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Abstract. The unification of quantum mechanics and general relativity has long

been elusive. Only recently have empirical predictions of various possible theories

of quantum gravity been put to test, where a clear signal of quantum properties of

gravity is still missing. The dawn of multi-messenger high-energy astrophysics has

been tremendously beneficial, as it allows us to study particles with much higher

energies and travelling much longer distances than possible in terrestrial experiments,

but more progress is needed on several fronts.

A thorough appraisal of current strategies and experimental frameworks, regarding

quantum gravity phenomenology, is provided here. Our aim is twofold: a description

of tentative multimessenger explorations, plus a focus on future detection experiments.

As the outlook of the network of researchers that formed through the COST Action

CA18108 “Quantum gravity phenomenology in the multi-messenger approach (QG-

MM)”, in this work we give an overview of the desiderata that future theoretical

frameworks, observational facilities, and data-sharing policies should satisfy in order

to advance the cause of quantum gravity phenomenology.

Keywords : quantum gravity phenomenology, Lorentz invariance violation and

deformation, gamma-ray astronomy, cosmic neutrinos, ultra-high-energy cosmic rays,

gravitational waves, multi-messenger astronomy, spacetime foam

Submitted to: Class. Quantum Grav.
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1. Introduction

Is gravity quantized? If not, why does gravity have fundamentally different properties

from the other three fundamental forces of nature? If yes, how does a fundamental self-

consistent theory of quantum gravity (QG) look and where does the quantum nature of

gravity manifest itself in observations? These are among the major open questions in

fundamental physics.

There are many theoretical approaches aiming at finding a self-consistent theory of

QG, such as canonical quantum gravity [1], string theory [2, 3], loop quantum gravity
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[4], non-commutative geometry [5], asymptotic safety [6], causal dynamical triangulation

[7], or causal sets [8], all focusing on different aspects of how the theory should

look like, inspired by what we know about the mathematical structures of quantum

theory. The path from these fundamental approaches to quantitative predictions of

observables often takes huge computational efforts and requires simplifying assumptions

and approximations.

What is missing is a clear signal of quantum properties of gravity, the reasons

for which might be that we have not yet constructed the right dedicated experiment to

search for QG effects, that the current instruments do not yet have the sensitivity needed

to detect Planck scale effects, or that some effects have been overlooked in available data.

To bridge this gap between fundamental theories of QG and observations, a

bottom-up approach emerged: QG phenomenology [9]. It is a framework that

employs phenomenological models inspired by the results from the different fundamental

approaches and by physical reasoning about QG, to identify effects which can be

searched for in experiments. How and which of these effects emerge from the theory,

depends on the theoretical model under consideration, for example: semi-classical

field equations; the coupling between local tabletop low-energy quantum systems and

gravity; modified gravity with additional scalar or vector fields or modified gravity with

additional geometric fields such as torsion, non-metricity or non-linear connections; non-

minimal couplings between gravity and matter; deviations from Lorentz invariance as in

the standard model extension (SME) or in doubly special relativity (DSR); and many

more [9–17]. These models help to devise the experimental setups required for searching

for specific signatures, and the types of effects being sought. At the same time, evidence

or bounds on any given effect are serving as guides for the construction of fundamental

theories compatible with these phenomenological results.

In the last years, the COST Action CA18108 “Quantum Gravity Phenomenology

in the Multi-Messenger Approach”‡ gathered physicists from different backgrounds in

the theory of QG and multi-messenger astronomy, searching for possible imprints of

QG in the combined observational data of different cosmic messengers, namely gamma

rays, neutrinos, ultra-high-energy cosmic rays (UHECRs) and gravitational waves. It

became clear that one major obstacle in finding them is that often the searches for

QG are not the primary goal of existing experimental setups and observatories, which

were originally designed for another purpose. Further difficulties to proceed arise from

a restricted data availability and a language and interaction barrier between researchers

of different disciplines (in particular experiment and theory).

In this white paper the QG phenomenology community summarizes and highlights

paths to advance and improve the search for QG effects. The overall purpose of this

white paper is to outline the future phenomenological and experimental research of QG

with astrophysical data.

We address some of the most promising observational windows to scales where we

‡ see for more information, https://qg-mm.unizar.es/

https://qg-mm.unizar.es/
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expect QG effects to set in, where we focus on selected effects caused by violations,

deviations or modifications from Lorentz invariance, since these leave observables traces

well below the Planck scale and are, if present, in reach of being either detected or

falsified by multi-messenger astronomy observations in the near future. Moreover, we

identify the necessary conditions for realistically boosting these searches with present

and future facilities. Even more importantly, we aspire to stimulate developments

of novel methods for searches for signatures of QG. Given that at this point there

are no facilities designed for this specific purpose, and experimental tests are usually

performed as side projects, we particularly hope to motivate a development of dedicated

experiments, and that this white paper can be used as a road map in such endeavours.

Surely, this white paper cannot cover all the aspects of the search for QG so we focus

on selected promising prospects of QG searches in multi-messenger astronomy.

The structure of the article is the following. First, in section 2, we present a

discussion on which kind of effects emerge from different approaches to QG that are

most promising to look for. In the following section 3, we identify the experimental

requirements needed to unambiguously identify the presence or absence of these effects

in observational data. Here, it is important to find a way to distinguish between QG

and competing effects. This section serves as preparation to propose dedicated new

experiments in section 4 in order to search for QG. In section 5, it is argued how to

handle data availability is important for good scientific progress. Finally, in section 6

we summarize our discussion and conclude.

2. What effects are we looking for?

There are numerous effects which emerge from theoretical models of quantum gravity.

We discuss the general philosophy about quantum spacetimes in section 2.1, before we

highlight time delay effects, caused by the propagation of particles and fields on quantum

spacetime in section 2.2, and interaction effects caused by the interaction of particles

and fields on quantum spacetime in section 2.3.

2.1. Quantum fluctuating spacetime (“foam”)

Despite the absence of a generally accepted framework of QG, various candidate models

seem to converge on the idea that, due to fundamental quantum uncertainties, the

microstructure of spacetime should be viewed as a dynamical entity fluctuating over

distances of the order of Planck length ℓP and time scales of the order of Planck time tP.

This idea, originally introduced by Wheeler [18], further developed by Hawking [19],

and popularized by Wheeler again [20], implies that, if such fluctuations are large

enough to induce non-trivial deformations of the classical, smooth spacetime, the latter

would develop a “foamy” structure at the ultra-microscopic level, with all manners of

geometrically and topologically nontrivial structures being formed (e.g. via quantum

tunnelling [21]), evolving, interacting and lasting only a few Planck times. Closely
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related to this spacetime foam is the idea of emergent gravity, by which the classical

continuous gravitational field is not fundamental, but instead emerges as a sort of

collective effect (valid in the low-energy regime) from this spacetime foam structure

[22]. The natural question thus arises as to how such a transition may take place

and whether there might be any observable signatures of this foamy microstructure.

The experimental signatures of QG that are being searched at the moment and in

the foreseeable future [23] are predictions of phenomenological toy models that try to

capture only some aspects of quantum mechanics/quantum field theory and general

relativity (GR), rather than robust predictions of a fundamental theory of QG [24].

2.1.1. Some specific approaches Condensed matter systems provide valuable lessons

on how a geometric theory, featuring objects like curvature, torsion and nonmetricity,

can arise as the continuum limit of some more fundamental theory, on which the

metric and affine connection would represent some collective degrees of freedom.

These geometric objects are crucial to capture the existence of microscopic defects

[25], which endow such systems with non-trivial topologies. Indeed, the discrete

microstructure of certain materials (such as graphene) may behave in the continuum

limit as emergent geometries, allowing the propagation of quantum fields on top of them

[26]. Gravitational theories with independent metric and affine structures naturally

accommodate underlying foam-like structures and they can be excited via gravitational

collapse [27]. At the effective level, one could build new gravitational theories based

on the curvature/torsion/nonmetricity trio, such as f(R) [28], f(T ) [29] and f(Q) [30],

connecting different implementations of this transition from the hypothetical foamy

microworld to observational signatures in the macroworld.

There are two other key influential concepts developed in the literature. The

holographic conjecture based on quantum entanglement and emergent spacetime [31–

34] and the entropic interpretation of emergent gravity [35]. Other examples include

continuous emergent microstructures [36], where gravity emerges from the symmetry

breaking of a principal SO(4) bundle, or from a complex system of N interacting particles

with O(N) symmetry, which is governed by quantum mechanics [37], or from gauge

symmetry principles [38]. Spin foams [39] and fractal-based ideas [40] also have their

share in this discussion.

In minimal-length models, foamy effects come from the presence of a minimal

accessible length [41], which modifies the Heisenberg or Poincaré algebra to

accommodate a minimal uncertainty in position measurements at the Planck scale.

In phenomenological models of quantum mechanics, the minimal length appears as a

kinematic feature [42], while the shape itself of the Hamiltonian may be deformed from

the combined action of a modified position-momentum algebra and the choice of a

relativity principle [43, 44]. On the other hand, by equipping this framework to the

standard quantum mechanical scenario with a stochastic nature, it is possible to mimic

the foamy structure of spacetime in the non-relativistic regime and analyse potential

experimental implications [45].
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2.1.2. Some specific effects Given the large variety of conceptual implementations of

the transition of the spacetime foam to the macroscopic world, specific effects studied

in the literature come in many shapes, of which we list several ones here:

• Preferred frame effects, implementing deviations from the fact that the laws of

Physics to be the same for all inertial frames, appear from theories implementing

violations of Lorentz invariance, referred to as Lorentz invariance violation (LIV)

theories. They have been extensively tested [46].

