors

The nature of matter at ultra-high densities (ρs > 2.8× 1014 g cm−3), large proton/neutron
number asymmetry, and low temperatures (. 1010 K) is, at present, one of the major
outstanding problems in modern physics, owing to a number of challenges both in the
experimental and theoretical realms [see, e.g., 35, 426, for a review]. A plethora of well-
motivated theoretical predictions for the state of matter in this temperature-density regime
have been proposed, ranging from normal nucleonic matter, to particle exotica such as hy-
perons, deconfined quarks, color superconducting phases, and Bose-Einstein condensates
(for a review see [426]. Matter in this extreme regime is known to only exist stably in the
cores of neutron stars (NSs).
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Neutron stars are host to the densest matter
in the Universe. The density increases to-
ward the center of the star, reaching densi-
ties of 5–10ns, that is, several times the nu-
clear saturation density of ns = 0.16/fm3.
At these densities, we currently do not
know how matter behaves, what the phase
structure is, or what the dynamic degrees
of freedoms are. Neutron stars offer a
unique laboratory to study strongly inter-
acting matter and the underlying theory of
QCD in the most extreme conditions.
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Figure 6: The structure of a neutron star as predicted by theory.

They have the potential to facilitate the discovery of novel exotic phases of matter in
their cores, including the appearance of strangeness in the form of hyperonic matter and
ultimately the melting of nucleonic structure, giving rise to novel forms of cold quark
matter.

The structure of NSs is determined by the competition between self gravity and pressure
of strong nuclear interactions keeping the star in a hydrostatic equilibrium. This interac-
tion is described in the simplest case of non-rotating NSs by the Tolman-Oppenheimer-
Volkoff (TOV) equations [427, 428], which map the equation of state (EOS) of dense
nuclear matter to the macroscopic properties of NSs, making the EOS the primary ob-
ject of interest for the nuclear physics of NSs. A large community effort has been put to
investigating the EOS using different ab-initio calculations as well as various models.

The evidence from observations, in particular with the advent of multimessenger as-
tronomy, is more complicated than the simple static systems described by the TOV equa-
tions and a significant push has been made in the past years to numerically solve the com-
bined Einstein and relativistic-fluid-dynamic equations [429]. Fig. 6 displays a schematic
figure of the NS structure. The crust and the outer core down to a depth of roughly
0.5 km, where densities are of the order of nuclear density, is under good theoretical con-
trol [430, 431]. Beyond that, our understanding of the structure relies on theoretical
extrapolations. In particular, the phase of the inner core is currently unknown. Fig. 7
is a schematic view of the hypothesized phase diagram of QCD. It is a firm prediction of
QCD wherein, at sufficiently high temperatures and/or densities, ordinary hadronic mat-
ter melts to a partonic form of matter— Quark Matter. In the regime of high temperatures
and low baryon densities, the deconfiement transition to Quark Matter is well studied
using lattice field theory [432–434] and its existence is confirmed in two decades of ex-
perimentation with ultra-relativistic heavy-ion collisions [435] at the RHIC and the LHC.
Further experimental program runs at the LHC aim to quantify the transport properties
and the conditions of the onset of Quark Matter.

The deconfinement transition is a cross-over at low baryon densities but it is been
long hypothesized that the transition becomes stronger with increasing baryon density.
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Figure 7: Schematic view of the QCD phase diagram. The figure highlights regions probed by the RHIC, LHC, FAIR, and FRIB exper-
iments, regions of validity for lattice QCD and chiral EFT, and environments reached in neutron stars, supernovae, and neutron star
mergers. Abbreviations: EFT=effective field theory, QCD=quantum chromodynamics.[Borrowed from https://www.annualreviews.

org/doi/full/10.1146/annurev-nucl-102419-041903]

New theoretical arguments based on topological features of QCD have been recently put
forward supporting the first-order-nature of the transition [436, 437]. The beam energy
scan (BES) program at the RHIC [438] and the future FAIR facility [439] are geared to
discover the critical point separating the crossover transition from the first-order transition.
The discovery of the critical point would have a profound impact on physics of NSs.

At very-high densities, owing to an attractive interaction between quarks in QCD, it is
expected that Quark Matter is in the form of a color superconductor, fundamentally affect-
ing the transport properties of Quark Matter [440, 441]. Based on large-Nc arguments,
it has also been speculated [442] that, at low temperatures, there may be a further inter-
mediate phase that is still confined but where the chiral symmetry is restored. Owing to
the similarities with both the hadronic and Quark Matter phases, this hypothetical phase
is dubbed the quarkyonic phase.

Gravitational-wave observations of binary neutron star mergers can constrain the cold
state of ultra-high density matter in neutron stars from tidal effects during the inspiral
phase of the binary made possible with GW170817 [443–445], as well as observe the
dynamics of the hot, dense matter after merger, which will become possible with the next
generation of gravitational-wave detectors.

Constraints on the EOS from mass and radius observations of NSs can be complemented
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with constraints on the nuclear-symmetry energy obtained from nuclear experiments and
ab-initio neutron matter theory. It has been known for some time that there is a high degree
of correlation between neutron star radii and the pressure of neutron star matter slightly
above the nuclear saturation density (ns = 0.16 fm−3 or ρs = 2.7 × 1014 g cm−3). The
NS matter pressure at ns is nearly completely determined by the slope L of the symmetry
energy at the same density [446], which is experimentally probed by nuclear binding
energies, dipole polarizabilities and neutron skin thicknesses of neutron-rich nuclei, and,
theoretically, from neutron matter studies.

An important set of measurements in nuclear astrophysics comes from studying the
timing properties of radio pulsars— rotating NSs that emit beamed radiation along their
magnetic poles. An early example is the discovery and analysis of the “Hulse-Taylor” radio
pulsar-binary system which (indirectly) confirmed of the existence of gravitational radia-
tion [447, 448] and produced mass estimates with high precision. The recent discoveries
of additional relativistic pulsar orbits and high-mass NSs, as well as the eventual detec-
tion of nanohertz-frequency gravitational radiation through pulsar timing, show that radio
pulsars continue to serve as ideal laboratories for fundamental physics.

Space-borne observations at X-ray energies offer various means for obtaining strong
constraints on the allowed dense-matter EOS, providing unique insight into the high-
density, low-temperature region of the QCD phase diagram. While current telescopes have
made important headway, they lack the required capabilities to fully exploit the infor-
mation about the dense-matter EOS encoded in the observed X-ray emission from NSs.
This important undertaking requires a new generation of X-ray facilities with at least an
order-of-magnitude improvement in sensitivity relative to current observatories, while also
offering the high time resolution required for effective studies of rapidly spinning NSs.

Collectively, electromagnetic (radio and X-ray) and gravitational-wave astrophysical
measurements, combined with terrestrial laboratory constraints, hold the promise to pro-
vide definitive empirical constraints on the true nature of the densest matter in the Uni-
verse [449–452].

4.5 Tests of Lorentz and CPT invariance

Both Lorentz and CPT symmetries are fundamental to our understanding of the SM and
General Relativity [453–455]. Lorentz invariance (LI)—one of the main symmetries that
govern the SM of elementary particles—requires the structure of spacetime to be the same
for all observers. However, proposed Grand Unified Theories suggest that our understand-
ing of spacetime symmetries may be incomplete and that fundamental modifications to
the Lorentz symmetry could be made to account for quantum effects, thereby potentially
violating this symmetry when approaching the Planck scale [456]. Lorentz invariance
violation (LIV) at a high-enough energy scale could actually arise in loop quantum grav-
ity or string theory [457–466]. Closely intertwined with Lorentz symmetry is the CPT
symmetry— the established discrete spacetime symmetry of charge, parity, and time re-
versal. In a local quantum theory, it is impossible to violate CPT invariance without also
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breaking LI [467]. Thus, many tests of LI can also be interpreted as tests of CPT.
Even a small violation of LI could easily affect the propagation of particles on a cosmo-

logical scale [453, 468]. Moreover, at extreme energies, like those available in the collision
of ultra-high-energy cosmic rays in the Earth’s atmosphere, one could also expect a change
in the interactions driving the air-shower development due to LIV [7, 469].

As there are several signatures of the violation of these fundamental symmetries, there
are a variety of tests that may be performed to search for them. The Pierre Auger Col-
laboration has derived limits on LIV by comparing the energy spectrum and cosmic-ray
composition with upper limits on the photon flux [19] and by comparing Monte Carlo
expectations to muon fluctuation measurements [470]. In the years ahead, the most re-
strictive bounds on LIV could be coming from UHECR experiments [7, 19]. Additionally,
as discussed in Sec. 4.2, the flavor ratio of cosmic neutrinos provides a powerful test of
Lorentz and CPT symmetries.

Precise measurements of very-high-energy photons can also be used to test LIV [see,
e.g., 471–473]. One consequence of LIV is that photons of sufficient energy are unsta-
ble and decay over short timescales [474]. This means that high-energy photons from
astrophysical objects may decay well before they can arrive at Earth. 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 [472, 473]. However, higher
limits are expected from continued observations of even more high-energy sources, such as
RXJ1713.7-3946, with upcoming observatories including the Southern Wide-field Gamma-
ray Observatory (SWGO) [22, 475, 476] and the Cherenkov Telescope Array (CTA) [24].
The higher the energy of a detected gamma ray and the narrower its energy uncertainty,
the more stringent the constraints would be. Thus, instruments optimized at the highest
energies, such as SWGO, LHAASO [477], and CTA, would be optimal instruments to search
for LIV signatures.

4.6 Production of Exotic Particles in the QED Domain

Exotic quantum electrodynamics (QED) processes may operate in extremely strong mag-
netic fields with B > Bcr = 4.4 × 1013 G, when hνB ∼ mec

2 is achieved. Magnetars,
a topical subclass of neutron stars with surface fields exceeding 1014 G [478–481], pro-
vide a cosmic lab to test QED in this domain. The potential action of exotic QED mech-
anisms of photon splitting and magnetic pair creation yields distinctive imprints on mag-
netar polarization and Comptonization, which may be observed in the sub-MeV waveband
[482, 483] by future MeV telescopes like the All-sky Medium-Energy Gamma-ray Observa-
tory (AMEGO) [484].

5 Multimessenger Synergies in Particle Astrophysics

Multimessenger astrophysics encompasses the measurement of any cosmic event with
more than one type of signal— photons, gravitational waves, neutrinos, or cosmic rays.
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The dawn of the modern Multimessenger Era was heralded by the co-detection of gamma
rays and gravitational waves in a binary neutron star merger [45] and by the co-detection
of gamma rays and neutrinos in a blazar flare [46]. We learned more from each of those
singular co-detection events than a decade of astrophysical observations could have told us
with photons alone. Over the next decade, multimessenger detections will become more
important to accelerating the rate of discoveries in cosmic particle physics by constrain-
ing coincident event types from different messengers simultaneously. The United States
currently leads efforts in multimessenger astrophysics through the investments DOE, NSF-
Physics, and NASA have made over the past several decades. Maintaining U.S. primacy in
this field will require the support of a well-balanced program of facilities across all mes-
sengers in complementarity with our collaborators around the world and leadership in the
rigorous task of coordinating between them. The following section highlights several com-
pelling astroparticle physics areas that are best addressed with multimessenger methods.

5.1 Pinpointing the Sources of the Highest-Energy Cosmic Rays

It is well known that the cosmic microwave background (CMB) makes the Universe opaque
to the propagation of ultra-high-energy cosmic rays (UHECRs). The so-called GZK interac-
tions of cosmic rays above the photopion production threshold (or nucleus photodisinte-
gration) and the relic photons lead to a sharp cutoff in the UHECR spectrum above about
1010.6 GeV [485, 486]. It was recently noted that the characteristic cosmic-ray energy
of the GZK cutoff could coincide with the species scale (M̂ ∼ 1010 GeV), where physics
becomes strongly coupled to gravity [487]. This suggests that the cosmic-ray maximum
energy may be driven by the species scale. Hence, aside from its astrophysical motiva-
tions, understanding the origin of the abrupt cutoff observed in the UHECR flux around
1010.6 GeV [488, 489] could have direct applications to probe BSM physics and posses a
huge challenge for UHECR experiments within the next decade. In particular, a precise
characterization of the source spectra of the highest-energy cosmic rays has the potential
for breakthrough results in fundamental physics [490].

Rapid progress in computational high-energy astrophysics is dramatically advancing
the study of acceleration mechanisms. Some of the current contenders for acceleration
mechanisms and source types are shock acceleration in systems ranging from the large-
scale shocks surrounding galaxy clusters [491, 492] to internal or external shocks of
starburst-superwinds [493–495], active galactic nuclei (AGN) [496–502] or gamma-ray
burst [503–509] jets, and the jets of tidal disruption events (the transient cousins of AGN
jets) [510–512]. Other contenders are shear acceleration [513, 514] and one-shot mecha-
nisms such as “espresso” [515], in which an AGN or other jet boosts a galactic cosmic ray of
the host galaxy; electromotive force acceleration as in fast-spinning pulsars [516–518] and
magnetars [519], black holes [520, 521], and potentially reconnection, explosive recon-
nection, gap and/or wakefield acceleration [522–524]. The abundance of possibilities sug-
gests there may well be multiple sources of UHECRs—some of which may be transient—
making the identification of sources even more challenging and essential [7, 49]. The
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Study of particle acceleration in astrophysical plasmas is a near-term application of the ac-
celerator physics as pointed out by the Snowmass 2021 Accelerator Frontier White Paper:
“Near Term Applications driven by Advanced Accelerator Concepts” [525].

On the experimental side, the Pierre Auger Collaboration (Auger) has discovered a
large-scale dipole anisotropy above 109.9 GeV with a significance > 6σ [526]. Given that
the dipole direction is ∼ 115◦ away from the Galactic center, this is evidence of the extra-
galactic origin of cosmic rays above this energy threshold. Intriguingly, the dipole direction
is not aligned with the CMB dipole, the local matter over-density, or any obvious individ-
ual source. A further analysis finds a 4σ significance for correlation of cosmic rays above
1010.6 GeV with a model based on a catalog of bright starburst galaxies and a 3.1σ corre-
lation with a model based on a Fermi-LAT catalog of jetted AGNs [527, 528]. The best-fit
Gaussian angular scales correspond to a top-hat radii of 25◦ and the signal fractions range
from 5–10%. Most of the anisotropy signal comes from the so-called Centaurus region
(which contains the jetted AGN Centaurus A as well as the starburst galaxies NGC4945 and
M83). The starburst model also benefits from one prominent source candidate, NGC253,
being close to the southern Galactic pole where a warm spot of Auger events is found.
When data from the Telescope Array are included in the analysis, the correlation with star-
burst galaxies is mildly stronger than the Auger-only result with a post-trial significance of
4.2σ [529]. Continuing operation of Auger should yield a significance level of 5σ for the
Centaurus region excess by the end of 2025 (±2 calendar years), possibly preceded by a
similar significance milestone in the correlation with the starburst catalog if the warm spot
continues to grow [7].

Interaction between UHECRs and the CMB leads to the production of ultra-high-energy
(UHE) neutrinos [530]. The so-called GZK process is effective when the energies of UHECR
nucleons are higher than ∼ 5× 1010 GeV and the corresponding cosmogenic neutrinos see
their main flux around and below ∼ 109 GeV [531–537]. Upper limits on the cosmogenic
neutrino fluxes have been obtained by IceCube [538], the Pierre Auger Observatory [539],
and ANITA [540]. Cosmogenic neutrinos when combined with UHECR observations could
provide a unique multimessenger signature of GZK interactions, but as of today no neu-
trino has been observed with energy above 107 GeV.

Sources of Galactic UHECR neutrons, when combined with the antineutrino flux re-
sulting from neutrons decaying on flight at lower energies provide a unique beam to test
neutrino oscillations, as the expected Earthly neutrino flavor ratio differs from the nearly
even distribution among electron, muon, and tau flavors (1:1:1) of astrophysical neutrinos
originating via charged pion decay [388].

5.2 Probing Extreme-Energy Hadron Acceleration and Interaction with
Neutrinos

While gamma rays may be produced by both leptonic process, such as inverse Compton
scattering of background photons, and hadronic process, such as pion decay, high-energy
neutrinos may only be produced when hadronic cosmic rays interact with surrounding
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matter (pp) and light (pγ). Thus, high-energy neutrinos provide a unique probe of hadron
acceleration and interaction in astrophysical environments.

The origin of the bulk of the high-energy neutrinos remains unknown [541], though
hints to the first sources have been found. The coincident observations of a high-energy
neutrino event, IceCube-170922A, with X-rays and gamma rays from the blazar TXS 0506
+056 [46, 542] make this blazar the first candidate high-energy neutrino source. In addi-
tion, the ten-year point-source searches with IceCube indicated that NGC 1068 is the most
significant steady source of neutrinos at a significance of ∼ 3σ [541].

Neutrinos are an important probe of dense environments that are not visible with pho-
tons. Interestingly, gamma-ray limits and observations of these early sources indicate that
the energy carried by hadrons must be significantly higher than that carried by leptons.
Models that may explain the observed neutrinos require a large baryonic loading, i.e., a
large fraction of the available energy imparted to cosmic rays, which may be theoretically
challenging.

The flux and spectral index of the TeV–PeV diffuse neutrino background are comparable
to that of the GeV–TeV diffuse gamma-ray background, and the latter tightly constraining
the flux of the electromagnetic cascades of the gamma-ray counterparts of high-energy
neutrinos. The current IceCube measurements already indicate that unless new physics
processes are at play [543], the bulk of the neutrino sources are likely opaque to gamma
rays [544, 545]. Future observation of TeV and sub-TeV neutrinos may confirm the present
indications that neutrinos originate in cosmic environments that are optically thick to GeV–
TeV gamma rays. Such gamma-ray-obscured sources may be bright in 1–100 MeV ener-
gies and be observed by future MeV gamma-ray facilities like the All-sky Medium-Energy
Gamma-ray Observatory (AMEGO) [484]. This is a clear example of the predictive power
of multimessenger science, which will be testable within this decade.

Future firm detections of high-energy neutrino sources and characterization of their
spectra are crucial to the understanding of hadron acceleration and interaction in the
cosmos. The Snowmass 2021 whitepaper “Snowmass2021 Cosmic Frontier: Advancing
the Landscape of Multimessenger Science in the Next Decade” [49] discusses the current
and future multimessenger network and the collaboration and infrastructure needed for
successful multimessenger observations of neutrino sources.

With the improved statistics, sensitivity, and sky coverage offered by upcoming neu-
trino experiments, we can expect to expand our view of the neutrino sky, including firmly
establishing neutrino sources. Next-generation telescopes currently in th planning stage
or under construction, as discussed in the Snowmass 2021 whitepaper “High-Energy and
Ultra-High-Energy Neutrinos” [8], will allow detailed studies of high-energy neutrinos,
including their energy spectrum, flavor composition, and the identity of their sources.

5.3 Diffuse Backgrounds

Diffuse astrophysical backgrounds arise in all of the astrophysical messengers, not just due
to the limitations of the resolutions of current detectors, but as an indication of large-scale
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and diffuse structure in the Universe. These diffuse backgrounds are studied extensively
for individual messengers, but future insights to the origin of the cosmos may arise from
considering their similarities and collaboration across diffuse working groups for each mes-
senger [49].

Diffuse gamma-ray background (DGRB). The DGRB is defined as a smooth residual
component of the measured gamma-ray emission emerging after the subtraction of known
sources of gamma rays, including both point-like and extended sources. The unresolved
gamma-ray background (UGRB) can be explained by the cumulative emission of randomly
distributed gamma-ray sources whose flux is below the sensitivity of the observing instru-
ment. The UGRB between 100 MeV and 800 GeV is measured by the Fermi Large-Area
Telescope (LAT) [546, 547]. The UGRB is expected to be contributed to largely by the
faint subgroups of the bright gamma-ray source populations, including blazars [548–550]
and star-forming galaxies [551–553]. More exotic scenarios may contribute, as well-
annihilating or decaying particles of dark matter in extragalactic halos may explain the
diffuse backgrounds [554–557].

Diffuse Supernova Neutrino Background (DSNB). The detection of 25 MeV neutri-
nos from SN1987A in the Large Magellanic Cloud marked the first time neutrinos were
detected from a massive star undergoing core collapse [558, 559]. While the low galactic
supernova rate requires much larger neutrino detectors to detect more supernovae neutri-
nos from nearby galaxies (1–10 Mpc), another avenue to study these explosions is avail-
able through the detection of the DSNB, which consists of MeV neutrinos from all past
core-collapse supernovae. The discovery prospects of the DSNB in the next decade are
promising with the gadolinium-enhanced Super-Kamiokande detector [560, 561], Jiang-
men Underground Neutrino Observatory (JUNO [562]), and Hyper-Kamiokande [563].

Astrophysical Diffuse Neutrino Background. The flux of diffuse neutrinos at TeV–PeV
energies of astrophysical origin has been measured by IceCube with a significance well
above 5σ [2, 3]. Specifically, the flux has been measured using a sample of high-energy
neutrinos, which includes both tracks and cascades with interaction vertices within the
instrumented volume [564], a sample of up-going tracks (mostly muon neutrinos) [364],
a sample of cascade-like events (mostly electron and tau neutrinos) [565], and a sample
of tracks that start within the instrumented volume [347]. An apparent slight tension
between the different measurements could be due to differences in flavor composition,
energy range, the accounting of atmospheric backgrounds, and the spectral model used.
Future statistics and analyses with improved calibration and simulations will lead to im-
provements of the accuracy of the measurement and a reduction of systematic uncertain-
ties.

Cosmogentic Neutrino Background. Whether the diffuse astrophysical neutrino flux
extends to higher energies is unknown. Determining if this flux has or does not have a
cutoff in the 10–100 PeV range is crucial for understanding the physics underlying UHECR
accelerators and identifying source classes. Studying the diffuse neutrino flux in this en-
ergy regime also opens an avenue to probe fundamental neutrino physics and BSM physics
at an energy scale that would be otherwise unreachable.
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Galactic Diffuse Emission. In addition to the extragalactic diffuse emission, Galactic
diffuse emission of gamma rays and neutrinos is produced by energetic cosmic rays inter-
acting with the interstellar medium and radiation fields in our Galaxy. The Galactic diffuse
gamma-ray emission has been measured by Fermi-LAT between 0.1 GeV and 1 TeV and by
H.E.S.S. [566] and HAWC [567] above 1 TeV. The Galactic diffuse neutrino emission has
been constrained by IceCube and ANTARES [568, 569], but is expected to be detected in
the near future [570].

The perspective of an indirect detection of dark matter with the diffuse backgrounds
depends on the level of the understanding of the astrophysical sources of astroparticles
including, but not limited to, the fraction of astrophysical contribution, the faint end of
the luminosity function of the astrophysical contributors, and the cosmological evolution
of the source classes.

5.4 Galactic TeVatrons and PeVatrons

The recent launch and operation of wide-field air-shower observatories, including the Ti-
bet ASγ, HAWC, and LHAASO experiments, has opened up the view of the Universe in
the very-high-energy (0.1–100 TeV) and ultra-high-energy (> 100 TeV) (note that these
definitions of the energy ranges are adopted in gamma-ray astrophysics) regimes with
unprecedented sensitivities. Ultra-high-energy gamma rays are produced by cosmic-ray
protons and electrons at PeV energies. Detecting PeV proton accelerators, a.k.a. PeVa-
trons, are crucial to solving the long-standing puzzle of the “knee” feature in the Galactic
cosmic-ray spectrum. Several candidates have been identified so far [571–573], though
more discoveries of sources and differentiation between leptonic and hadronic scenarios
are needed to identify the highest-energy Galactic accelerators. Future VHE and UHE de-
tectors with improved sensitivities, like the Southern Wide-field Gamma-ray Observatory
(SWGO) [22] and the Cherenkov Telescope Array (CTA) [24], and neutrino experiments
at TeV–PeV like IceCube-Gen2 [421], KM3NeT [574], P-ONE [575], and Baikal-GVD [576],
have the potential to unveil the nature of PeVatrons.

Dozens of VHE and UHE sources have been discovered by HAWC [577] and LHAASO
[578], including many new ones that were not seen in other wavelengths. In particular,
detection of few-degrees-extended gamma-ray emission, called halos, were first reported
by HAWC [579] around Geminga and Monogem, the two closest middle-aged pulsars, that
could contribute to the positron excess measured by PAMELA [580] and AMS-02 [581].
More TeV halos have then been found by HAWC [577] and LHAASO [582]. The small
angular size of the gamma-ray halos challenges traditional views of particle diffusion in the
interstellar medium [583–587] and, so far, no convincing theoretical explanation of this
effect has been proposed [588–593]. The unexpectedly efficient confinement of electrons
and positrons by pulsars could limit the astrophysical interpretation to the positron flux
and hint at the necessity of exotic physics [579]. Better understanding of the TeV halo
population and their forming mechanism with future wide-field gamma-ray experiments
is thus needed for the indirect detection of dark matter [49].
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5.5 Production of the Heavy Elements

The synthesis of the elements [594, 595] in the periodic table are part of the overall Hot
Big Bang theory. After baryogenesis, the neutrinos decouple in the first two seconds, nearly
freezing out the neutron/proton ratio. The light elements (hydrogen, helium, deuterium)
are produced within the first several minutes and, after ∼300,000 years, the electrons and
protons in the plasma recombine into neutral atoms, allowing the CMB to stream freely,
enabling a host of high-precision cosmological measurements.

Elements in the periodic table up to iron are made in the hot cores of massive stars.
Heavier elements are made in the slow neutron capture process (the s-process), but this
only accounts for around half of the heavy isotopes. The rest must be created by a high-
density, rapid neutron capture process (the r-process) either in the explosions of suernovae
or through the merger of neutron star binaries.