• Time delays (section 2.2) and modified particle interactions (2.3) may appear not

only from LIV theories, but also from doubly special relativity (DSR) theories,

where Lorentz invariance is replaced by another symmetry principle (deformed

Lorentz transformations) [47] caused assuming a second observer-independent

quantity (in addition to the usual light speed), namely, a high-energy scale, usually

associated to the Planck scale.

• A non-trivial subluminal vacuum refractive index suppressed by the inverse Planck-

scale mass [48]. This can be caused by foamy effects that lead to a modified

dispersion relation (MDR) for particles and fields propagating on the foamy

spacetime

p2 = F (E,m,p2, EP) , (1)

where EP is the Planck length, E the particle’s energy, m denotes a mass parameter,

and the function F encodes the MDR. It be obtained from a generalized uncertainty

principle [41], LIV theories [46], DSR theories [49], or more fundamental approaches

with minimal length that lead to one of the phenomenological models [50]. Equation

(1) represents a spontaneous breaking of the Lorentz symmetry by the ground state

of foamy models.

A competing theoretical mechanism that can cause a cosmic vacuum refractive

index is associated with certain exotic models of dark matter [51, 52]. They can be

distinguished from spacetime foam models through the specific dependence of the

refractive index on the photon frequency and the emergence or non-emergence of

birefringence [53].

• Birefringence (different propagation speeds for each light polarization) from QG

spacetime with a polymer-like structure at microscales in loop quantum gravity

[54]. Such effect can be caused by mass-dimension five operators in the effective field

theory extension of the QED sector of the Standard Model [55], by a non-minimal

coupling between the electromagnetic potential and curvature from renormalization

of QED on curved spacetime [56], by the SME extension of the electromagnetic

sector [57] or by premetric electrodynamics in general [58]. Birefringence effects are

further discussed in section 3.2.1.

• Stochastic effects in the velocity of light that lead to a spread of a photon pulse

varying linearly with the photon frequency [59], induced by space-time from D-

particles. This effect needs to be contrasted to the corresponding effects induced
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by the QG-induced refractive index (1), which lead to a frequency-independent

spread. Such effects can also be constrained by similar observations as the QG-

induced refractive-index effect.

• Alternatives to particle dark matter models in emergent gravity induced by

modifications to the gravitational law via entanglement entropy [60].

• Induced triple [61] and higher-order interference [62] in the context of “gravitization

of quantum theory” [63].

• Decoherence and breakdown of unitarity effects, particularly those leading to CPT

violations [64] and neutrino decoherence from light-cone fluctuations [65].

• Broadening of spectral lines from foamy spacetime fluctuations [66].

• QG-induced stochastic LIV effects of generic fuzzy space times [67].

• Modifications of the waveform and the dispersion relation of gravitational waves

due to polymer quantization, leading to a frequency dependence of the speed of the

propagation of the waves [68].

• Variations of the speed of light, different dispersion relations between particles and

antiparticles, and matter–antimatter lepton symmetry can be caused by D-brane

models [69] with bosons [70] and fermions [71] that lead to local effective spacetime

metric distortions.

• Connection between QG and the metaparticle concept [72] as well as the concepts

of Born geometry and Born reciprocity [73].

• Modifications to the properties of neutron stars such as masses-radius relations,

limiting masses (e.g. white dwarf to neutron star) and moments of inertia (see the

review [74]), among others, features all accessible to different observational probes.

• Modified estimates on the dark matter budget due to the quantum fluctuations

of the spacetime metric due to stringy foam-like structures involving spacetime

D-particle defects [75, 76].

On the other hand, specific effects of these models have been searched for using

different observational channels:

• Using the Kilo-Degree Survey (KiDS) and the Galaxy And Mass Assembly (GAMA)

survey [77], consistency of Verlinde’s emergent gravity with weak gravitational

lensing of low-redshift galaxies due to the displacement of dark energy by baryonic

matter could be demonstrated.

• High-energy photons from, e.g., gamma-ray burst (GRB) and blazar [78] are used

to constrain light speed variation with energy (suppressed by a power of the string

mass scale) foam via MDRs of the form (1) [79] and non-trivial refractive index

[48, 53], see also section 2.2. Constraints from birefringent effects and photon

decays are consistent with this foamy scenario. Moreover, using specific GRBs,

constraints on stochastic LIV effects of generic fuzzy space times could be found

exhibiting Planck-scale sensitivity [67]. These results set a benchmark constraint

to be reckoned with by any QG model that features spacetime quantization.
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• Gravitational lensing and black hole shadows can be used to constrain a non-trivial

refractive index of spacetime and MDRs [80–82].

• Null tests on foamy effects based on cumulative effects over distant sources from

X-ray and GRB observations [83].

• Interferometric search for foamy effects, allowing to place constraints on specific

implementations [84, 85].

• Dedicated interferometers can in principle measure pacetime flusctuations that

accumulate along the lightcone directions [86].

• The cosmic microwave background (CMB) [87] and Big Bang nucleosynthesis [88]

yield bounds on the baryon asymmetry that can be translated into bounds for

D-brane models [69–71].

In summary, the spacetime foam idea, being a subset of the larger field of QG

phenomenology, suffers from the same fundamental difficulty, namely, the impossibility

to directly test its effects at the Planck scale. There are, however, two generic effects

that have been widely studied in the literature, namely, time delays in the propagations

of cosmic messengers, and modifications of the kinematics of their interactions, which

we discuss next in sections 2.2 and 2.3 in more detail. We then identify possibilities how

to detect these effects in future search strategies in section 4.

2.2. Time delays in the propagation of cosmic messengers

Time delays emerge already from the classical interaction between gravity and particles

and fields propagating in vacuum that is described by the general relativistic geometry

of spacetime. In this section, we briefly recall this classical achromatic vacuum time

delay effects, that are already predicted by GR, before examining additional energy-

dependent (generally four-momentum dependent) time delays, due to microscopic

quantum fluctuations or foaminess of spacetime (see section 2.1), which are widely

discussed in the literature of QG and its phenomenology. Then, we highlight the main

challenges and difficulties in the search for such QG-induced time delays.

2.2.1. Classical time delays Even in the absence of QG effects, the gravitational

interaction causes vacuum time delays in the propagation of photons of any frequency

and other cosmic messengers through spacetime, compared to their propagation in the

absence of gravity. The most famous instance of this fact, which has been experimentally

observed and actually constitutes one of the Solar-System tests of Einstein’s GR, is

the Shapiro delay [89]: the observation that the travel time of a radar signal between

two points in the vicinity of a gravitating object is increased compared to the travel

time of the signal in the absence of the object. It is important to stress that the

Shapiro delay is “achromatic”, in the sense that it does not depend on the energy or

polarization of the photon. In general, we gather large amounts of information about

the gravitational interaction based on the observation of cosmic messengers propagating
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through spacetime and eventually being detect by us. Thus, in the pertinent data

analyses of telescopes observing cosmic messengers, it is of utmost importance to take

into account the classical – and possibly the yet unknown additional QG-induced –

vacuum time delay effects, in order to interpret the observations correctly. Famous

examples where the classical time delays are already implemented in the data analysis

are pulsar timing observations [90, 91] as well as cosmological redshift and distance

observations [92]. Pictorially, the time delay effects can be understood in the sense

that gravity acts as a certain effective refractive medium for light propagation, thus

introducing an effective refractive index [93]. On the basis of Maxwell’s electrodynamics

and Einstein’s GR, the predictions for the classical time delays are independent of

the energy (frequency) and of the polarisation of the photons, as a consequence of

the Einstein equivalence principle [94], which states that locally, that is, within an

appropriately small region in the neighbourhood of each spacetime point, the weak

equivalence principle and local Lorentz invariance holds, meaning that physics is

described by special relativity (SR). In what follows we refer to this feature as local

Lorentz symmetry. Due to the universal coupling with gravity, such GR-induced time

delays do not only affect the propagation of light, but also all other standard model

particles and fields including neutrinos [95] and, due to its self interaction, gravitational

waves [96, 97].

The above examples from classical gravity clearly demonstrate that (achromatic and

polarization independent) time delays are an important prediction of GR, which, on the

one hand, allows us to test the theory, while on the other, gives us important information

about the nature of the (classical) gravitational interaction, which is associated with the

geometry of spacetime.

2.2.2. Possible quantum gravity-induced time delays In addition to the general

relativistic, achromatic and polarisation independent time delays discussed so far, time

delays resulting from purely quantum effects of gravity might emerge. In contrast to

the classical effects, they might depend on the energy and the polarisation of the probe,

for the the following reason. Highly energetic particles and fields will interact with

gravity on smaller length scales than low energetic ones. It is expected that the smaller

the length scale which the particles and fields probe, i.e. the higher their energy, the

more the particles and fields are affected by quantum vacuum fluctuations of gravity or

spacetime foam, see also the discussion in section 2.1. Effectively, this scenario can be

described as particles and fields propagating through a (refractive) medium generated by

vacuum fluctuations of gravity, capturing aspects of a quantum spacetime or spacetime

foam. The mathematical description of this pictorial idea has been further developed

within various formal and phenomenological frameworks of QG.