After the spectacular binary neutron star merger GW170817 [596], there has been a
renewed interest in the so-called r-process [597], by which ≈50% of the heavy elements in
the Universe are produced. In particular, primordial black holes could leave direct observa-
tional imprints of r-process nucleosynthesis [598]. In order to more precisely determine the
contribution of various processes to the isotopic abundances, inputs from the EM/GW ob-
servations of neutron star mergers will have to be combined with precision measurements
at accelerator facilities (e.g., the Facility for Rare Isotope Beams [599]).

The exhaustion of fuel means that the core can
no longer support its own weight. It contracts
and heats up, until helium burning provides
enough power to again support the core. This
process happens repeatedly, with each contrac-
tion halting when the products of the previous
cycle begin burning in the core. After hydrogen
burning, the fusion proceeds in multiple layers,
with different elements burning in a series of
shells around the core.
The most massive stars reach the highest core

temperatures because they can release the most
gravitational potential energy. Stars with masses
greater than ~8 M☉ get hot enough to produce
the iron-peak elements, such as iron and nickel.
The series of burnings proceed in this order:
Hydrogen fuses to helium. Helium ignites at
~108 K, fusing to carbon and oxygen. When
carbon ignites, the nuclear reactions become
more varied because 12C+12C not only forms
24Mg but also 23Na+1H, 20Ne+4He, and other
related nuclei (15). At the next stage, some neon
nuclei are ripped apart by energetic photons
and react with other 20Ne to produce 24Mg. The
oxygen left over from helium burning is inert at
the temperatures of carbon and neon burning,
but at 1 billion K, it too ignites (11, 15). As with
carbon burning, the fusion of two oxygen nuclei
can lead to several different daughter products,
and even more elements are produced from
side reactions. After oxygen is exhausted, the
core contracts and heats up to 3 billion K, at
which point the final set of nuclear reactions
during the star’s life begins.

The electric repulsion between two silicon
nuclei is so large that even at 3 billion K, they
cannot get close enough to fuse. Instead, high-
energy photons rip particles off existing nuclei,
then these lighter particles fuse with silicon,
sulfur, and other nuclei to reach the iron peak.
The relative abundances of the nuclei produced
in silicon burning depend on their nuclear
binding energies and the neutron-to-proton
ratio (15). 56Fe is the most tightly bound of
the nuclei produced in this process, so its pro-
duction is favored, but not exclusively.
Each stage of these burnings takes less time

than the previous one because less energy is
released per reaction, and more energy is carried
away from the core by neutrinos. The reaction
rates must be higher to support the star, con-
suming the available fuel more rapidly. For a
15-M☉ star, core hydrogen burning millions of
years, carbon burning lasts a few thousand
years, oxygen burning lasts a few weeks, and
silicon burning lasts a few days (16). Near the
end of its life, the star has a 1.4-M☉ silicon-
burning core surrounded by a series of shells
where hydrogen, helium, carbon, neon, and
oxygen burning flicker on and off. Each shell
(except neon) contains ≥0.5M☉ of material that
could contribute to the enrichment of the Uni-
verse if ejected from the star. Whether that
happens depends on how the star dies.

Exploding massive stars

With the end of core silicon burning, the star
approaches the “iron catastrophe.” Once again

no longer able to produce enough fusion power
to support itself against gravity, the core initial-
ly contracts slowly, but two processes rapidly
remove energy from it. First, some iron-peak
nuclei absorb high-energy photons and dis-
integrate. Second, when the temperature reaches
10 billion K, protons and electrons have enough
energy to make neutrons, as they did in the Big
Bang. What starts as a slow contraction becomes
a freefall when the gas pressure plummets far
below the amount needed to support the core.
As the density of the falling material increases,
it briefly exceeds that of an atomic nucleus. The
strong nuclear force pushes back against this
excessive density, causing the infalling material
to bounce back and launching an expanding
shock wave. In at least some massive stars,
the shock wave, in combination with additional
physical effects that are currently under debate
(17–19), causes much of the material beyond the
original iron core to be ejected in an explosion
of neutrinos, photons, and kinetic energy that
we observe as a core-collapse supernova.
These supernovae enrich the Universe in

three ways. First, they eject the products of
nucleosynthesis built up over the star’s life-
time (Fig. 2). Most carbon, oxygen, and magne-
sium, for example, are made before the core
collapse, and the explosion simply distributes
these elements into space (20). Second, the
extreme temperatures and densities caused by
the shock wave drive additional nucleosynthesis.
In particular, the iron ejected by core-collapse
supernovae comes not from the core but from
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Fig. 1. Nucleosynthetic sources of elements in the Solar System. Each element in this periodic table is color-coded by the relative contribution of
nucleosynthesis sources, scaled to the time of Solar System formation. Only elements that occur naturally in the Solar System are shown; artificially made
elements and elements produced only through radioactive decay of long-lived nuclei are shown in gray. The data plotted in this figure are available in table S1.
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Figure 8: Nucleosynthetic sources of elements in the Solar System. Each element in this periodic table is color-coded by the relative
contribution of nucleosynthesis sources, scaled to the time of the Solar System formation. Only elements that occur naturally in the
Solar System are shown; artificially made elements and elements produced only through radioactive decay of long-lived nuclei are
shown in grey. Taken from Ref. [600].

The periodic table shown in Fig. 8 summarizes the origin of the elements in the Solar
System that we see today. Cosmic nucleosynthesis is one of the the challenges ahead for
the multimessenger program [601].
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6 Architecture of Spacetime

General Relativity (GR) is an incredibly successful theory describing the relationship be-
tween mass-energy and spacetime curvature. With the recent explosion of gravitational-
wave (GW) detections, the prospects for testing the fundamental structure of spacetime are
now looming closer [37]. In the sections below, we describe some of the most prominent
examples.

6.1 The Birefringence of Spacetime

High-precision GW measurements coupled with multimessenger astronomy allow one to
search for violations of GR in the propagation of waves [37]. These effects can largely
be parameterized into the basis of graviton mass, dispersion in the GW propagation (to
be discussed in the following sections), and birefringence of spacetime. These effects
are all absent in Einsteinian gravity. However, non-zero gravition mass and dispersion
or birefringence of gravitational waves can be linked to violations of Lorentz and CPT
symmetry [602]. Thus, testing whether spacetime is birefringent may amount indirectly
to testing local Lorentz invariance and CPT symmetry.

While parity symmetry is conserved in GR, GW birefringence arises in effective-field-
theory extensions of GR when parity symmetry is broken. This causes the left- and right-
handed polarizations to propagate differently from the source to the detector. Chern-
Simons gravity [603, 604], Hořava-Lifshitz gravity [605], certain scalar-tensor theories
of gravity [606], and the symmetric teleparallel equivalent of GR [607] that have been
proposed to account for dark matter and dark energy typically lead to parity violation.
Moreover, such violations can also arise at large enough energy scales in quantum gravity
theories such as the Loop Quantum Gravity and String Theory [603].

Future GW detectors such as the pulsar timing arrays (PTAs), space-borne interferom-
eters, and terrestrial laser interferometers will be able to fully constrain birefringence of
the spacetime structure. To do so, it is necessary to observe GWs either for a long-enough
duration or with enough number of non-collocated detectors so as to resolve their polar-
ization states. LISA will track GWs from compact binary systems for years. As of 2022, the
terrestrial detector network consists of the two LIGO detectors in the U.S. and the Virgo
detector in Italy. Since the two LIGO detectors are nearly co-aligned, tests for non-GR
polarizations have been limited. By the end of the decade, the KAGRA detector in Japan
and the third LIGO detector in India [608] should be coming on-line, allowing for the
full measurement of all polarization modes. With more sensitive detectors such as LIGO
Voyager [609], Einstein Telescope [33], and Cosmic Explorer [32], it would be possible to
place exceedingly tight constraints on a host of alternative theories of gravity; even more
so using multiband analyses [610–612] with space-borne interferometers.
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6.2 Modified Gravity as an Alternative to Dark Energy & Dark Matter

The ΛCDM model, based on the theory of GR, has been very successful in explaining the
observable properties of big bang nucleosynthesis, cosmic microwave background (CMB)
observations, and large-scale structure. This success is achieved at the price of assuming
that the energy content of the Universe today is dominated by dark energy and dark matter.
However, only the large-scale gravitational interaction of the dark components has been
detected so far and their fundamental properties remain largely unknown. As of today, we
do not even know if the dark components are associated with new elementary particles
or represent a mirage produced by modifications of the laws of gravity. Over the past
decade, various discrepancies have emerged between ΛCDM predictions and cosmological
observations, e.g., the tensions in the Hubble expansion rate and the clustering of matter
discussed in Sec. 2.1. Several modified gravity models have been constructed to resolve
the H0 and S8 tensions, but there seems to be no consensus on a satisfactory solution to
this problem yet [6].

In the next decade, GW standard sirens are expected to provide strong constraints on
dark energy, modified gravity, and dark matter and shed light on several other important
aspects in cosmology (see Sec. IXA7 of Abdalla et al. [6] and references therein). Imprinted
in the observed GWs is the nature of gravity. Thus, any modification of gravity beyond GR
will leave a fingerprint in the GW signal.

Firstly, modified gravity theories are proposed mainly to explain the late-time accelera-
tion of the Universe (dark-energy-dominated era), but they can also induce amplitude and
phase corrections on the GW signal over cosmological volumes. The time variation of the
gravitational constant could be inferred using a multimessenger [49] approach, exploit-
ing the unique relation between the GW luminosity distance, BAO angular scale, and the
sound horizon at decoupling [613].

Secondly, by changing the gravitational interaction in a binary system, one induces
a change in the generation mechanism of the gravitational radiation. Such changes can
be quantified through the parameterized post-Newtonian [614, 615] or post-Einsteinian
framework [616]. Future terrestrial and LISA observations can lead to improvements of
2–4 orders of magnitude with respect to present constraints, while multiband observations
can yield improvements of 1–6 orders of magnitude [617].

Finally, an interesting possibility is the detection of stochastic gravitational waves. The
existence of a stochastic background is a robust prediction of several well-motivated cos-
mological and astrophysical scenarios operating at both the early and late Universe [618–
620]. As previously described, the existence of such backgrounds can be probed with GW
observatories on ground and in space as well as PTAs.

6.3 The Graviton Mass

Regardless of the specifics of the theory one considers, there are general properties of the
graviton (understood as a gauge boson that mediates the gravitational interaction) that
one may wish to measure or test to ensure our description is as prescribed by Einstein’s
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theory. One such property is the graviton’s mass which, according to GR, is exactly zero.
Theories such as massive gravity [621] and bi-gravity [622] predict a non-zero value. In
fact, many modified theories created to explain the present-day cosmic acceleration also
predict deviations in the propagation of GWs [623–629] and in the gravitational lensing of
GWs [630–633]. Gravitational waves thus have the potential to place stringent bounds on
the graviton mass because a non-zero value leads to a modified dispersion relation [634,
635]. On very general grounds that rely only on special relativity, a non-zero graviton
mass implies that the GW frequency does not just depend on its wave-vector, but rather
also on the mass, leading to a compression of the GW train that accumulates with distance
travelled [634].

Current GW observations are already placing constraints on the mass of the graviton,
but much more can be achieved in the next decade. Current LIGO/Virgo observations have
constrained the graviton mass to be less than 4.7 × 10−23 eV/c2 [636]. Constraints on the
mass of the graviton, however, can be shown to scale as [flow/(DLρ)]1/2, where DL is the
luminosity distance, ρ is the SNR, and flow is the lowest frequency detected [617]— this is
because the larger the distance, the longer the GW train compression can accumulate for,
leading to a stronger constraint. As a result, in the next few years and then in the next
decade, future observations with LIGO/Virgo/KAGRA/LIGO-India and XG ground-based
detectors can place constraints better than 10−25 eV/c2 and 10−26, respectively, while space-
borne detectors like LISA can improve these constraints down to 3×10−27 eV/c2 [617, 637].
These numbers are interesting because if one associates the late-time acceleration of the
Universe to a non-zero graviton mass, then the graviton would have to be of the scale of
the Hubble constant, 10−33 eV. By stacking events from LISA and XG detectors we may
begin to approach this scale and thus confirm or rule out a non-zero graviton mass as an
explanation for the late-time acceleration of the Universe.

Another property of the graviton as a particle that one may wish to probe is its group
velocity in the high-energy limit E � mg. In Einstein’s theory, this group velocity is equal
to the speed of light, but in other theories of gravity, this need not be the case [638–643].
For example, in the Einstein-Æther theory, the graviton travels at a constant group speed
that is faster than the speed of light, avoiding causality violations [644, 645]. The mea-
surement of the speed of the graviton, unfortunately, is rather difficult because it requires
that we compare the time of arrival of a GW to some other baseline. This is where multi-
messenger events shine. If an event produces both GWs and electromagnetic (EM) waves
simultaneously, then one can, in principle, compare the speed of the GWs to the speed of
the EM waves (i.e., the speed of light) by comparing their times of arrival.

This is exactly what was done with the first LIGO/Virgo binary neutron star observation,
GW170817, which was accompanied by a short gamma-ray burst emitted shortly after the
merger [596, 631, 632, 646, 647]. This single observation was sufficient to infer that the
speed of the graviton is equal to that of the photon to better than one part in 1015. Such
a measurement had the effect of severely constraining a variety of modified theories of
gravity. Future terrestrial observations with LIGO/Virgo/KAGRA/LIGO-India or with XG
detectors will allow for additional measurements of the speed of the graviton along other
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lines of sight, and thus allow us to test local position invariance [648, 649].
With LISA, we may detect supermassive black hole (BH) binaries at mHz frequencies

and measure time delays between the arrivals of photons and gravitons. This will present
some advantages. First, the longer timescales of these massive mergers can facilitate trig-
gered EM precursor observations. The inevitable periodic modulations of the EM signal
due to Doppler and lensing effects during the inspiral stage arise from the same orbital
motion as the GWs and can be phased in a robust way without the need to model the as-
trophysical source in detail [650, 651]. The measurements will also provide tighter limits,
due to the high SNRs and large horizon distances achievable with LISA. The frequency
dependence of the time delay would further probe Lorentz-violating theories [652–654].

Some modifications of GR, invoked to explain the present-day cosmic acceleration,
predict deviations between the propagation properties of EM radiation and GWs [624–
629, 655]. A multimessenger, data-driven measurement of the running of the effective
Planck mass and its redshift dependence is possible by combining three length scales,
namely the GW luminosity distance, baryon acoustic oscillations (BAO), and the sound
horizon from the CMB [613]. Sources detectable at higher redshifts (such as supermas-
sive BH binaries) are most useful to measure the redshift dependence and running of the
effective Planck mass. Such measurements may be possible by cross-correlating binary
BHs with galaxies [613]. General relativity propagation effects could also be probed using
other techniques— e.g., by using the mass distribution of binary neutron stars [656] and
BHs [657].

6.4 Tests of Black Hole Dynamics

The dynamical content of the underlying theory of gravity can be probed in violent, dy-
namical situations giving rise to strong bursts of GW emission. After the violent merger
of two compact objects leading to BH formation, GR predicts the formation of a Kerr BH,
wherein the spacetime is described by only two parameters. The relaxation to this state is
described by a set of exponentially damped sinusoids (“ringdown”) whose frequencies and
damping times depend only on the mass and spin [658, 659]. Since GW observations pro-
vide a measurement of frequencies and damping times, the “ground state” quasi-normal
mode (QNM) allows us to infer the mass and spin. Any measurement of additional QNM
frequencies (“excited states”) can then be used as a null test of the Kerr nature of the
remnant.

The idea of treating BHs as “gravitational atoms,” thus viewing their QNM spectrum
as a unique fingerprint of spacetime dynamics (in analogy with atomic spectra), is usually
referred to as “BH spectroscopy” [660–664]. The seeds of this idea were planted in the
1970s [see, e.g., 659, for a detailed chronology]. Chandrasekhar and Detweiler developed
various methods to compute the QNM spectrum, identifying and overcoming some of the
main numerical challenges [see, e.g., 665]. In particular, Detweiler concluded the first
systematic calculation of the Kerr QNM spectrum [666] with a prescient statement: “After
the advent of gravitational wave astronomy, the observation of [the BH’s] resonant frequencies
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might finally provide direct evidence of BHs with the same certainty as, say, the 21 cm line
identifies interstellar hydrogen.”

Early estimates [661, 662] showed that the detection and extraction of information
from ringdown signals requires events whose signal-to-noise ratio (SNR) in the ringdown
alone is larger than those achievable now (for example, the first GW detection (GW150914)
had a combined SNR of 24, with an SNR ∼ 7 in the ringdown phase [667, 668]). There
are claims that overtones have been detected in GW150914 [669] and higher modes have
been measured in GW190521 [670], but the detection of modes other than the funda-
mental is debatable at current SNRs [671–673]. Any deviation from the QNM spectrum
of classical GR would indicate substructure of BH “atoms” inconsistent with the standard
picture. In particular, a non-singular horizonless object would lead to different boundary
conditions than the classical theory and departures from the BH QNM spectrum. In any
case, conclusive tests should be achievable once LIGO and Virgo reach design sensitivity,
and certainly with the next-generation (XG) observatories (Cosmic Explorer or the Ein-
stein Telescope) or with space-based detectors such as LISA [674]. If the frequencies turn
out to be compatible with the predictions of GR, parametrized formalisms can be used to
constrain theories of gravity that would predict different spectra [675–678].

The existence and properties of horizons can be inferred and quantified with a variety
of observations [679]. It is believed that accreting horizonless objects would reach thermal
equilibrium with the environment rather quickly, whereas accreting supermassive BHs do
not— the luminosity contrast between the central accreting object and its accretion disk
imposes stringent constraints on the location and property of a putative surface [679, 680].
However, constraints based on accretion models are model-dependent and have also been
questioned [681]. They still leave open the possibility of a surface close to the would-
be event horizon, as predicted in thin-shell gravastar models [682–685]. The planned
EHT and future surveys of tidal disruption events will improve current constraints on the
location of a hypothetical surface by two orders of magnitude.

The EM observations above are done, essentially, in a fixed-background context in
which the BH spacetime is an arena where photons propagate. One can also consider
situations probing both the background and the field equations. A stellar-mass BH or
a neutron star orbiting a supermassive BH will slowly inspiral due to emission of GWs,
“sweeping” the near-horizon geometry and being sensitive to tiny near-horizon changes,
such as tidal deformability or tidal heating, or to non-perturbative phenomena like res-
onances of the central object [286, 686–689]. Accurate tracking of the GW phase by
the future space-based detector LISA may constrain the location of a putative surface to
Planckian levels [679].

6.5 Alternative Black Hole Models

The absence of an horizon can also lead to smoking-gun effects in the GW signal. An
ultracompact, horizonless vacuum object sufficiently close to the Kerr geometry outside
the horizon behaves as a cavity for impinging GWs, which end up being trapped between
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the object’s interior and its light ring [679, 690, 691]. Thus, perturbations of such objects,
and possibly mergers as well, lead to a GW signal which is—by causality principle—similar
to that emitted by BHs on sufficiently small timescales. However, at late times, the signal
trapped in the “cavity” leaks away as a series of “echoes” of the original burst, which
may carry a significant amount of energy. LIGO/Virgo observations have so far shown no
evidence for such echoes [672, 692]. The absence of such structure in future observations
by LIGO and LISA will allow the exclusion—or detection—of any significant structure a
Planckian distance away from the Schwarzschild radius, with important implications for
fundamental physics [679].

Setting stringent constraints on the nature of compact objects—in particular quantify-
ing the existence of horizons in the Universe—requires advanced detectors. It is also a
challenging task from the modelling and computational point of view, as one needs: (i) a
physically motivated, well-posed theory solving, at least partially, the conceptual problems
of GR; (ii) the existence in such theories of ultracompact objects which arise naturally as
the end-state of gravitational collapse; and (iii) the solution of the relevant partial differ-
ential equations describing the mergers of such objects. There is pressing need for progress
on all of these fronts to confront the increasingly precise data expected from a wide variety
of new experimental facilities.

6.6 Quantum Gravity Constraints on Low-Energy Dynamics

Low-energy Effective Field Theories (EFTs) are the central tool in the theoretical descrip-
tion of low-energy particle physics, cosmology, and gravitational theories. Modern percep-
tion has it that the SM and Einstein gravity should both be understood as leading terms in
an EFT expansion. It is thus of paramount importance to understand the space of allowed
low-energy (IR) EFTs. Recently, there has been significant progress in understanding what
is the space of low-energy EFTs that admit an UV completion.

Despite decades of research, a full-fledged theory of quantum gravity (QG) remains
elusive. Nonetheless, along the way we have learned some generic features that a QG
theory should possess. The Swampland Program seeks to delineate the boundary between
the landscape of EFTs that are compatible with these features of QG and the swampland
of EFTss that are not [693]. The set of QG features are sometimes referred as swampland
conjectures [694]. As illustrated in Fig. 9, the swampland conjectures become more con-
straining as the energy at which the EFT should be valid increases, picking out, in the end,
a (possibly unique) QG theory.

The accelerating expansion of the Universe is a phenomenon that is apparently IR but
intrinsically UV. This cosmological hierarchy opens up the opportunity to probe physics be-
yond ΛCDM and the SM by analyzing some phenomenological implications of the swamp-
land conjectures. For example, it has been conjectured that scalar field potentials V that
can be derived from putative QG theories obey the bound V ′ ≥ cV/MPl, where c is a pos-
itive and dimensionless order one constant [696]. The most obvious consequence of this
constraint is that de Sitter vacua are forbidden, ruling out the cosmological constant Λ as
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Figure 9: The swampland and landscape of EFTs. The space of consistent EFTs forms a cone because swampland constraints become
stronger at high energies. From Ref. [695].

a source of dark energy [697]. The model building of quintessence fields playing the role
of dark energy has been featured extensively through the swampland program [6, 698–
700]. Of particular interest here, quintessence models tend to exacerbate the H0 ten-
sion [701]. More generally, the swampland conjectures make it difficult for fundamental
theories based on compactification from extra dimensions to accommodate a period of
accelerated cosmic expansion [702]. Such a restriction can be avoided in models whose
internal space is not conformally Ricci flat [703], e.g., the Salam-Sezgin model [704].
Within this supergravity model, dark matter could acquire a mass term which depends on
the value of the quintessence field [705], thus realizing an effective dark matter-dark en-
ergy coupling which could help to reduce (though not fully eliminate) the H0 tension [94].
Examined separately, the axion weak-gravity conjecture [706] leads to a bound on early
dark energy models proposed to resolve the H0 tension [707].

On a separate track, the distance conjecture [708, 709], combined with the cosmologi-
cal hierarchy and bounds on deviations from Newton’s law [710], give rise to an exponen-
tially light tower of states with two mass scales: (i) the mass scale of states in the tower,
m ∼ Λ1/4/λ, and (ii) the scale at which the local EFT description breaks down, dubbed
the species scale, M̂ ∼ λ−1/3 Λ1/12 M

2/3
Pl [487]. For λ ∼ 10−3, m ∼ 1 eV is of the order of

the neutrino scale and M̂ ∼ 1010 GeV coincides with the sharp cutoff observed in UHECR
data. This implies that the highest-energy cosmic rays could be an incisive probe of UV
physics [490]. Moreover, this framework has interesting implications for the abundance
of primordial black hole dark matter [711], while the excitations of the graviton in the
bulk provide an alternative dark matter candidate [712] and a particular realization of the
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DDM scenario [253] discussed in Sec. 3.3.
The study of UV constraints on IR physics is a burgeoning field, with many new concep-

tual and technical developments. Promising future directions are summarized in Ref. [713].

7 Current and Future Experiments

A new age of precision cosmology and elucidation beyond the Standard Model with as-
troparticle physics has just begun. In the coming decades, there will be a large set of new
probes to determine the cosmological parameters with unprecedented rigor, as well as an
array of multimessenger experiments to discover new and exciting physics at energies not
achievable by terrestrial accelerators. In this context, programmatic balance is imperative
(see Fig. 10).

The individual instruments involved in the multimessenger program are some of the
most finely tuned that human hands have developed. Current gamma-ray, neutrino, cosmic-
ray, and gravitational-wave facilities plan generally to increase their spectral coverage over
the next two decades, while proposed, but currently unfunded, future facilities go well be-
yond just picking up at the sunset of their predecessors— they are poised to unravel the
mysteries of Universe and serve as fertile grounds for the discovery of new and exciting
physics.

The importance and great benefit of the involvement of DOE National Laboratories
with those future experiments, both cosmological and astrophysical, cannot be overstated.
The wealth of knowledge employed at these laboratories can be put to use by these experi-
mental collaborations to achieve greater theoretical and technical progress than previously
envisaged. This relationship is also incredibly symbiotic. As seen with the relationships be-
tween, e.g., Los Alamos National Laboratory and the HAWC Observatory, SLAC and Fermi,
Argonne National Laboratory and VERITAS, Fermilab and the Pierre Auger Observatory
and Dark Energy missions, etc., this partnership enables the labs to work on smaller-scale
experiments, in addition to their larger projects, and is a lucrative pathway for the recruit-
ment and retention of highly skilled scientific minds to National Laboratories.

As elaborated in greater detail below and elsewhere in this Report, each of the Cosmic
Probes brings unique access to one or more aspects of physics of the Standard Model and
BSM physics and merits support as part of the HEP mission. Reflecting the maturity of
the respective fields, the 4 types of Cosmic Probes (photons, neutrinos, UHECRs and GW)
have different needs for development and increased US support in the next decades:

• Next-stage gamma and neutrino investments should continue to be supported by US
commitments including NASA and DOE, including infrastructure and financing. DOE
investments in technology development for MeV gamma ray detection in colliders
and in next-generation air shower gamma-ray detectors will benefit this field as well.