One intensively studied way to mathematically describe the interaction between

particles and fields and the QG “environment” (the effective medium or effective

description of quantum spacetime) is to employ MDRs, which the four-momentum

of the point-like particle excitations of the fields must satisfy. Such MDRs can be
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determined from fundamental approaches to QG by studying the propagation of fields

(for example electromagnetic and gravitational waves), in string theory, loop quantum

gravity, asymptotic safety or non-commutative geometry, it can be implemented

phenomenologically [9] or be described geometrically [98–100].

A famous example of this type of QG-induced time delays that is actively searched

for, [101, 102], is the delay in the arrival time (at a local observatory) of gamma rays of

different energies [59, 103] which, however, are assumed to be emitted simultaneously,

and at the same location in the universe. The predictions for the time delays differ

depending on the particular QG framework considered and MDR employed (see [9,

Sec. 5.1] for an extended discussion). The first time delay derived in the context of a

MDR of the form

E2 = p2

[
1 ±

(
E

EQG

)n]
(2)

for photons in a flat (Ωk = 0) expanding universe with scale factor a(t), matter

density Ωm, and dark energy density ΩΛ [59, 104], predicts a time-of-arrival delay ∆t

between a low-energy and a high-energy photon emitted by a bursting source like a a

GRB at redshift z, as function of the energies E0, E1 of the detected photons, to be

∆tGRB-QG = ±1 + n

2H0

(En
0 − En

1 )

En
QG

∫ z

0

(1 + z′)n√
Ωm(1 + z′)3 + ΩΛ

dz′. (3)

Here H0 is the Hubble parameter today, EQG the QG energy scale, and n the order of

modification in the dispersion relation of photons. Since this first derivation, different

time delay scenarios have been studied in the context for QG phenomenology with

Lorentz invariance deformation and violation [105, 106] and can be scrutinized by

observations.

As in the classical coupling between gravity and the Standard Model fields, such

energy-dependent time delays, possibly even of different magnitude, are also expected

for messengers other than photons, such as neutrinos [95, 107] and gravitational waves.

An important point we would like to stress is that, despite the extreme weakness of QG

effects, nonetheless they could be significantly enhanced in cosmological situations, for

example in searches for arrival time delays of probes that have travelled cosmological

distances. Such huge distances can amplify the extremely small quantum effects to a

point of being potentially observable.

So far, QG-induced time delays have not been observed in nature. Having said that,

though, we also point out that there are no dedicated experimental setups optimized to

search specifically for such a time delays.

2.2.3. Theoretical challenges The aim to detect and interpret time delays correctly

faces theoretical and experimental challenges. Here we will discuss the theoretical ones,

while the experimental difficulties will be discussed in section 3.2.1.

Energy-dependent time delays would imply the existence of deviations from local

Lorenz invariance. This would imply a modification of the causal structure of spacetime,
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together with a possible alteration of the notion of light-cones and the description of

observers and their measurements. Each of these modifications or the conjunction of all

of them may drastically impact the observability of any kind of time delay linked to the

quantum regime of gravity.

A particularly important challenge is the distinction between violation and

deformation of local Lorentz invariance. In other words, either the LIV implies the

existence of a preferred reference frame, or the Lorentz group is replaced by the notion

of spacetime and observer symmetry (DSR). Both, the absence or the detection of

any kind of time delay can be used as a guiding principle to identify the scale and

the type of deviations from local Lorentz symmetry. Whether this happens effectively

at an intermediate length/energy scale or at the fundamental QG scale is unclear and

depends on the theoretical approach under consideration. We would like to point out

that for effects below the natural QG scale it is also important to distinguish between QG

time delays and time delays due to a possible non-minimal coupling between curvature

and electromagnetism, that might emerge due to renormalisation of QED on curved

spacetime [56].

It is often assumed that the QG scale, at which time delay effects become important,

is the Planck scale of EP ≈ 1028 eV. However, such conclusions may be premature, since

it is highly-model dependent. Even though some experiments exhibit sensitivities that

for some processes exceed the Planck energy scale, the effective energy scale (EQG)

governing the time delays is often characterized by a combination of the Planck scale

and further parameters of the theoretical QG model under consideration. This has, for

example, been pointed out in [53, 108] for certain models of spacetime foam stemming

from string/brane theory (see section 2.1). There, the effective energy scale which

characterizes such delays is a combination of the QG (or string) mass scale divided by

the linear (possibly redshift dependent) density of the spacetime defects encountered by

the particle during its propagation. The observed time delays will also depend on the

spacetime location of the source and one should consider combinations of searches at

various redshifts, in order to constrain the effect properly and possibly separate it from

other phenomena.

Yet further complications in the interpretation of possible time delays are systematic

errors. Some of them might be related to the underlying cosmological model, which

strongly influences the interpretation of the observed particle propagation. For instance,

in modified gravity models that promote the cosmological constant Λ to a time-varying

field to model dynamical dark energy, time delays are subject to systematic deviations

from the classical ΛCDM model. These may manifest themselves in the magnitude and

type of time delays of messengers from sources and phenomena at high redshift such as

GRBs, active galactic nuclei (AGNs), or for strong lensing.

The interpretation of a detection or the absence of a time delay signal in gamma

rays, gravitational lensing images, pulsar timing, neutrinos or gravitational waves from

an astrophysical event of interest, requires the knowledge about competing effects which

might mimic a propagation time delay, as discussed in section 3.
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There are various competing models for the production of the different messengers.

Additionally, classical propagation effects and time delays need to be taken into account.

All of them depend on the underlying theory of gravity and the resulting cosmological

model. These uncertainties about the source-intrinsic and classical propagation effects

translate to less stringent constraints on the QG-induced time delay of interest and pose

a major challenge in the identification of a signal. However, a smoking gun signal, which

is in principle capable of disentangling source-intrinsic from propagation time delays, is

a redshift dependence of the expected delays predicted by different models.

If the QG-induced time delays exist, they will not only manifest themselves in the

observation of astrophysical sources but also in the interaction between gravity and

quantum systems, such as Bose–Einstein condensates [109, 110]. The advantage of

using laboratory-sized quantum systems as sensors for QG effects lies on the fact that

they are highly controllable and can run over long time periods, which leads to high

sensitivity. Such control is a qualitative improvement compared to the extraterrestrial

cosmic observations with their inherited uncontrollable uncertainties regarding the state

of the physical system under observation.

The challenge for detection based on quantum systems is to amplify the QG effect

over the time span of the experiment, such that it becomes detectable, or to increase

the measurement sensitivity, in order to probe the desired effect.

In summary, it is known that gravity causes certain types of vacuum time delays.

The search for additional, yet undetected energy-dependent time delays caused by

potential QG effects can be an important step in finding evidences of a theory of QG.

Thus, it is crucial to devise future dedicated experiments to address such a possibility

both in an astrophysical context and in that of the more controllable Earth-based

experiments. These two regimes complement each other, in the sense that they probe

QG time delays on different scales, which have different systematic uncertainties.

2.3. Modifications of the kinematics of interactions of cosmic messengers

Sufficiently energetic cosmic messengers, such as UHECRs and gamma rays, are

expected to undergo interactions with the intergalactic medium affecting their

observable properties. MDRs of elementary particles could bring changes to the

kinematics of these processes, for example by raising or lowering the minimum energy

threshold above which an interaction is allowed by the conservation of four-momentum,

introducing an upper threshold above which the process becomes forbidden, or even

allowing new processes which in the Lorentz-invariant theory should be forbidden

altogether [111]. The study of the appearance, disappearance, or shifting of the threshold

energies of processes with respect to their values in SR is called the study of “anomalous

thresholds”.

When studying threshold anomalies, it is very important to distinguish two

scenarios: LIV and DSR. Both lead to different predictions. While LIV is usually

only introduced at the level of in-vacuo dispersion relations, modified by a high-energy
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scale EQG (usually taken as the Planck scale), DSR scenarios supplement the MDR by

deformed relativistic symmetries, usually called deformed Lorentz transformations. In

the DSR case, in order to ensure covariance of the energy and momentum conservation

laws, these also undergo a compatible deformation. For example, the kinematics of a

process A + B → C + D are characterized by spelling out the MDRs of (1) and the

energy and momentum conservation laws as

m2
i = E2

i − p2
i + f(Ei,pi,mi, EQG) (i = A,B,C,D), (4)

pA ⊕ pB = pC ⊕ pD, EA ⊕ EB = EC ⊕ ED, (5)

where the function f specifies the in-vacuo MDR and the ⊕ symbol describes the

deformed four-momentum composition. In the LIV case, one would keep the four-

momentum conservation as in SR, i.e. the ⊕ is simply the usual addition +. All the

deformations in the DSR and LIV cases disappear when the QG scale EQG goes to

infinity (or, alternatively, in the limit where Lorentz invariance is fully preserved by

QG).