• UHECRs give unique access to UHE phenomena, but facilities are currently mainly
funded by Europe; it would benefit the US HEP community to maintain and grow US
involvement in the next generation.
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Figure 10: Timeline of current and proposed photon, gravitational-wave (GW), neutrino, and cosmic-ray (CR) facilities. Hatched re-
gions indicate energies which proposed experiments would observe that would not be simultaneously observed by any current facilities.
Over time, most messengers plan to increase their spectral coverage. 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. From Ref. [49].

• Cosmic Explorer is US-lead, with international participation. Cosmic Explorer is
probably the most dramatic new opportunity in the entire Cosmic Frontier portfo-
lio. It is at a critical moment when additional involvement of HEP physicists and
support for infrastructure and R&D will have disproportionate returns.

Gamma-ray facilities Gamma rays are vital messengers that carry information about
an abundance of key scientific goals, both within our Galaxy and from the far reaches
of extragalactic space. They bring messages about naturally occurring particle accelera-
tion throughout the Universe in environments so extreme they cannot be reproduced on
Earth for a closer look and provide a window into beyond-the-Standard-Model Physics.
Gamma-ray astrophysics is so complementary with collider work that particle physicists
and astroparticle physicists are often one in the same, thus their facilities are vital tools in
elucidating the mysteries of beyond-the-Standard-Model physics and astroparticle physics
and for the discovery of new physics [9].
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While photons at different energies provide different pieces to each scientific puz-
zle, with no image being able to be completed with only a single input, the GeV-to-TeV-
and-beyond energy regime hosts a highly successful set of current experiments, such as
HAWC [714], VERITAS [715], MAGIC [716], H.E.S.S. [717], and LHAASO. Through their
strict limits on PBHs, axion-like particles, CPT violation, and LIV, as well as observations
of TeVatrons and PeVatrons, the discovery of gamma-ray halos, and countless other ex-
citing scientific feats, these facilities have proven that gamma-ray facilities, especially
those observing at the highest energies, are a force to be reckoned with. Complemen-
tary with these experiments and carrying on their heavy scientific loads in the next decade
are two proposed future experiments: the Southern Wide-field Gamma-ray Observatory
(SWGO) [22, 475, 476] and the Cherenkov Telescope Array (CTA) [24]. Building upon
lessons learned from the current observatories and their predecessors, these facilities will
have unprecedented sensitivity to the highest energies and are critical to carrying on the
legacy of science at the forefront of particle and astroparticle physics.

Notably, current MeV and GeV gamma-ray facilities are 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. The
timeline of current and proposed photon, gravitational-wave, neutrino, and cosmic-ray
facilities is shown in Fig. 10.

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 should be truly alarming to those who have borne
witness to the magnitude of recent multimessenger discoveries. The possible connections
between fundamental physics questions, the astronomical objects through which they are
studied, and observations that probe them by messenger and energy are shown in Fig. 11,
where we note the potential loss of scientific excellence if key instrument classes are not
prioritized over the next decade. For details, see Refs. [9, 49].

There are many facility concepts in progress to improve cost and sensitivity for the
gamma-ray band in this decade. A key area of investment for the future of multimessen-
ger astrophysics is gamma-ray detector technology. Many aspects of instrumentation and
software pipelines for cosmic gamma-ray detectors are nearly identical to those used in
colliders, making this technology development extremely relevant to the broader particle
physics community. For details, see Ref. [9].

Neutrino facilities The rich experimental program of neutrino-detection facilities is en-
capsulated in Fig. 12 and summarized in Ref. [8]. The next decade will result in the
construction of multiple high-energy neutrino detectors spanning complementary regions
of the sky, with differing sensitivity to different energy ranges between TeV and EeV, and
complementary flavor-identification capabilities.

The neutrino oscillation program is entering a precision era, where the known param-
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Figure 11: Top panels: Connections between messengers and fundamental physics topics. Bottom panels: Connections between messen-
gers and particle astrophysics topics. Left panels: Future multimessenger landscape with current facilities that are planned to continue
operating and future facilities that are already funded. Right panels: Future multimessenger landscape with enhanced capabilities
provided by proposed facilities. From Ref. [49].

eters are being measured with an ever increasing accuracy. The IceCube Upgrade will
provide the first precision measurement of the number of tau neutrinos appearing as a
result of these oscillations [26]. A measurement inconsistent with the poorly constrained
current theory would be a smoking gun pointing to undiscovered types of neutrinos or to
new physics.
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Figure 12: Distribution of neutrino sources in energy and distance traveled to the detector, and experiments aimed at detecting them
that are presently in different stages of planning, design, and construction. From Ref. [8].

The wide range of neutrino energies and
traveled distances allow us to explore neu-
trino properties, their interactions, and fun-
damental symmetries across a wide breadth
of parameter space.

Since neutrinos are neutral and weakly in-
teracting, they carry information about the
physical conditions at their points of origin;
at the highest energies, even from powerful
cosmic accelerators at the edge of the ob-
servable Universe. Due to the fact that they
travel unscathed for the longest distances—
up to a few Gpc, the size of the observable
Universe—even tiny effects can accumulate
and become observable. The potential for
searches of beyond-SM physics in a wide
energy range is illustrated in Fig. 13 and
summarized in Refs. [8, 10, 11].
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Ultra-high-energy cosmic-ray experiments (UHECR) In the coming decade, UHECR
experiments will employ the three major detection techniques: extensive surface detec-
tor arrays, high-resolution air-fluorescence detectors, and radio detectors. The UHECR
particle physics roadmap is specified in Fig. 14 and summarized in Ref. [7].

To address the paradigm shift arising from the results of the current generation of
experiments, three upgrades are either planned or already underway. TA×4, a 4-fold
expansion of the Telescope Array, will allow for Auger-like exposure in the Northern Hemi-
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Figure 14: Upgraded and next-generation UHECR experiments with their defining features, scientific goals relevant to the APS DPF,
and timeline. From Ref. [7].

sphere with the aim of identifying (classes of) UHECR sources and further investigating
potential differences between the Northern and Southern skies [719]. AugerPrime, the
upgrade of Auger, focuses on achieving sensitivity to the cosmic-ray baryonic composition
for each shower, measured by its upgraded surface detector through multi-hybrid obser-
vations [13]. IceCube-Gen2, IceCube’s planned upgrade, will include an expansion of the
surface array to measure cosmic rays with energies up to a few EeV, providing a unique
laboratory to study cosmic-ray physics such as the insufficiently understood prompt par-
ticle decays in extensive air showers [421]. It will also be used to study the transition
from galactic to extragalactic sources by combining the mass-sensitive observables of the
surface and deep in-ice detectors. The upgrades benefit from recent technological ad-
vances, including the resurgence of the radio technique as a competitive method, and the
development of machine learning as a powerful new analysis technique.

Looking into the future ahead, the POEMMA mission [15] and the multi-site Giant Ra-
dio Array for Neutrino Detection (GRAND) [720] are two instruments that will measure
both ultra-high-energy neutrinos and cosmic rays. Thanks to their large exposure, both
POEMMA and GRAND will be able to search for UHECR sources and ZeV particles beyond
the flux suppression. The Global Cosmic Ray Observatory (GCOS), a 40, 000 km2 ground
array likely split into at least two locations, one or more of them possibly co-located with
a GRAND site, will be a purposely built precision multi-instrument ground array [14]. Its
design will need to meet the goal of < 10% muon-number resolution to leverage our im-
proved understanding of hadronic interactions. With these capabilities, GCOS will be able
to study particle and BSM physics at the Energy Frontier while determining the cosmic-
ray baryonic composition on an event-by-event basis to enable rigidity-based studies of
UHECR sources at the Cosmic Frontier.

As we discussed in Sec. 3.1, all of these UHECR experiments will have sensitivity to
signals of ssuper-heavy dark matter (SHDM) and macroscopic dark quark nuggets. Indeed,
UHECR observatories will offer a unique probe of the dark matter mass spectrum near the
GUT scale. The origin of SHDM particles can be connected to inflationary cosmologies and
their decay to instanton-induced processes, which would produce a cosmic flux of ultra-
high-energy neutrinos and photons. While their non-observation sets restrictive constraints
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on the gauge couplings of the dark matter models, the unambiguous detection of a single
ultra-high-energy photon or neutrino would be a game changer in the quest to identify the
dark matter properties. In particular, as we discussed in Sec. 2.5, AugerPrime will achieve
a world-leading sensitivity to indirect detection of SHDM particles by searching for SHDM
decay products coming from the direction of the Galactic center [16].

In addition, AugerPrime will provide a unique probe of hadronic interaction models at
center-of-mass energies and kinematic regimes not accessible at terrestrial colliders, as well
as high-resolution measurements of the proton-air inelastic cross section σp−Air. Hadronic
interaction models, continuously informed by new accelerator data, play a key role in
our understanding of the physics driving the production of extensive air showers induced
by UHECRs in the atmosphere. Thanks to ever-more-precise measurements from UHECR
experiments, there are now strong indications that our understanding is incomplete. In
particular, all of the hadronic models underestimate the number of muons produced in
air showers, hinting at new particle physics processes at the highest energies. Reducing
the systematic uncertainties between models and incorporating the missing ingredients
are major goals at the interface of the field of UHECRs and particle physics. The on-going
AugerPrime upgrade will give each surface detector muon separation capabilities, allow-
ing for high precision air-shower measurements connected to the muon puzzle [418] and
probes of BSM physics; see Sec. 4.3. The general strategy to solve the muon puzzle relies
on the accurate determination of the energy scale combined with a precise set of measure-
ments over a large parameter space, that can together disentangle the electromagnetic and
muon components of extensive air showers. A muon-number resolution of < 15% is within
reach with upgraded detectors in the next decade using hybrid measurements. Achieving
the prime goal of < 10% will likely require a purposely-built next-generation observatory.

Additionally, as we discussed in Sec. 4.5, UHECR experiments will provide the most
restrictive bounds on violations of CPT and Lorentz invariance. Finally, the identification of
the UHECR population could provide a direct probe of the species scale that could rule the
cutoff energy of cosmic-ray accelerators [487]; see Secs. 5.1 and 6.6. Altogether, UHECR
observatories offer an unparalleled opportunity to address basic problems of fundamental
physics.

Forward Physics Facility The Forward Physics Facility (FPF) is a proposed underground
cavern at the Large Hadron Collider (LHC) at CERN that will house a suite of far-forward
experiments during the High-Luminosity LHC era from ∼ 2030-2042 [28, 29]. The pre-
ferred site for the FPF is along the beam collision axis, 617-682 m west of the ATLAS
experiment; see Fig. 15. FPF experiments, such as FASERν, Advanced SND, and FLArE,
will detect ∼ 106 neutrino interactions at TeV energies, filling the gap between current
fixed-target accelerator experiments and astroparticle measurements; see Fig. 12. In ad-
dition, the FPF will expand our understanding of proton and nuclear structure and the
strong interactions to new regimes, and carry out world-leading searches for a wide range
of new phenomena.

The FPF provides opportunities for interdisciplinary studies at the intersection of high-
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FPF LOCATION
• The rich physics program in the far-forward region strongly motivates creating a dedicated

Forward Physics Facility to house far-forward experiments for the HL-LHC era.

• The CERN civil engineering team considered locations around the LHC ring and identified
a preferred location on CERN land in France, 620-685 m west of the ATLAS IP, shielded
by ~200 m of rock.

• Cavern is 65 m-long, 8 m-wide, 10 m from the LHC, and disconnected from it.

• Preliminary (class 4) cost estimate: 25 MCHF (CE) + 13 MCHF (services) + experiments.

ATLAS
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FORMOSA
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LOS

Figure 15: The Forward Physics Facility, a proposed new underground cavern located near the LHC tunnel at CERN. The FPF will house
a diverse set of experiments in the far-forward region and will detect TeV-energy neutrinos, constrain forward hadron production, and
probe proton and nuclear structure, with synergies with many astroparticle experiments. Adapted from Ref. [29].

energy particle physics and modern astroparticle physics. Cosmic rays enter the atmo-
sphere with energies up to 1011 GeV and beyond, where they produce large cascades of
high-energy particles. The development of these extensive air showers is driven by hadron-
ion collisions under low momentum transfer in the non-perturbative regime of QCD. Mea-
surements at the FPF will improve the modeling of high-energy hadronic interactions in the
atmosphere, reduce the associated uncertainties of air shower measurements, and thereby
help to understand the properties of cosmic rays, such as their energy and mass, which
is crucial to discovering their origin. Moreover, atmospheric muons and neutrinos pro-
duced in these extensive air showers in the far-forward region are the main background
for searches of high-energy astrophysical neutrinos with large-scale neutrino telescopes,
including IceCube and KM3NET. The FPF will help to understand the atmospheric neu-
trino flux and reduce the uncertainties for astrophysical neutrino searches in the context
of multi-messenger astrophysics.

Gravitational-wave facilities Gravitational wave detectors are sensitive to the signal
amplitude and not energy or intensity. Consequently, an increase in the sensitivity of
a gravitational-wave detector by a factor of 10 magnifies the accessible volume of the
Universe by a factor of 1000 for low redshifts, where the geometry of the Universe is
approximately Euclidean. All in all, Cosmic Explorer, conceived to be ten times bigger
than Advanced LIGO, can observe essentially the entire universe for mergers of black holes
and neutron stars.

The next generation of gravitational-wave observatories can explore a wide range of
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Figure 16: Strain sensitivity of various detectors and the expected signal strengths for different classes of sources plotted for the
space-based LISA (left panel) and terrestrial detectors (right panel). See text for explanation of various sources plotted on the two
diagrams.

fundamental physics phenomena throughout the history of the Universe. These phenom-
ena include access to the Universe’s binary black hole population throughout cosmic time,
to the Universe’s expansion history independent of the cosmic distance ladders, to stochas-
tic gravitational waves from early Universe phase transitions, to warped spacetime in the
strong-field and high-velocity limit, to the equation of state of nuclear matter at neutron-
star and post-merger densities, and to dark matter candidates through their interaction in
extreme astrophysical environments or their interaction with the detector itself. A compar-
ison of the strain sensitivity of these proposed detectors is shown in Fig. 16 and summa-
rized in Ref. [31]. The right plot in Fig. 16 shows the sensitivity curves of advanced LIGO
(aLIGO) and the next-generation laser interferometers: Cosmic Explorer, LIGO Voyager,
and Einstein Telescope. Also shown on the same plot are the spectral densities of typical
sources: GW150914 and GW170817 detected by the LIGO-Virgo Scientific Collaboration,
binary neutron star (BNS) mergers at 450 Mpc and redshift of 2, GW150914 if it were at
z = 10, the Crab pulsar assuming an ellipticity of ε = 10−6, strengths of rotating neutron
stars at 10 kpc for ellipticities 10−6 and 10−8, the neutron star in the low-mass X-ray binary
Sco-X1 and other similar systems in the Galaxy (LMXBs), stochastic backgrounds of flat
power spectrum ΩGW = 10−9 and ΩGW = 10−11, and radiation from quakes in neutron
stars that deposit an energy E ∼ 10−12M� in gravitational waves. The left plot shows the
sensitivity curve for the Laser Interferometer Space Antenna (LISA) together with coales-
cences of supermassive black hole binaries of various masses, inspiral of a 10M� black
hole into a 106M� black hole at z = 1 (EMRI), the Galactic white dwarf binary (WDB)
background as well as resolvable white dwarf binaries, AM Cn systems, and ultra-compact
X-ray binaries. It is assumed that continuous waves from isolated neutron stars, white
dwarf binaries, and stochastic backgrounds are integrated for a year, except for Sco-X1,
for which an integration time of one week is assumed. Also see Ref. [31] for the sensitiv-
ity curves of the proposed Neutron Star Extreme Matter Observatory (NEMO) and MAGIS
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atom interferometers.
In the U.S., the proposed Cosmic Explorer observatory is designed to have ten times the

sensitivity of Advanced LIGO and will push the reach of GW astronomy towards the edge of
the observable Universe (redshift z ∼ 100) [32, 721]. Binary neutron star mergers at cos-
mological distances will be observable with Cosmic Explorer and LIGO Voyager. A network
consisting of Cosmic Explorer in the U.S. and Einstein Telescope in Europe would detect
∼ 105 binary neutron star mergers per year, with a median redshift of ∼ 1.5 (close to the
peak of star formation) and a horizon of z ∼ 9 [722]. 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. The improved low-frequency sensitivity
of next-generation detectors allows them to detect and localize sources prior to merger. A
rough timeline of the various gravitational-wave detectors is given in Fig. 17. The current
plan in the US is to maximize the observation in the LIGO Facilities until Cosmic Explorer
is observing. While there will be some breaks to further improve the sensitivity, actual ob-
serving time will be prioritized in coordination with the other terrestrial detectors of that
epoch: LIGO-India, Virgo, and KAGRA.

In order to realize the full potential of current and future observatories improved wave-
form models would be needed to meet the greater sensitivity of next generation observa-
tories. A new generation of numerical-relativity codes capable of achieving greater accu-
racy, smaller systematic bias and larger computational speeds, should be developed [41].
At the same time, it is important to harness analytical tools from high-energy physics,
e.g. scattering amplitudes and effective field theory, and develop a framework for com-
puting gravitational-wave signals from binary black holes and neutron stars [723]. The
synergy between the gravitational-wave and high-energy physics communities will help
build waveform models that will be more accurate and mitigate systematic bias.

Figure 17: Timeline of current and proposed GW observatories. The LIGO, Virgo, and KAGRA timelines are taken from the frequently
updated joint run planning page https://observing.docs.ligo.org/plan. The LISA launch date and mission lifetime are taken from
the ESA-LISA Factsheet https://www.esa.int/Science_Exploration/Space_Science/LISA_factsheet.

Cosmological probes The present tensions and discrepancies among different cosmolog-
ical measurements, in particular the H0 tension as the most significant one, offer crucial
insights in our understanding of the Universe. In the near future, we expect precise mea-
surements of the expansion and growth history over a large range of experiments. In Ta-
ble 1, we provide a list of all these multi-frequency/multimessenger experiments together
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with the most influential probes and space missions from the last two decades. In Table 2,
the experiments are grouped by their “driving science”: detection of the redshifted 21 cm
line in neutral hydrogen, BAO, redshift space distortion (RSD), cosmic chronometers (CC),
CMB, distance ladder, fast radio bursts (FRB), GW, quasars, redshift drift, spectral distor-
tions (SDs), supernovae (SNe), time-delay cosmography, time-lag cosmography, varying
fundmental constants, and weak lensing (WL). A detailed description of these experiments
is provided in Ref. [6] and in the CF6 report.

8 Connections to other Snowmass Frontiers

Seeking the fundamental nature of matter and associated mysteries bridges the Theory, Ac-
celerator, Energy, Instrumentation, Neutrino, Computational, and Cosmic Frontiers, thus
connecting astroparticle physics and accelerator-based particle physics. Ergo, the study
of astroparticle physics can have significant implications in the search for physics beyond
the SM at the LHC and future colliders. Correspondingly, LHC experiments provide the
laboratory for measurements relevant to understand the subtleties of astroparticle physics.
We have provided specific examples of this synergy in Secs. 4.1 and 4.3, where we dis-
cussed the relation between the Forward Physics Facility (FPF) with neutrino telescopes
and cosmic-ray observatories. This has been discussed in more detail in Refs. [7, 29]. All
of these specific examples are, of course, also related to the Computational Frontier as
explained in Ref. [7].

There is also a strong synergy between cosmological and laboratory searches in new
physics [724]. The relation between the Cosmic and Neutrino Frontiers has been empha-
sized in Sec. 4.2, with typical examples ranging from measurements of neutrino oscillation
parameters to understanding the properties of neutrino masses [8, 10, 11] and bounds on
the neutrino mass sum inferred from cosmological observations [6].

The phenomenological implications of the Swampland program provide a strong con-
nection between the Theory and the Cosmic Frontiers. The swampland conjectures seem to
pose an interesting challenge for inflation, particle phenomenology, and the cosmological
hierarchy problem. In Sec. 6.6, we briefly related some of these topics, which are discussed
at length in Refs. [6, 43, 713]. At the same time, the interface between early Universe cos-
mology and fundamental theories of particle physics ties up the Cosmic and Energy Fron-
tiers [725, 726]. Finally, searches for signals of particle dark matter and light relics provide
the connector between the Accelerator, Energy, and Cosmic Frontiers [29, 180, 271, 727].

Beyond the fundamental scientific complementarity between studying terrestrial and
astroparticle physics, there is a deep connection between the instrumentation built for
each subfield. The future of multimessenger astrophysics hangs on the development of
new gamma-ray detector technology in the MeV and GeV range because all of the modern
multimessenger co-detections involve gamma-rays in this range, and no new, long-term fa-
cilities are currently planned to replace those we may lose over the next decade. Gamma-
ray detectors, discussed in Sec. 7 and further in Refs. [9, 49], are developed and built
using techniques, materials, and understanding from particle physics, and vice versa. The

53



instrumentalists who build each type of detector move fluidly from one field to the other,
giving particle physicists the opportunity to work on smaller experiments in astroparticle
physics, and passing new technology development back into larger particle-physics exper-
iments. Due to the interconnected nature of gamma-ray and collider detector technology
development, this is a key area for collaborative investment across agencies in the coming
decade, and could define multimessenger astrophysics for many decades to come.

9 Diversity, Equity, Inclusion, and Accessibility

Peak scientific excellence for any country begins and develops in key government in-
vestment targeted at actions available today to produce tangible advancement tomorrow.
While we often think of these investments in terms of technology development, flagship
facilities, and the returns they enable, as a nation, we cannot afford to overlook investment
in our scientific workforce. While this conversation must include broader generational as-
pects of fair compensation, scientific literacy in public education, and reasonable access to
higher education without a lifetime of debt, there are also specific barriers to some people
whose abilities would benefit national excellence in science, who are too often excluded for
untenable reasons, collectively referred to as Diversity, Equity, Inclusion, and Accessibility
(DEIA).

Diversity, equity, inclusion, and accessibility are fundamental elements of a modern
and innovative workplace, school, or team. Cosmic Probes of Fundamental Physics and
the Cosmic Frontier, more generally, are well poised to bring new ideas from the extensive
literature on DEIA topics to the fore of the broader physics community. It is necessary to
be mindful of cultural bias and the impact of personal experiences on student recruiting,
training and opportunities, as well as on the retention of more senior trainees and experts.
Prioritizing the recruitment and retention of bright minds over the shape or color of the
body they come in or their socioeconomic background is of vital and imminent importance
to innovation and excellence. This is an argument for providing the educational, mentor-
ing, and community support to individuals in achieving their highest potential because that
raises, rather than lowers the bar for academic, scientific, and competitive achievement for
the nation as a whole.

For funding agencies, one of the most impactful changes that should be made over the
next decade is to keep track of demographic information for collaborations they fund and
for PIs (and other key leadership roles) specifically. That demographic information should
include gender and ethnicity at a minimum, but may also include career stage, sexuality,
institution type, and other items they might find relevant. The idea here being that there is
demonstrated gender bias in awards and leadership roles as well as suspected racial bias,
especially in small and mid-sized awards, which is where an earlier career person might
start to build up their grant portfolio. Keeping those statistics and making them public
in aggregate will allow the community to push for other changes and measure if they are
effective, e.g., dual anonymous reviews or inclusion of DEIA service in science grants. At
present, DEIA considerations are not a component of funding decisions for the grant host,
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but they sneak into the results through bias prone review processes. Advisors who tell
their students for their (the students’) own benefit not to spend time on activities that will
not pan out as part of their career are not categorically in the wrong. The system they are
advising for needs to support the work of tracking, studying, and supporting DEIA goals,
so we ask for that support. The first step is the most important: track the demographics to
map where the money goes. In the future, we hope to see hiring and performance reviews
for scientists and researchers to include a component evaluating their service to DEIA in
the same way that we often consider other services to the community, like mentoring and
serving as a reviewer.

Recommendations for building a culture of equitable access and success for marginal-
ized members in today’s Particle Physics Community have been presented in various Snow-
mass whitepapers and seminars [49, 728, 729].
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Table 1: Cosmological probes. From Ref. [6].