A most relevant example for phenomenological applications is electron–positron pair

production from the interaction of very high-energy photons with low-energy photons,

such as those from the CMB and extragalactic background light (EBL). The LIV and

DSR threshold energies Eth for this process differ already at leading order, and can be

written as deviation from the SR threshold ESR
th as

ELIV
th ≈ m2

e

ϵ

(
1 + α

m4
e

ϵ3EQG

)
=

(
1 + α

m2
e

ϵ2
ESR

th

EQG

)
ESR

th , (6)

EDSR
th ≈ m2

e

ϵ

(
1 + β

m2
e

ϵEQG

)
=

(
1 + β

ESR
th

EQG

)
ESR

th , (7)

respectively [112], where ϵ is the energy of the background photon and α and β are real

parameters characterizing the deformations (in the Lorentz-invariant case, α = β = 0).

For positive α and β, the threshold is higher, so the universe is more transparent to high-

energy radiation, while the converse holds when α or β would be negative. The quantity

m2
e/ϵ

2 (ranging from O(1011) for visible EBL photons to O(1018) for CMB photons) is

an amplifier for the new physics effect, which makes the LIV prediction much stronger

than the DSR one. Therefore, while in the DSR case the modification of the threshold

is only appreciable when the energy is close to the high-energy scale characterizing the

correction to the kinematics, in the LIV case the correction can be substantial at much

lower energies. For this reason, only threshold anomalies in the LIV framework are

usually studied, except for the case of DSR parameterized by a high-energy scale much

lower than the Planck mass [113].

Threshold anomalies can be seen as kinematic modifications of the SR description

of interactions, and indeed, it is usually the only effect that is modelled to estimate

the phenomenological consequences of LIV or DSR on the interactions of cosmic

messengers [101, 114]. However, the decay rates or cross sections of a process in LIV

or DSR scenarios may differ from the standard ones even at energy ranges where the

process is allowed in both, SR and its modifications, which may be important for effects
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such as the possible modification of the transparency of the universe to high-energy

gamma rays. The LIV scenario has been explored in the past, but the availability of

results for cross sections or decay rates is limited [115–117]. For the DSR scenario,

changes in the cross sections or decay rates may only play a role in the case of a QG

energy scale much lower than the Planck one, comparable to the energies of cosmic

messengers. While such dynamical calculations can be carried our for the LIV case

in the framework of effective field theory, the DSR scenario still lacks a well-defined

dynamical approach. In fact, an appropriate framework for DSR should also address

some of its known theoretical ambiguities, such as the soccer-ball problem [118–122], the

spectator problem [123–126], or issues with momentum labelling [122, 127, 128], whose

resolution may require a novel perspective on DSR [129]. Consequently, the implications

of threshold anomalies in DSR remain largely unexplored, for which it will be necessary

to develop new approaches and techniques [113].

In the following we highlight specific hadronic, electromagnetic and weak interaction

processes which are most promising to detect LIV or DSR threshold anomalies in the

future. We briefly discuss the challenges that need to be attacked in order to detect

these deviations from local Lorentz invariance.

2.3.1. Hadronic processes (affecting cosmic rays) UHECRs at the highest energies can

undergo interactions with background photons, such as pion photoproduction and (for

nuclei heavier than protons) photodisintegration. This introduces interaction horizons,

i.e. a maximum distance from which cosmic rays above a given energy can be observed.

Moreover, such interactions may produce fluxes of cosmogenic neutrinos and photons.

Both these effects can be altered by LIV in the hadronic sector [130–134], so that

UHECR observations could in principle be used to test LIV scenarios. Unfortunately,

as discussed in section 3.1, several uncertainties about the sources and propagation

of UHECRs complicate the interpretation of the UHECR energy spectrum and mass

composition at Earth in terms of those escaping their source environment. Furthermore,

the most recent such studies [135–138] suggest that the spectral shape at the sources

is harder than what is predicted by the Fermi mechanism, and that at the highest

energies UHECRs are increasingly heavy nuclei, escaping their sources with Lorentz

factors near or below the threshold for pion photoproduction. This substantially reduces

their sensitivity to LIV effects, as well as the production rates of cosmogenic neutrino

and photons, compared to the case of protons with the same energy. On the other hand,

the presence of a non-negligible proton fraction at the highest energies can still not be

fully ruled out by the most recent data, and it could be tested in the future with the aim

of increasing the constraining power of the UHECR spectrum and composition data, as

will be mentioned in section 4.3.

Another aspect to be explored regarding the hadronic sector is the development of

the cascade of particles in the atmosphere after the first cosmic-ray interaction (extensive

air shower), as discussed later in the final paragraphs of section 3.2.2.
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2.3.2. Electromagnetic processes (affecting gamma rays) A superluminal LIV scenario

would allow photon decay in vacuum; the detection of PeV-energy photons leads to very

restrictive constraints on the LIV energy scale for such a scenario [139]. A subluminal

scenario can lead to an increase of the energy threshold of the photon–photon interaction

γγ → e−e+ [114], and hence to an increase of the transparency of the universe to gamma

rays, especially at energies ≳ 10 TeV, thus potentially allowing the detection of sources

at greater distances (see e.g. [140, 141]). However, using the current imaging atmospheric

Cherenkov telescopes (IACTs), no evidence for such LIV effects has been detected. Such

effects may be within reach of the future Cherenkov Telescope Array (CTA), with its

significantly improved sensitivity and extended energy range, therefore providing unique

tests of QG phenomenology. That being said, one should keep in mind that CTA,

just as any other gamma-ray observatory, was not designed specifically to search for

signatures of QG as a primary goal, and that a dedicated experiment might be necessary

to detect LIV, or rule out a significant portion of the parameter space. At gamma-

ray energies of a few hundred TeV and above, the target background radiation is the

CMB. In that regime, the anomalous absorption effect could be tested with water and

hybrid Cherenkov detectors, such as the High-Altitude Water Cherenkov Observatory

(HAWC) [142], Large High Altitude Air Shower Observatory (LHAASO) [143], or the

planned Southern Wide-field Gamma-ray Observatory (SWGO) [144]. The Pierre Auger

Observatory is the most sensitive photon detector at EeV (1018 eV) energies [145], and

the non-observation of photons at such energies can be used to set limits on LIV in the

photon sector under certain assumptions about UHECR sources [134, 146].

DSR scenarios do not allow photon decays, so limits on the decay rate cannot

constrain them. However, besides the time delays discussed in section 2.2, a more

complex behaviour in the interaction of high-energy photons with the background can

arise. For instance, one can find the expected flux to increase at lower energies but

decrease at higher energies [113].

Possible imprints of LIV extensions of the Standard Model on the (inverse)

Compton scattering effect is likely to be of paramount importance for the production of

non-thermal gamma rays in the GeV–TeV range in many astrophysical sources, including

GRBs and blazars. Preliminary investigations show that such effects are plausibly only

becoming discernible at ∼ PeV energies, where it could possibly lead to a suppression of

Klein–Nishina effects [141]. However, since at such energies the Compton cross section

is already much smaller than the Thomson limit, this effect is unlikely to show any

measurable signatures with astrophysical gamma-ray sources.

2.3.3. Weak processes (affecting neutrinos) In the standard SR scenario, in subluminal

LIV scenarios and in DSR scenarios, neutrinos can travel cosmologically long distances,

being possibly subject to time delays, see section 2.2 and [107], with negligible

probability of undergoing any interactions, but in a superluminal LIV scenario

sufficiently energetic neutrinos (e.g. with E ≳ 10 TeV or 100 PeV for a linear or quadratic

Planck-scale LIV, respectively) can undergo weak decays in vacuum such as electron–
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positron or neutrino–antineutrino pair emission [116, 147]. The rates of such processes

can depend on the energy so strongly that the decay is nearly instantaneous for neutrinos

above a certain energy and almost negligible below this energy. This effective threshold

of dynamical origin may be the relevant one for the study of a particle reaction or a

decay process, depending on whether it is higher or lower than the kinematic threshold.

For example, the kinematic energy threshold of electron–positron pair emis-

sion (ν → νe−e+) by superluminal neutrinos (with a MDR as Eq. (2), with the

plus sign, in the massless limit), is Eth = (4m2
eE

n
QG)1/(2+n), where EQG and n are

respectively the energy scale and the order that parameterize the LIV correction, of

order O(En/En
QG) for a neutrino energy E, whereas neutrino–antineutrino pair emis-

sion (ν → ννν̄), also known as neutrino splitting, has a negligible threshold (zero in

the limit of a massless neutrino). The general expression of the decay width for these

processes is Γνf→X(E) ∝ E5(E/EQG)3n [116], where the proportionality coefficient de-

pends on the initial neutrino flavour f , the final-state particles X, and on the order n

of the correction. This allows us to define an energy scale Eeff
th for each process such

that Γ = H0(E/Eeff
th )5+3n, where H0 is the present-day Hubble constant. Owing to

the large value of the exponent (5 + 3n), the decay width is Γ ≫ H0 for neutrino

energies E > Eeff
th and Γ ≪ H0 at lower energies, which is the reason why Eeff

th acts

as an effective dynamical threshold for the reaction to proceed. While this dynami-

cal threshold is very relevant for the neutrino–antineutrino emission, in the case of the

electron–positron emission the kinematic threshold is the most relevant one for values

of the scale of the deformation below the Planck scale [148].

In contrast, in a DSR or subluminal LIV scenario, no new effects in the propagation

would become possible, but effects on the processes in which neutrinos are produced

(such as pion decay) could still exist. For example, changes in the pion lifetime through

LIV effects could induce a modification of the muon neutrino spectra in IceCube [149].