Acronym Experiment Website Status
4MOST 4-metre Multi-Object Spectroscopic Telescope https://4MOST expected 2023

ACT Atacama Cosmology Telescope https://act.princeton.edu ongoing
ANDES ArmazoNes high Dispersion Echelle Spectrograph https://ANDES planned

ATLAS Probe Astrophysics Telescope for Large Area Spectroscopy Probe https://atlas-probe proposed
BAHAMAS BAryons and HAloes of MAssive Systems https://BAHAMAS 2017-2018

BICEP Background Imaging of Cosmic Extragalactic Polarization http://bicepkeck.org ongoing
BINGO Baryon Acoustic Oscillations https://bingotelescope.org planned

from Integrated Neutral Gas Observations
BOSS Baryon Oscillations Spectroscopy Survey https://BOSS ongoing

CANDELS Cosmic Assembly Near-infrared Deep https://candels
Extragalactic Legacy Survey

CCHP Carnegie-Chicago Hubble Project https://carnegiescience.edu
CE Cosmic Explorer https://cosmicexplorer.org planned

CFHT Canada-France-Hawaii Telescope https://cfht.hawaii.edu ongoing
CHIME Canadian Hydrogen Intensity Mapping Experiment https://chime-experiment.ca ongoing
CLASS Cosmology Large Angular Scale Surveyor https://class ongoing

CMB-HD Cosmic Microwave Background-High Definition https://cmb-hd.org proposed
CMB-S4 Cosmic Microwave Background-Stage IV https://cmb-s4.org planned 2029-2036
COMAP CO Mapping Array Pathfinder https://comap.caltech.edu ongoing
DECIGO DECi-hertz Interferometer Gravitational wave Observatory https://decigo.jp planned

DES Dark Energy Survey https://darkenergysurvey.org ongoing
DESI Dark Energy Spectroscopic Instrument https://desi.lbl.gov ongoing
dFGS 6-degree Field Galaxy Survey http://6dfgs.net 2001-2007

eBOSS Extended Baryon Oscillations Spectroscopy Survey https://eboss 2014-2019
ELT Extremely Large Telescope https://elt.eso.org planned 2027

ESPRESSO Echelle SPectrograph for Rocky Exoplanets https://espresso.html ongoing
and Stable Spectroscopic Observations

ET Einstein Telescope http://www.et-gw.eu planned
Euclid Euclid Consortium https://www.euclid-ec.org planned 2023
Gaia Gaia https://gaia ongoing
GBT Green Bank Telescope https://greenbankobservatory.org ongoing

GRAVITY General Relativity Analysis via VLT InTerferometrY https://gravity ongoing
GRAVITY+ upgrade version of GRAVITY https://gravityplus planned

HARPS High Accuracy Radial-velocity Planet Searcher https://harps.html ongoing
HIRAX Hydrogen Intensity and Real-time Analysis eXperiment https://hirax.ukzn.ac.za planned
HIRES HIgh Resolution Echelle Spectrometer https://hires ongoing

H0LiCOW H0 Lenses in Cosmograil’s Wellspring https://H0LiCOW
HSC Hyper Suprime-Cam https://hsc.mtk.nao.ac.jp finished
HST Hubble Space Telescope https://hubble ongoing

KAGRA Kamioka Gravitational wave detector https://kagra expected 2023
KiDS Kilo-Degree Survey http://kids ongoing
JWST James Webb Space Telescope https://jwst.nasa.gov ongoing
LIGO Laser Interferometer Gravitational Wave Observatory https://ligo.caltech.edu ongoing

LIGO-India Laser Interferometer Gravitational Wave Observatory India https://ligo-india.in planned
LiteBIRD Lite (Light) satellite for the studies of B-mode polarization https://litebird.html planned

and Inflation from cosmic background Radiation Detection
LISA Laser Interferometer Space Antenna https://lisa.nasa.gov planned

LGWA Lunar Gravitational-Wave Antenna http://LGWA proposed
MCT CLASH Multi-Cycle Treasury https://CLASH

MeerKAT Karoo Array Telescope https://meerkat ongoing
NANOGrav North American Nanohertz Observatory for Gravitational Waves http://nanograv.org/ ongoing

OWFA Ooty Wide Field Array http://ort.html planned
OWLS OverWhelmingly Large Simulations https://OWLS

Pan-STARRS Panoramic Survey Telescope and Rapid Response System https://panstarrs.stsci.edu ongoing
PFS Subaru Prime Focus Spectrograph https://pfs.ipmu.jp expected 2023

Planck Planck collaboration https://www.esa.int/Planck 2009-2013
POLARBEAR POLARBEAR http://polarbear finished

PUMA Packed Ultra-wideband Mapping Array http://puma.bnl.gov planned
Roman/WFIRST Nancy Grace Roman Space Telescope http://roman.gsfc.nasa.gov planned

Rubin/LSST Rubin Observatory Legacy Survey of Space and Time https://lsst.org expected 2024-2034
SDSS Sloan Digital Sky Survey https://sdss.org ongoing

SH0ES Supernovae H0 for the Equation of State https://SH0ES-Supernovae
SKAO Square Kilometer Array Observatory https://skatelescope.org planned

Simons Array Simons Array http://simonarray in preparation
SLACS Sloan Lens ACS https://SLACS.html

SO Simons Observatory https://simonsobservatory.org expected 2024-2029
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https://www.eso.org/sci/facilities/develop/instruments/4MOST.html
https://act.princeton.edu
https://elt.eso.org/instrument/ANDES/
https://atlas-probe.ipac.caltech.edu/
https://www.astro.ljmu.ac.uk/~igm/BAHAMAS
http://bicepkeck.org/
https://bingotelescope.org/
https://cosmology.lbl.gov/BOSS/
https://www.ipac.caltech.edu/project/candels
https://carnegiescience.edu/projects/carnegie-hubble-program
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https://www.cfht.hawaii.edu
https://chime-experiment.ca/en
https://sites.krieger.jhu.edu/class/
https://cmb-hd.org
https://cmb-s4.org
https://comap.caltech.edu
https://decigo.jp/index_E.html
https://www.darkenergysurvey.org
https://www.desi.lbl.gov
http://www.6dfgs.net
https://www.sdss.org/surveys/eboss/
https://elt.eso.org
https://www.eso.org/sci/facilities/paranal/instruments/espresso.html
http://www.et-gw.eu
https://www.euclid-ec.org
https://sci.esa.int/web/gaia/
https://greenbankobservatory.org/science/telescopes/gbt/
https://www.mpe.mpg.de/ir/gravity
https://www.mpe.mpg.de/ir/gravityplus 
https://www.eso.org/sci/facilities/lasilla/instruments/harps.html
https://hirax.ukzn.ac.za
https://www2.keck.hawaii.edu/inst/hires/
https://shsuyu.github.io/H0LiCOW/site/
https://hsc.mtk.nao.ac.jp/ssp/survey
https://www.nasa.gov/mission_pages/hubble
https://gwcenter.icrr.u-tokyo.ac.jp/en/organization
http://kids.strw.leidenuniv.nl
https://jwst.nasa.gov/content/webbLaunch/index.html
https://www.ligo.caltech.edu
https://www.ligo-india.in
https://www.isas.jaxa.jp/en/missions/spacecraft/future/litebird.html
https://lisa.nasa.gov
http://socrate.cs.unicam.it/index.php
https://www.stsci.edu/~postman/CLASH/
https://www.sarao.ac.za/science/meerkat/
http://nanograv.org/
http://rac.ncra.tifr.res.in/ort.html
https://virgo.dur.ac.uk/2010/02/12/OWLS
https://panstarrs.stsci.edu
https://pfs.ipmu.jp
https://www.esa.int/Science_Exploration/Space_Science/Planck
http://bolo.berkeley.edu/polarbear/
http://puma.bnl.gov
http://roman.gsfc.nasa.gov
https://www.lsst.org
https://www.sdss.org
https://archive.stsci.edu/proposal_search.php?id=10802&mission=hst
https://www.skatelescope.org
http://bolo.berkeley.edu/polarbear/
https://web.physics.utah.edu/~bolton/slacs/What_is_SLACS.html
https://simonsobservatory.org


Acronym Experiment Website Status
SPHEREx Spectro-Photometer for the History of the Universe, Epoch of Reionization, https://spherex expected 2025

and Ices Explorer
SPIDER SPIDER https://spider planned

SPT South Pole Telescope https://pole.uchicago.edu ongoing
STRIDES STRong-lensing Insights into Dark Energy Survey https://strides.astro.ucla.edu ongoing

TDCOSMO Time Delay Cosmography http://tdcosmo.org ongoing
uGMRT Upgraded Giant Metre-wave Radio Telescope https://gmrt.ncra.tifr.res.in ongoing
UNIONS The Ultraviolet Near- Infrared Optical Northern Survey https://skysurvey.cc

UVES Ultra Violet Echelle Spectrograph https://uves ongoing
VIKING VISTA Kilo-degree Infrared Galaxy Survey http://horus.roe.ac.uk/vsa/ ongoing
Virgo Virgo https://virgo-gw.eu ongoing
VLA Very Large Array https://vla ongoing

VLBA Very Long Baseline Array https://vlba ongoing
VLT Very Large Telescope https://vlt ongoing

WFC3 Wide Field Camera 3 https://wfc3 ongoing
WMAP Wikilson Microwave Anisotropy Probe https://map.gsfc.nasa.gov 2001-2010

YSE Young Supernova Experiment https://yse.ucsc.edu ongoing
ZTF Zwicky Transient Facility https://ztf.caltech.edu ongoing

Table 2: Cosmological probes grouped by their driven science. From Ref. [6].

Science Facilities
21 cm BINGO, CHIME, GBT, HIRAX, MeerKAT, OWFA, PUMA , SKAO, uGMRT
BAO and RSD 4MOST, BINGO, CHIME, COMAP, DESI, Euclid, HIRAX, PFS, Roman, Rubin, SKAO, SPHEREx
CC ATLAS, Euclid, SPHEREx
CMB ACT, BICEP/Keck, CMB-HD, CMB-S4, LiteBIRD, SO, SPT
Distance ladder ELTs, Gaia , GBT, JWST, LIGO, Roman, Rubin, VLA, VLBA
FRB CHIME
GW Cosmic Explorer, DECIGO , ET, LGWA, LIGO/Virgo/KAGRA/LIGO-India, LISA, Taiji, TianQin
Quasars GRAVITY+
Redshift drift ANDES, ELTs, SKAO
SDs SuperPIXIE
SNe Rubin, Roman, YSE, ZTF
Time Delay cosmography Euclid, Pan-STARRS, Roman, Rubin, SKAO, ZTF
Time Lag cosmography Rubin
Varying fundamental constant ANDES, ELTs, ESPRESSO
WL 4MOST, CFHT,DES, Euclid, HSC, KiDS, Pan-STARRS , Roman, Rubin, SKAO, UNIONS
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[23] R. López-Coto, M. Doro, A. de Angelis, M. Mariotti and J.P. Harding, Prospects for
the observation of Primordial Black Hole evaporation with the Southern Wide field of
view Gamma-ray Observatory, J. Cosmology Astropart. Phys. 2021 (2021) 040
[2103.16895].

[24] CTA CONSORTIUM collaboration, B.S. Acharya et al., Science with the Cherenkov
Telescope Array, WSP (11, 2018), 10.1142/10986, [1709.07997].

[25] C.A. Kierans, AMEGO: exploring the extreme multimessenger universe, in Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, vol. 11444 of
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,
p. 1144431, Dec., 2020, DOI [2101.03105].

[26] ICECUBE collaboration, The IceCube Upgrade - Design and Science Goals, PoS
ICRC2019 (2021) 1031 [1908.09441].

[27] CF7 SNOWMASS WORKING GROUP collaboration, Synergy of astro-particle physics
and collider physics, https://doi.org/10.5281/zenodo.4009452 (2020) .

[28] L.A. Anchordoqui et al., The Forward Physics Facility: Sites, experiments, and physics
potential, Phys. Rept. 968 (2022) 1 [2109.10905].

59

https://arxiv.org/abs/2203.08854
https://arxiv.org/abs/2208.02353
https://doi.org/10.1103/PhysRevD.84.085006
https://arxiv.org/abs/1108.2509
https://doi.org/10.1088/1475-7516/2022/01/023
https://arxiv.org/abs/2112.06773
https://doi.org/10.1088/1475-7516/2003/05/005
https://arxiv.org/abs/hep-ph/0302030
https://doi.org/10.1103/PhysRevD.64.096005
https://arxiv.org/abs/hep-ph/0103175
https://arxiv.org/abs/1902.08429
https://doi.org/10.1088/1475-7516/2021/08/040
https://arxiv.org/abs/2103.16895
https://doi.org/10.1142/10986
https://arxiv.org/abs/1709.07997
https://doi.org/10.1117/12.2562352
https://arxiv.org/abs/2101.03105
https://doi.org/10.22323/1.358.1031
https://doi.org/10.22323/1.358.1031
https://arxiv.org/abs/1908.09441
https://doi.org/10.1016/j.physrep.2022.04.004
https://arxiv.org/abs/2109.10905


[29] J.L. Feng et al., The Forward Physics Facility at the High-Luminosity LHC,
2203.05090.
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[589] R. López-Coto and G. Giacinti, Constraining the properties of the magnetic
turbulence in the Geminga region using HAWC γ-ray data, Mon. Not. Roy. Astron.
Soc. 479 (2018) 4526 [1712.04373].

[590] C. Evoli, T. Linden and G. Morlino, Self-generated cosmic-ray confinement in TeV
halos: Implications for TeV γ-ray emission and the positron excess, Phys. Rev. D 98
(2018) 063017 [1807.09263].

[591] R.-Y. Liu, H. Yan and H. Zhang, Understanding the Multiwavelength Observation of
Geminga’s Tev Halo: The Role of Anisotropic Diffusion of Particles, Phys. Rev. Lett.
123 (2019) 221103 [1904.11536].

[592] S. Recchia, M. Di Mauro, F.A. Aharonian, L. Orusa, F. Donato, S. Gabici et al., Do
the Geminga, Monogem and PSR J0622+3749 γ-ray halos imply slow diffusion
around pulsars?, Phys. Rev. D 104 (2021) 123017 [2106.02275].

[593] P. De La Torre Luque, O. Fornieri and T. Linden, Anisotropic diffusion cannot explain
TeV halo observations, 2205.08544.

[594] E.M. Burbidge, G. Burbidge, W.A. Fowler and F. Hoyle, Synthesis of the elements in
stars, Reviews of Modern Physics 29 (1957) 547.

[595] A. Frebel and T.C. Beers, The formation of the heaviest elements, Phys. Today 71
(2018) 0130 [1801.01190].

[596] LIGO SCIENTIFIC, VIRGO, FERMI-GBM, INTEGRAL collaboration, Gravitational
Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB
170817A, Astrophys. J. Lett. 848 (2017) L13 [1710.05834].

[597] J.J. Cowan, C. Sneden, J.E. Lawler, A. Aprahamian, M. Wiescher, K. Langanke
et al., Origin of the heaviest elements: The rapid neutron-capture process, Rev. Mod.
Phys. 93 (2021) 15002 [1901.01410].

[598] G.M. Fuller, A. Kusenko and V. Takhistov, Primordial Black Holes and r-Process
Nucleosynthesis, Phys. Rev. Lett. 119 (2017) 061101 [1704.01129].

[599] A.B. Balantekin et al., Nuclear Theory and Science of the Facility for Rare Isotope
Beams, Mod. Phys. Lett. A 29 (2014) 1430010 [1401.6435].

[600] J. Johnson, Populating the periodic table: Nucleosynthesis of the elements, Science
363 (2019) 474.

100

https://doi.org/10.1051/0004-6361/201936505
https://doi.org/10.1051/0004-6361/201936505
https://arxiv.org/abs/1907.12121
https://doi.org/10.1093/mnras/sty1821
https://doi.org/10.1093/mnras/sty1821
https://arxiv.org/abs/1712.04373
https://doi.org/10.1103/PhysRevD.98.063017
https://doi.org/10.1103/PhysRevD.98.063017
https://arxiv.org/abs/1807.09263
https://doi.org/10.1103/PhysRevLett.123.221103
https://doi.org/10.1103/PhysRevLett.123.221103
https://arxiv.org/abs/1904.11536
https://doi.org/10.1103/PhysRevD.104.123017
https://arxiv.org/abs/2106.02275
https://arxiv.org/abs/2205.08544
https://doi.org/10.1063/PT.3.3815
https://doi.org/10.1063/PT.3.3815
https://arxiv.org/abs/1801.01190
https://doi.org/10.3847/2041-8213/aa920c
https://arxiv.org/abs/1710.05834
https://doi.org/10.1103/RevModPhys.93.015002
https://doi.org/10.1103/RevModPhys.93.015002
https://arxiv.org/abs/1901.01410
https://doi.org/10.1103/PhysRevLett.119.061101
https://arxiv.org/abs/1704.01129
https://doi.org/10.1142/S0217732314300109
https://arxiv.org/abs/1401.6435
https://doi.org/10.1126/science.aau9540
https://doi.org/10.1126/science.aau9540


[601] R. Diehl, A. Korn, B. Leibundgut, M. Lugaro and A. Wallner, Cosmic nucleosynthesis:
a multi-messenger challenge, 2206.12246.

[602] K. O’Neal-Ault, Q.G. Bailey, T. Dumerchat, L. Haegel and J. Tasson, Analysis of
Birefringence and Dispersion Effects from Spacetime-Symmetry Breaking in
Gravitational Waves, Universe 7 (2021) 380 [2108.06298].

[603] S. Alexander, L.S. Finn and N. Yunes, A Gravitational-wave probe of effective
quantum gravity, Phys. Rev. D 78 (2008) 066005 [0712.2542].

[604] D. Yoshida and J. Soda, Exploring the string axiverse and parity violation in gravity
with gravitational waves, Int. J. Mod. Phys. D 27 (2018) 1850096 [1708.09592].

[605] P. Horava, Quantum Gravity at a Lifshitz Point, Phys. Rev. D 79 (2009) 084008
[0901.3775].

[606] M. Crisostomi, K. Noui, C. Charmousis and D. Langlois, Beyond Lovelock gravity:
Higher derivative metric theories, Phys. Rev. D 97 (2018) 044034 [1710.04531].

[607] A. Conroy and T. Koivisto, Parity-Violating Gravity and GW170817 in
Non-Riemannian Cosmology, JCAP 12 (2019) 016 [1908.04313].

[608] M. Saleem et al., The science case for LIGO-India, Class. Quant. Grav. 39 (2022)
025004 [2105.01716].

[609] LIGO collaboration, A cryogenic silicon interferometer for gravitational-wave
detection, Class. Quant. Grav. 37 (2020) 165003 [2001.11173].

[610] C. Cutler et al., What we can learn from multi-band observations of black hole
binaries, 1903.04069.

[611] N. Muttoni, A. Mangiagli, A. Sesana, D. Laghi, W. Del Pozzo, D. Izquierdo-Villalba
et al., Multiband gravitational wave cosmology with stellar origin black hole binaries,
Phys. Rev. D 105 (2022) 043509 [2109.13934].

[612] A. Gupta, S. Datta, S. Kastha, S. Borhanian, K.G. Arun and B.S. Sathyaprakash,
Multiparameter tests of general relativity using multiband gravitational-wave
observations, Phys. Rev. Lett. 125 (2020) 201101 [2005.09607].

[613] S. Mukherjee, B.D. Wandelt and J. Silk, Testing the general theory of relativity using
gravitational wave propagation from dark standard sirens, Mon. Not. Roy. Astron.
Soc. 502 (2021) 1136 [2012.15316].

[614] K.G. Arun, B.R. Iyer, M.S.S. Qusailah and B.S. Sathyaprakash, Probing the
non-linear structure of general relativity with black hole binaries, Phys. Rev. D 74
(2006) 024006 [gr-qc/0604067].

101

https://arxiv.org/abs/2206.12246
https://doi.org/10.3390/universe7100380
https://arxiv.org/abs/2108.06298
https://doi.org/10.1103/PhysRevD.78.066005
https://arxiv.org/abs/0712.2542
https://doi.org/10.1142/S0218271818500967
https://arxiv.org/abs/1708.09592
https://doi.org/10.1103/PhysRevD.79.084008
https://arxiv.org/abs/0901.3775
https://doi.org/10.1103/PhysRevD.97.044034
https://arxiv.org/abs/1710.04531
https://doi.org/10.1088/1475-7516/2019/12/016
https://arxiv.org/abs/1908.04313
https://doi.org/10.1088/1361-6382/ac3b99
https://doi.org/10.1088/1361-6382/ac3b99
https://arxiv.org/abs/2105.01716
https://doi.org/10.1088/1361-6382/ab9143
https://arxiv.org/abs/2001.11173
https://arxiv.org/abs/1903.04069
https://doi.org/10.1103/PhysRevD.105.043509
https://arxiv.org/abs/2109.13934
https://doi.org/10.1103/PhysRevLett.125.201101
https://arxiv.org/abs/2005.09607
https://doi.org/10.1093/mnras/stab001
https://doi.org/10.1093/mnras/stab001
https://arxiv.org/abs/2012.15316
https://doi.org/10.1103/PhysRevD.74.024006
https://doi.org/10.1103/PhysRevD.74.024006
https://arxiv.org/abs/gr-qc/0604067


[615] C.K. Mishra, K.G. Arun, B.R. Iyer and B.S. Sathyaprakash, Parametrized tests of
post-Newtonian theory using Advanced LIGO and Einstein Telescope, Phys. Rev. D 82
(2010) 064010 [1005.0304].

[616] N. Yunes and F. Pretorius, Fundamental Theoretical Bias in Gravitational Wave
Astrophysics and the Parameterized Post-Einsteinian Framework, Phys. Rev. D 80
(2009) 122003 [0909.3328].

[617] S.E. Perkins, N. Yunes and E. Berti, Probing Fundamental Physics with Gravitational
Waves: The Next Generation, Phys. Rev. D 103 (2021) 044024 [2010.09010].

[618] M. Maggiore, Gravitational wave experiments and early universe cosmology, Phys.
Rept. 331 (2000) 283 [gr-qc/9909001].

[619] C. Caprini and D.G. Figueroa, Cosmological Backgrounds of Gravitational Waves,
Class. Quant. Grav. 35 (2018) 163001 [1801.04268].

[620] M. Giovannini, Primordial backgrounds of relic gravitons, Prog. Part. Nucl. Phys.
112 (2020) 103774 [1912.07065].

[621] C. de Rham, Massive Gravity, Living Rev. Rel. 17 (2014) 7 [1401.4173].

[622] M. Crisostomi, D. Comelli and L. Pilo, On the Cosmology of Massive Bigravity,
Nuovo Cim. C 38 (2015) 30.

[623] V. Cardoso, O.J.C. Dias and J.P.S. Lemos, Gravitational radiation in D-dimensional
space-times, Phys. Rev. D 67 (2003) 064026 [hep-th/0212168].

[624] I.D. Saltas, I. Sawicki, L. Amendola and M. Kunz, Anisotropic Stress as a Signature
of Nonstandard Propagation of Gravitational Waves, Phys. Rev. Lett. 113 (2014)
191101 [1406.7139].

[625] L. Lombriser and A. Taylor, Breaking a Dark Degeneracy with Gravitational Waves,
JCAP 03 (2016) 031 [1509.08458].

[626] L. Lombriser and N.A. Lima, Challenges to Self-Acceleration in Modified Gravity from
Gravitational Waves and Large-Scale Structure, Phys. Lett. B 765 (2017) 382
[1602.07670].

[627] E. Belgacem, Y. Dirian, S. Foffa and M. Maggiore, Gravitational-wave luminosity
distance in modified gravity theories, Phys. Rev. D 97 (2018) 104066 [1712.08108].

[628] A. Nishizawa, Generalized framework for testing gravity with gravitational-wave
propagation. I. Formulation, Phys. Rev. D 97 (2018) 104037 [1710.04825].

[629] E. Belgacem, Y. Dirian, S. Foffa and M. Maggiore, Modified gravitational-wave
propagation and standard sirens, Phys. Rev. D 98 (2018) 023510 [1805.08731].

102

https://doi.org/10.1103/PhysRevD.82.064010
https://doi.org/10.1103/PhysRevD.82.064010
https://arxiv.org/abs/1005.0304
https://doi.org/10.1103/PhysRevD.80.122003
https://doi.org/10.1103/PhysRevD.80.122003
https://arxiv.org/abs/0909.3328
https://doi.org/10.1103/PhysRevD.103.044024
https://arxiv.org/abs/2010.09010
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1016/S0370-1573(99)00102-7
https://arxiv.org/abs/gr-qc/9909001
https://doi.org/10.1088/1361-6382/aac608
https://arxiv.org/abs/1801.04268
https://doi.org/10.1016/j.ppnp.2020.103774
https://doi.org/10.1016/j.ppnp.2020.103774
https://arxiv.org/abs/1912.07065
https://doi.org/10.12942/lrr-2014-7
https://arxiv.org/abs/1401.4173
https://doi.org/10.1393/ncc/i2015-15030-5
https://doi.org/10.1103/PhysRevD.67.064026
https://arxiv.org/abs/hep-th/0212168
https://doi.org/10.1103/PhysRevLett.113.191101
https://doi.org/10.1103/PhysRevLett.113.191101
https://arxiv.org/abs/1406.7139
https://doi.org/10.1088/1475-7516/2016/03/031
https://arxiv.org/abs/1509.08458
https://doi.org/10.1016/j.physletb.2016.12.048
https://arxiv.org/abs/1602.07670
https://doi.org/10.1103/PhysRevD.97.104066
https://arxiv.org/abs/1712.08108
https://doi.org/10.1103/PhysRevD.97.104037
https://arxiv.org/abs/1710.04825
https://doi.org/10.1103/PhysRevD.98.023510
https://arxiv.org/abs/1805.08731


[630] G. Congedo and A. Taylor, Joint cosmological inference of standard sirens and
gravitational wave weak lensing, Phys. Rev. D 99 (2019) 083526 [1812.02730].

[631] S. Mukherjee, B.D. Wandelt and J. Silk, Probing the theory of gravity with
gravitational lensing of gravitational waves and galaxy surveys, Mon. Not. Roy.
Astron. Soc. 494 (2020) 1956 [1908.08951].

[632] S. Mukherjee, B.D. Wandelt and J. Silk, Multimessenger tests of gravity with weakly
lensed gravitational waves, Phys. Rev. D 101 (2020) 103509 [1908.08950].

[633] J.M. Ezquiaga, W. Hu and M. Lagos, Apparent Superluminality of Lensed
Gravitational Waves, Phys. Rev. D 102 (2020) 023531 [2005.10702].

[634] C.M. Will, Bounding the mass of the graviton using gravitational wave observations
of inspiralling compact binaries, Phys. Rev. D 57 (1998) 2061 [gr-qc/9709011].
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Hubble sinks in the low-redshift swampland, Phys. Rev. D 103 (2021) L081305
[2006.00244].

[702] G. Montefalcone, P.J. Steinhardt and D.H. Wesley, Dark energy, extra dimensions,
and the Swampland, JHEP 06 (2020) 091 [2005.01143].
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