Note that neutrino splitting modifies the flavour composition of astrophysical

neutrinos in the superluminal scenario, even if the LIV term is diagonal in neutrino

flavour space. On the other hand, non-diagonal LIV terms affect neutrino oscillations

in general [150], modifying the flavour composition of astrophysical neutrinos at Earth.

The search for effects in this direction has just begun recently [95].

In summary, models of QG leading to LIV and DSR scenarios lead to modified

threshold interactions, whose trace can be detected experimentally. It is important to

study the different cases since they lead to different magnitudes of the effects. Often the

DSR effects are lower compared to the LIV effects. A dedicated experiment searching

for such effects should be able to distinguish the two cases.

3. Astrophysical modelling and experimental requirements

In this section, we discuss the experimental requirements for searches of signatures of

QG in astrophysical observations. A definitive feature of research using astrophysical

observations is the impossibility of controlling the source of the signal and the medium
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between the source and the detector. The limited knowledge of these is an important

source of systematic uncertainties. Moreover, there are other competing effects which

could mimic or deprecate new physics effects. Some of these are known , e.g. secondary

particles which are not emitted directly from the source yet cannot be resolved from

the primary particles. Others could be hypothetical different parts of new physics

affecting each other, e.g. new particles effects such as interactions, productions or

decays involving axion-like particles. The importance of modelling of astrophysical

sources, and the medium through which messengers propagate is discussed in section 3.1.

Specifically we focus on the modelling of their emission in section 3.1.1, their interaction

with background radiation fields like EBL and CMB in section 3.1.2, their interaction

with astrophysical obstacles in section 3.1.3 and their interaction with possible further

intergalactic impediments in section 3.1.4. We also discuss the uncertainties introduced

by these, as well as how those uncertainties might be reduced.

Another essential ingredient is the advancement of experimental setups. This could

be achieved through improvements of existing observational equipment or techniques,

or by introducing entirely new measurement and analysis methods. Experimental

requirements for performing and improving the searches for signatures of QG are

discussed in section 3.2. In section 3.2.1 we focus on the detection of effects the

messengers experience while propagating through vacuum. Namely, we discuss time

delays, as introduced in section 2.2 and birefringence caused by LIV. In section 3.2.2

we discuss requirements for detecting effects resulting from interaction anomalies. The

detection of QG effects in diffuse fluxes of UHECRs, photons, and neutrinos, as well as in

neutrino oscillations, and during the development of atmospheric showers, each require

different experimental specifications for their detection and are, therefore, discussed

separately.

This white paper, while aimed at a wider audience, was also composed by

researchers working in different fields of research of QG phenomenology. Through the

process, we realised that certain terms, commonly in use in one research field, are not

as clear, or even have a different meaning in other fields. Therefore, we explain the

meaning of the following two notions:

Sensitivity to some observable indicates how accurately and precisely some

observable can be measured with a certain instrument or method. In the case of QG

energy scale, which has not been detected and only lower limits are being set, the

sensitivity means how much of the parameter space certain method can cover.

Instrumental sensitivity or detector sensitivity. In astrophysics, it refers to

how low the source flux can be in order to be detected by a given detector within certain

observation time. A more sensitive instrument will take less time to detect some source.

Putting it the other way around, a more sensitive instrument will collect more signal

within the same observation time.
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3.1. Modelling of astrophysical sources and the propagation of messengers

To investigate the potential effects of QG using cosmic messengers, it is crucial to

understand how they are produced and how they propagate. Improving our ability to

model the processes within the sources of cosmic messengers, as well as those affecting

their propagation, is paramount for increasing the sensitivity of QG experiments.

Ideally, we would need to know the precise energy and emission time of every single

particle at the source. This is, of course, unfeasible. However, a precise multiwavelength

modelling of the source-intrinsic flux, including its polarisation properties and its

flavour content, as well as spectral correlation between different energy bands, would

significantly increase the sensitivity to the QG energy scale.

A notable case are GRBs, whose long-duration population generally feature

spectral lags, in contrast to the sort-duration ones (see e.g. [151] and references

therein). This example clearly demonstrates the importance of a close collaboration

between astrophysicists working on source modelling and the broad QG phenomenology

community.

3.1.1. Uncertainties from the modelling of source emission processes In [152], a detailed

study of intrinsic spectral lags in flaring AGNs above 100 GeV was conducted in order

to investigate whether these can be distinguished from LIV-induced time delays. The

authors concluded that, while certain intrinsic spectral lags are to be expected, their

magnitude can vary in time. This means that, if the intrinsic time delay between two

photons of energies Eh and El is modelled as

∆t ∝ (Eα
h − Eα

l ), (8)

the exponent α will not be constant in time. This is contrary to the expected QG-induced

effects, as displayed in Eq. (3) in section 2.2. Although certain classes of objects like

GRBs and blazars do behave differently across cosmic history [153–155], for most of

the analysis it is assumed that source-intrinsic time delays do not depend on the source

distance from Earth.

Precise spectral modelling at the highest energies is also crucial for testing

anomalous absorption by the background fields, as described in sections 2.3.1 and 2.3.2.

In [156], a LIV analysis was made on 18 spectral measurements from 6 different AGNs.

In all cases a power law with exponential cutoff was assumed as the shape of intrinsic

spectra. The authors investigated the systematic uncertainty introduced with this choice

by also assuming a power law spectral distribution and comparing the results. While an

exponential cutoff did lead to better fits to the data, it also yielded more conservative

results, reducing by a factor ≲ 2 the lower limit on the QG energy scale, compared to the

power law result, which is similar to the difference between using different exponential

cutoff models. In [157] only one sample from the AGN Mrk 501 was analysed. In this

case, a power law was assumed as the best choice for the intrinsic spectral shape, even

though this sample was one of the spectra used in [156]. Furthermore, a source-intrinsic
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spectral upturn could mimic LIV-induced modified gamma-ray absorption. According

to [157], this is the main source of uncertainty on the QG energy scale. Knowing the

correct spectral shapes would remove these ambiguities and degeneracies.

3.1.2. Uncertainties from background radiation fields Understanding the propagation

of messengers entails considering various matter and radiation fields that could act as

targets, including the CMB, EBL, and interstellar radiation field. Uncertainties in the

EBL spectrum can significantly influence the propagation of gamma rays [158–160] and

UHECRs [161, 162], thereby impacting the observables relevant to any potential QG

signals. Studies taking into account the UHECR propagation through the extragalactic

space for reproducing the measured energy spectrum and mass composition at Earth

show differences up to 3.5σ among scenarios involving different EBL models, if the

standard propagation is considered [135]. The spatial distribution of the EBL, despite

being fairly homogeneous and leading to discrepancies ≲ 1% in the propagation

of gamma rays [163], also represents another source of uncertainty. Fortunately,

with advancements in observational techniques across different wavelengths and the

employment of multiple strategies, it is anticipated that the uncertainties associated

with the EBL will be mitigated in the near- and mid-future, even for high redshifts

(z ∼ 6) [160]. Upcoming IACTs such as CTA [164] will contribute to improving this

picture by a factor between 2 and 3, with respect to current facilities of this kind, for

at least 800 hours of observations of selected AGNs [165].

Note, however, that Galactic sources such as pulsars are not affected by

uncertainties in the EBL. In this case, the main uncertainties relate to their distance,

which may vary by up to 30% [166]. This could possibly be reduced to ∼ 15% thanks

to recent parallax measurements from GAIA [167].

Another source of scattering targets comes from infrared radiation by dust [168],

adding the interstellar radiation field to targets from EBL. However, this is a secondary

effect for extragalactic sources, since the distance that the signal travels through the

Milky Way is orders of magnitudes shorter compared to the overall distance from a

source. In fact, even the scattering of signal from Galactic sources is considered negligible

in present-day experiments. Given a relatively short distance and consequential low

scattering probability, the effect is subdominant compared to the systematic effects of

current facilities. Nevertheless, the interstellar radiation field may play an important

role for Galactic sources, especially for sources emitting gamma rays with energies

≳ 100 TeV [169].

3.1.3. Uncertainties from interaction cross sections with background and magnetic

fields The knowledge of cross sections for the corresponding interactions with various

astrophysical targets is relevant in the search for new physical effects. This is particularly

problematic for UHECRs, since photonuclear cross sections are poorly known at

these high energies [161, 170–172] and can lead to discrepant interpretations of the

observations [135–137, 173]. In [135] the changes in the spectral parameters for UHECRs
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at the escape from the sources due to the different cross section models as well as to the

different EBL models can produce differences at the level of 2σ in the fit of the UHECR

spectrum and composition at Earth. These cross sections and their thresholds are the

ones that change in the presence of LIV, for instance, both for UHECRs [132, 146, 174]

and gamma rays [114]. In particular, since LIV modifications increase the threshold for

photonuclear cross sections, photodisintegration processes are less impactful for large

LIV parameters [134]. Therefore, in order to be sensitive to small deviations from SR,

accurate knowledge of photonuclear cross sections and of the EBL are crucial to properly

identify QG signatures using high-energy messengers.

Magnetic fields within the Milky Way and beyond can alter the trajectories of

charged particles. While UHECRs are particularly susceptible to these effects [175, 176],

neutrinos are not, making them reliable messengers for studies requiring directional

accuracy. Gamma rays are not directly affected by magnetic fields, but the charged

component of the electromagnetic cascades that they induce might be [177–180].

Although some constraints exist regarding the distribution of cosmic magnetic fields

in regions such as galaxies and galaxy clusters, their characteristics in the filaments

connecting clusters are less well-known [181, 182]. In cosmic voids, which dominate

most of the volume of the universe, knowledge about magnetic fields is even more

limited [183]. This directly translates into uncertainties in spectral, temporal, and

directional observables. Future polarization surveys such as the Square Kilometre

Array [184] and the Next Generation Very Large Array [185] are expected to reduce

these uncertainties by increasing sample size by roughly one order of magnitude. The

Galactic magnetic field, in particular, will likely be much better modelled using the

upcoming data and new computational tools such as IMAGINE [186]. Fields in cosmic

voids, however, will hardly be measured in this way, but gamma-ray measurements are

expected to deliver better constraints [165].

If the fields are weak (≲ 10−17 G), their impact on time delays and arrival directions

of astroparticles should be small; if they are strong (≳ 10−14 G), this might compromise

time-delay studies. For UHECRs, the average delay is typically ∼ 1.5Z yr for a nucleus

of atomic number Z with 100 EeV coming from a source 10 Mpc away, assuming a

magnetic field of strength B ∼ 1 pG and coherence length of 1 Mpc. This time delay

scales roughly with the inverse of the energy squared, such that a 10 EeV proton from

would be delayed by over a millennium for the same magnetic field [187]. Therefore,

UHECRs are generally not reliable messengers for time delay studies. Gamma rays, on

the other hand, can be more reliable probes, since they could have originated from an

electromagnetic cascade whose short-lived charged component is affected by magnetic

fields only over scales comparable to those of inverse Compton scattering (∼ 100 kpc). In

this case, gamma rays observed with energies of 100 GeV from nearby sources (z < 0.05)

would have time delays of ≲ 1 day for B = 10−18 G, whereas for a source at z ≃ 0.5 this

would increase by a factor 5 [179]. Because the time delays scale with the square of the

magnetic field, for B = 10−15 G, they would exceed a century even if the sources are

closeby [180]. In the case of gamma-ray observations, these uncertainties could indeed
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dilute the flux from a short-duration GRB over much larger time scales [188] and affect

inferred intrinsic source properties [189].

3.1.4. Further uncertainties from propagation through intergalactic space Other

conventional phenomena might also be at play and affect the propagation of cosmic

messengers. A potentially important one that might affect gamma-ray–induced

electromagnetic cascades in intergalactic space are plasma instabilities, stemming from

the interaction of the electrons with the medium. The role of this effect is far from

clear [190–192] and can hardly be assessed without detailed particle-in-cell simulations,

which is not feasible for low-density environments such as the intergalactic medium.

This could compromise the interpretation of gamma-ray observations and change the

ratio between the fluxes of UHECRs and the corresponding cosmogenic photons.

UHECRs produce neutrinos and photons of cosmogenic origin during intergalactic

propagation [136, 137, 193], which can act as backgrounds when studying individual

astrophysical objects. Similarly, uncertainties inherent to the production of neutrinos

and photons through cosmic-ray interactions in the large-scale structure of the universe

such as galaxy clusters can act likewise [194–197]. Evidently, this can be mitigated

by reducing uncertainties related to their progenitor cosmic rays, which is expected to

happen with future UHECR facilities [198].

All the modelling uncertainties listed above have to be accounted for in searches

for QG phenomena. This is, however, computationally challenging, and requires

advanced software tools to scan the complete parameter space efficiently, including both

conventional phenomena and QG-related ones. Existing codes, such as CRPropa [199,

200] (cosmic rays, gamma rays, neutrinos), SimProp [201] (cosmic rays and neutrinos),

ELMAG [202] (gamma rays), GALPROP [203] (Galactic cosmic rays), among others, can

be adapted for this purpose, as done in [204, 205], ultimately leading to better models

for interpreting observations. Nevertheless, it remains unclear how to efficiently sample

from this vast multi-dimensional parameter space. Some proposed strategies include,

for example, using machine learning methods or deep probabilistic programming [206].

3.2. Experimental requirements

In what follows, we discuss the experimental requirements needed to improve the

sensitivity of specific telescopes which are used to find some of the effects discussed

in section 2. Section 3.2.1 deals with the requirements to measure propagation effects:

time delays and birefringence (described in sections 2.2 and 2.1.2, respectively), while

section 3.2.2 considers LIV and DSR effects coming from the interaction anomalies

discussed in section 2.3, which modify the expected fluxes of UHECRs, gamma rays,

and neutrinos. We will also considers effects in the development of showers in the

atmosphere, which are relevant in the detection of some of the cosmic messengers.
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3.2.1. Propagation effects in vacuum In this section, we will consider the two main

consequences that can be associated to propagation effects: the existence of chromatic

QG-induced time delays (section 2.2), which may be observable in the study of the arrival

times of photons and/or neutrinos, and birefringence, an effect for photons predicted

in specific frameworks within effective field theory, as indicated in section 2.1.2. Notice

that time-of-flight studies concerning gravitational waves are not sensitive to Planck-

scale physics, given the very low energies involved [207].

Photon time delays. Time delays are one of the most prominent QG phenomenology

effects, as discussed in section 2.2. Testing the energy dependence of the speed of photons

relies on comparison of the detection time of individual highly energetic photons with

that of lower-energy photons. The influence of QG effects on low-energy photons is

usually neglected, meaning that their temporal distribution at the detection is assumed

to be the same as at the emission; that of high-energy photons, on the other hand,

is modified by the effects of QG. The systematic uncertainty in the detection times of

individual photons (regardless of their energy) is usually negligible, as they are measured

with µs accuracy.

The temporal distribution of emitted particles is usually described with a light

curve template defined by several parameters. The magnitude of uncertainties of these

parameters varies from case to case, and is a matter of compromise between several

factors. Faster and more pronounced flux variability puts stronger constraints on the

emission time: the sensitivity to the QG energy scale is inversely proportional to the

variability time scale for linear (n = 1) QG effects and to its square root for quadratic

(n = 2) ones [101, Table 1]. This, however, requires using shorter time bins, which results

in relatively smaller number of events per bin, and, consequently, larger uncertainties.

For this reason, brighter, more variable emissions are selected to study time delays.

Improvement of instrumental sensitivity will directly reflect on the ability to model the

emission light curves, and on the sensitivity to the QG energy scale.

The effect of time delay is linearly dependent on the photon energy both for

n = 1 and n = 2 [101]. However, it is not enough to have high-energy photons in

the sample. Since lower-energy photons are used as references, with the effects of QG

usually neglected, and QG is expected to affect higher-energy photons more, a favourable

sample will include photos with a wide range of energies. Having a narrow energy range

sample, and assuming that low-energy photons are not affected by QG will introduce a

strong bias towards the absence of time delay. In addition to wide energy rage, which

is a characteristic of a sample, one should aim at good energy resolution, which is a

characteristic of a detector, because large uncertainties in the energy reconstruction are

propagated to the analysis, again reducing the ability of detecting any time delay.

Another critical factor for sensitivity to the QG energy scale, related to instrumental

sensitivity, is the source distance. In [101], the sensitivity to the QG energy scale

depends linearly on the redshift of the source (for extragalactic sources) for n = 1,

and is proportional to the redshift to the power of 2/3 for n = 2. However, gamma
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rays with energy higher than ∼ 100 GeV are absorbed on background electromagnetic

radiation, decreasing the total number of gamma rays reaching the detectors. Improving

instrumental sensitivity cannot affect absorption on background radiation, but it can

increase the rate of gamma rays detected among the ones that survive. However, it is

important to mention that closer-by sources such as low-redshift AGNs and Galactic

pulsars provide very competitive sensitivities and limits, as they are not affected by

gamma-ray absorption at energies ≲ 100 TeV.

According to [102], systematic effects related to the light curve uncertainty spoil

the sensitivity to the QG energy scale by a factor of ∼ 2.3 for linear or ∼ 1.5 for

quadratic correction of the dispersion relation. In most cases for n = 1, the dominant

systematic effect comes from the uncertainty of the light curve template parameters.

This is true for most of the individual sources considered, as well as for certain type of

sources combined or combination of all sources used in the study. Indeed, the variance

of the template statistics constitutes more than 50% of the total systematic variance.

For n = 2 this falls down to about 20%, and the contribution of the template statistics

to the total systematic variance is somewhat less, but still comparable to some other

sources of systematic uncertainty, such as energy scale uncertainty. In the case of pulsars,

that uncertainty is greatly reduced, since only one pulse shape needs to be understood,

instead of a series of complicated pulses, which reduces that systematic uncertainty to

considerably less than 10% [166]. Nevertheless, modifications of pulse behaviour in the

transition from curvature radiation to inverse Compton scattering of photons between

200 and 300 GeV have been observed [166]. Several competing models for very-high

energy pulsar emission have been proposed [208, 209], which do include intrinsic spectral

lags. Observational discrimination between these pulsar models is hence desirable for

LIV searches using this technique.

Additionally, the assumption that the emission times in different energy ranges have

the same distribution is a rather strong one, especially considering that intrinsic energy-

dependent time delays have already been unambiguously detected in some GRBs [151].

Besides a precise broadband modelling of the source-intrinsic flux discussed in

section 3.1, one could try developing an analysis method which does not rely on making

assumptions on the distribution of events at emission.

As explained above, a specific implementation of the likelihood method that has

been used so far requires a parameterization of the low energy light curve, which is the

biggest source of systematic errors.

An improvement would be to find a way to implement a likelihood method directly

from energies and times of detected photons, without the need to provide parametrized

temporal and spectral distributions.

Several analysis methods, such as the energy cost function [210], the sharpness

maximization method [211, 212], the dispersion cancellation [213], the minimal

dispersion [214], among others, are based on removing the dispersion from the sample

by maximizing the sharpness of the light curve. They do not depend on the explicit

temporal distribution of events at the emission, and are, therefore, free of making
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assumptions. However, treatment of systematic uncertainties, in particular the ones

coming from instrumental effects, is not as transparent as in the likelihood approach.

Moreover, these methods do not allow for a simple consideration of multiple sources

in a single analysis. Retaining the likelihood approach, but removing the necessity of

assuming a particular distribution of events at emission seems to be the optimal path. A

so-called binned likelihood method has been presented in [215]. There is no assumption

on the temporal distribution of events at emission, consequently the data sample is not

split in the low and high energy bands, and the approximation of negligible influence

of LIV on low energy events is not necessary. However, it is still not clear whether the

method implicitly assumes equal distributions of events in lower and higher energies.

Although a proper scrutiny of the method is yet to be made, it is expected that the

binning of the data will make the method somewhat less sensitive to QG effects, but

more robust. To summarise, improvements of the sensitivity of time of flight studies on

gamma rays can be achieved by:

• enhancing detector sensitivity, which increases the statistics of samples, which in

turn enables more precise emission modelling;

• improving energy resolution and widening the energy range;

• introducing novel analysis methods that are less dependant on assumptions about

the distribution of events at emission.

Neutrino time delays While having at the moment a poorer statistics with respect to

photons, neutrinos are potentially the most sensitive messengers for time delay studies.

Unlike photons, neutrinos can travel cosmologically large distances with negligible

absorption at all energies, assuming no relevant changes in threshold reactions due

to LIV or DSR, which are discussed next in section 3.2.2. Moreover, source intrinsic

effects are not expected to be as important as in photon time delay studies, given the

considerably higher energies [O(PeV)] reached by astrophysical neutrinos, which give

much longer time delays than in the photon case.

For neutrinos of energy ∼ 100 TeV coming from a source at redshift z ∼ 1, the

expected time delay with respect to low-energy signals is, according to (3) and assuming

massless neutrinos, of the order of one day. For neutrinos in the PeV energy range one

might expect delays of the order of tens of days.

Currently, the largest and most sensitive neutrino telescope is IceCube, which has

observed neutrinos of extragalactic origin in the energy range from 60 TeV to a few

PeV [216–220]. This lower bound on the energy comes from the need to disentangle

the neutrino signal of astrophysical origin from background signal, such as atmospheric

neutrinos [216]. The rate of these events is around 15 candidate astrophysical neutrinos

per year [216], which is too low to detect more than one high-energy neutrino from a

single emission event. Therefore, time delay studies cannot rely on the comparison of the

time of flight of neutrinos with different energies. Rather, they rely on the comparison of

the time of flight of one neutrino with a low-energy electromagnetic counterpart. So far,
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studies have focussed on the association of neutrino signals with GRBs, given that the

latter have a time span smaller than the expected time delay effect. The identification of

the electromagnetic counterpart of the neutrino signal is done by means of a directional

correlation criterion. Note that one cannot associate unambiguously a given source to

individual neutrino events, due to the directional uncertainty and the large neutrino

energy, resulting in a large time delay expected between the neutrino and the lower

energy photons. In fact, excluding the presence of any time delay effect, at the moment

no associations between a high-energy neutrino and a GRB have been found. Therefore,

for time delay searches, the directional association is done statistically over the whole

population, similarly to what is done for searches that do not account for time delays

[221]. Once the possible set of associations is identified, time delay effects are searched

for by looking at the correlation between the neutrino-GRB time delay, the neutrino

energy and the redshift of the source, according to (3).

Directional association is affected by the uncertainties on the neutrino reconstructed

direction. Larger uncertainties result in a larger background, namely a larger number

of accidental associations. Assuming a uniform distribution of GRBs in the sky, the

expected number of background events scales linearly with the area covered by the

direction uncertainty. Identification of the electromagnetic counterpart of the neutrino

signal is also needed in order to pinpoint the redshift of the source, and thus estimate the

distance travelled. The redshift measurement is currently the main source of uncertainty

in these time-of-flight studies, due to the fact that for most of the GRBs the redshift is

unknown [222].

Over a large population, redshift assignment can be done statistically, based on the

sources for which the distance is known [223]. However, this might introduce a bias,

given that the redshift distribution of GRBs with known redshift might be different

from the one of GRBs with unknown redshift. For this reason, neutrino time of flight

analyses would benefit greatly from improved capabilities of measuring the redshift of

GRBs.

The reconstruction of the neutrino energy is based on the deposited energy in the

detector. Neutrino events are usually classified as track or cascade events depending

on the topology of the interaction vertex inside the detector. Charged-current muon-

neutrino events have a muon as the leading visible outgoing particle in the first

interaction. Since muons traverse a long distance in the ice, these are called track

events.

These kinds of events have a good angular resolution (about 1◦ above TeV energies

[216]), but the neutrino energy reconstruction is affected by large uncertainties, of about

30% [216], given that the event can start outside of the detector. For cascade events the

interaction does not produce visible muon tracks. Their energy is contained completely

in the “instrumented volume”, so that the energy reconstruction of the neutrino is very

accurate, giving an energy uncertainty of about 10% [216]. However, the topology of

the interaction makes it harder to determine the incoming direction of the neutrino, so

the angular resolution of these events is much lower with respect to tracks (of the order
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of 10◦). It is then clear that there is a trade off between energy and angular resolution:

shower events optimize energy resolution at the expense of angular resolution, while the

converse holds for track events. While current studies choose to focus on just one kind

of events in order to have a homogeneous sample, accounting for the full probability

distribution function of energy and angular information will enable all-event studies in

the future.

Finally, a consistent LIV analysis of neutrino time delays should also consider the

interplay between time-of-flight anomalies and the instability affecting superluminal

neutrinos, as explained in section 2.3.3, which imposes strong constraints on the

existence of early neutrinos exceeding an energy determined by the LIV scale [107].

The main requirements to improve the sensitivity of time of flight studies that use

astrophysical neutrinos are the following:

• precise estimate of the redshift of the sources;

• improved energy reconstruction techniques for track events;

• improved techniques for reconstructing the direction of cascade events;

• increase the rate of observed neutrino events, so to allow for neutrino-neutrino time

of flight studies;

• consistently introduce neutrino anomalous decays in the analyses of time delays.

Birefringence LIV effects could introduce modifications to the phase and group

velocities of the circularly polarized modes of photons. When these modes have different

velocities, propagation of light is subject to vacuum birefringence, which induces a

rotation of the polarization direction of linearly polarized signals, or a loss of polarization

degree [224–227]. To observe this effect, knowledge of the emission properties of the

photon source is required. Moreover, since the degree of polarization directly depends

on propagation details, the properties of the medium ought to be known. For instance,

uncertainties in the magnetic field could influence the polarization through Faraday

rotation.

At high energies (E ≳ 1 GeV) polarization is extremely hard to measure and

virtually impossible in detectors based on electron-positron pair production (like Fermi

and IACTs). Recently, several satellite-based gamma-ray detectors were proposed,

which use both Compton scattering and pair conversion detection techniques (e-

ASTROGAM [228], AMEGO [229]), enabling the measurement of polarization of gamma

rays in the few MeV energy band. X-ray polarimetry has made a considerable step

forward with the recent launch of Imaging X-ray Polarimetry Explorer (IXPE) [230, 231]

and will likely improve even further with the upcoming eXTP [232]. Given the

importance of gamma-ray polarimetry, there have been some suggestions on how to

overcome these technical limitations [233, 234], in particular for the hard X-ray and soft

gamma-ray bands [235].

The main requirement to improve the sensitivity of birefringence measurements

would be to develop instruments capable of measuring polarization of high energetic
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photons.

3.2.2. Effects from interaction anomalies Some examples of analyses are reported in

the following, for some specific effects and/or messengers, examining the sensitivity

requirements to detect LIV effects in point-source or diffuse fluxes, as discussed in

section 2.3. We note that we will emphasize the LIV scenario in the discussion, as it

is the one generally studied in the literature, but one should not forget the possible

alternative DSR scenario with an energy scale much lower than the Planck scale.

In this alternative scenario one would have a modification of the fluxes of different

high-energy astrophysical messengers when their energy approaches the energy scale

of the deformation. The requirements to be able to identify this alternative scenario

would be those allowing to exclude the correlation of effects in time delays and fluxes

characterizing the LIV case. Moreover, the energy dependence of the modification of

the fluxes in the DSR scenario will be different from the modification in the LIV case

in the energy range close to the energy scale of DSR [113]. Therefore, any improvement

in the determination of the spectral flux of the different messengers would translate in

an improvement in the sensitivity to effects of QG in a DSR scenario.

Effects in diffuse UHECR fluxes As mentioned in section 2.3.1, recent data suggests

that cosmic rays at the highest energies are dominated by heavy nuclei, which limits

their sensitivity to possible new physics effects, but the presence of a non-negligible

subdominant component of protons cannot be excluded. In order to improve the

constraining power of new physics, the sensitivity to the proton fraction is one of the

most relevant issues. The ongoing upgrades of existing UHECR observatories and the

new observatories planned for the next decades, listed in section 4.3, should have a

greatly improved discrimination power between protons and heavy nuclei, and collect

a much larger amount of statistics than currently available. In addition, new analysis

techniques such as the ones involving deep neural networks [236, 237] can be considered

for the same aims.

The requirement to observatories would be to determine the proton fraction in

the region of the cutoff of the UHECR spectrum, in order to support or discard the

current interpretation of the UHECR spectrum and mass data, and test the sensitivity to

parameters of new physics. In parallel to the improvements of the UHECR observatories,

improvements in the modelling of hadronic interactions are expected to bring benefit to

the interpretation of the UHECR mass composition.

Effects in point-source or diffuse photon fluxes High-energy photons can be produced

directly at the sources, resulting from leptonic processes, such as the self-synchrotron

Compton mechanism, or from hadronic processes, as products of the neutral pion decay,

or as subproducts of the interaction of UHECRs with the extragalactic backgrounds.

These production processes, as well as the photon propagation during their path to

Earth and in the atmosphere in the detection process, can be affected by LIV physics.
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Although not many works have deepened in the consequences of LIV in the production

of photons at the sources (but see [238] for related effects), mainly because of the

complexity and uncertainties of source mechanisms, there have been some studies on

LIV limits from the development of atmospheric showers [239] and many others dwell

on consequences from propagation effects [101, 240–242].

Specifically, a MDR leads to a superluminal or subluminal velocity. Photon splitting

and spontaneous emission put very strong constraints on a superluminal scenario

from the detection of the highest energy gamma rays [139, 243, 244]. They can be

based on the lack of indication of a sharp spectrum cutoff when using data from

identified luminous sources [139, 244], or based on the detection of extremely high-energy

single events [243, 244], like the one with energy 1.4 PeV detected by the LHAASO

collaboration [245] thanks to their very good rejection capability (the probability of this

event to be a non-rejected cosmic ray is estimated to be 0.028% [245]). To improve the

sensitivity to LIV effects, experiments will need to feature, besides excellent rejection

properties, a good energy resolution (which for LHAASO is ∼ 13% at 100 TeV for

showers with zenith angle less than 20◦ [246]), and the ability to get a good estimate

of the distance travelled by the gamma rays, which translates into a very good angular

resolution (around 0.8◦ at 10 TeV and 0.3◦ at 100 TeV for LHAASO [246], which is

however not good enough to firmly localize and identify the sources of the detected

ultra-high-energy gamma rays [245]).

The LIV effects are milder in a subluminal scenario, where there is a modulation

of the energy spectra of gamma-ray sources, decreasing the absorption of gamma rays

from their interaction with background photons. Constraints are usually derived in this

case by comparing detected spectra with the propagation of a model for the intrinsic

emission at the source in the LI and LIV cases. The essential ingredients are therefore

the selection of the spectra to be used in the analysis, the model of the intrinsic

spectrum, and the choice of the model of background photons affecting the gamma-

ray propagation [241]. The best sensitivity to LIV effects requires spectra characterized

by a large distance to the source and the highest possible maximum measured energy,

ingenious methods of obtaining the intrinsic spectra (beyond the standard approach of

using the LI attenuation at the distance of each source, which is probably too naive for

LIV studies, as remarked in [241]), and improved models for the EBL, which still suffer

from large uncertainties [159, 247].

As for the source fluxes, the expected flux of cosmogenic photons in the subluminal

scenario is affected by the EBL modelling. In addition, cosmogenic photons depend

strongly on the characteristics of the UHECRs emitted by their sources. Being

mainly produced by the decay of neutral mesons, the amount of cosmogenic photons is

connected to the UHECR characteristics that maximize the photo-meson production;

therefore, a contribution of protons at the highest energies at the escape from UHECR

sources would improve the ability to constrain LIV effects in this sector, as shown in

[134]. An additional proton fraction at the sources that would increase the expected

cosmogenic photon integral flux by 3 to 4 orders of magnitude at 1018 eV would allow
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reaching the sensitivity to cosmogenic photons at current UHECR observatories at these

energies.

The current sensitivity to measure photons through the atmospheric cascade of

particles they produce is obtained by taking into account the standard development of

showers, as for instance in [248]. If LIV effects are considered, as suggested in [249],

photons might escape observation passing through the atmosphere without producing

air showers. The current limits should be therefore revised taking into account these

possible effects.

Effects in diffuse neutrino fluxes The expected cosmic neutrino flux is also sensitive

to parameters of new physics, which could modify the propagation of neutrinos

in the extragalactic space due to non-standard neutrino oscillations and neutrino

decays [116, 250]. These processes could affect the expected neutrinos produced directly

in the sources, as well as the cosmogenic ones, namely those produced by the cosmic

rays interacting with background photons while they travel in intergalactic space. In

particular, changes in flavour composition and in the neutrino flux at Earth are expected,

including the possibility of a cutoff in the spectrum due to the fact that the decay

probability strongly increases as the energy of the neutrino increases. The astrophysical

neutrinos are sensitive to the scale of new physics responsible for changes of the flux

in the energy region around 1 PeV [250]. Therefore, we expect improvements from the

increase of statistics of events in that energy region from IceCube or the next-generation

neutrino experiments. The cosmogenic neutrino flux is expected to be originated in the

interactions of cosmic-ray particles with the CMB (contributing to the highest-energy

peak of the flux) and with the EBL (contributing to the lowest-energy peak). It is shown

that increasing values of the parameters of new physics manifest themselves in re-shaping

the EBL or the CMB peak [204]. For experiments trying to detect cosmogenic neutrinos,

the enhancement of the exposure in the energy region where the EBL peak is expected,

between 1015 and 1017 eV, depending on the spectral index of the parent cosmic-ray flux

at the escape from the sources [136, 137, 251], is of great relevance in order to improve

the sensitivity to new-physics parameters. In fact, the expected number of neutrinos is

doubled with respect to the SR case, in the range EQG/MP < 10 (considering a fixed

scenario for the UHECR spectral parameters and for the source evolution [204]).

Effects in neutrino oscillations We do not know whether the QG-motivated effects

affect the 3 known flavours of neutrinos (νe, νµ, ντ ) differently, and one could expect

they are the same for all flavours. However, astrophysical neutrino production models

are asymmetric in flavours [252]. Even neutrino decays arising from a flavour-blind

LIV can affect the flavour composition of astrophysical neutrinos, as indicated in

section 2.3.3. Besides this, LIV-driven neutrino oscillations have been intensively studied

in an effective field theory approach [253].

There are two key features we need to improve for future better sensitivity to

these effects. First, the particle identification of neutrino flavour needs to be improved.
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Cherenkov detectors such as IceCube and Hyper-Kamiokande discriminate the events

generated by muon neutrinos from the electron neutrino signals from morphology.

Different detectors (for instance, the liquid scintillator of JUNO) will need to develop

experiment-specific efforts such as the time profile of the signals. The distinction

between events originated by a neutrino or antineutrino is also of great relevance to

discriminate between effects originating from CPT-odd or CPT-even LIV terms in the

Lagrangian.

Second, energy and directional reconstruction needs to be improved for better

resolution. The search for energy-dependent LIV effects requires a good energy

resolution which would make possible also a better binning separation of the data.

Present and future experiments such as JUNO can take advantage of their unprecedented

values of energy resolution. For the higher energy events, it will be important to perform

calorimetric measurements and reconstruct the energies of through-going events. With

respect to angular resolution, this is relevant even in the case of isotropic LIV, since

even though its effect is energy dependent, the way it impacts oscillations of atmospheric

neutrinos leads to a zenith-dependent effect through the dependence on the baseline L

in the LIV term, of the type LEn. For example, neutrinos travelling through the whole

of Earth’s diameter or neutrinos travelling horizontally to the detector will behave

differently, due to this L dependence. Moreover, the case of a sidereal-LIV is, by

definition, direction-dependent. Last but not least, quantum decoherence can give also

a zenith-dependent effect on neutrino oscillations.

Effects in the development of atmospheric showers Astroparticles at the highest

energies are investigated thanks to the measurements of the cascade of particles

generated after the first interaction in the atmosphere. From this shower, one could

aim to identify the potential sources. This would be possible with detectors with an

angular resolution around or better than 1◦ over all the energy range of interest. It is also

important to have a huge area ground based detector based on a very robust detection

technique which enables a duty cycle of about 100% in case of transient sources.

Both the electromagnetic part of the shower and the muonic part can be affected by

LIV effects [254, 255]. The change in the energy threshold of particle decays deplete the

electromagnetic part of the shower faster than in the Lorentz invariant case, and the net

effect is to move the shower maximum to higher altitudes, which consequently affects the

calorimetric energy reconstruction of the shower. With respect to the hadronic part of

the shower, the decay versus interaction probability of pions can be altered in presence

of LIV, with some effects expected on the reconstruction of the energy and of the nuclear

species of the primary cosmic ray [256, 257]. In particular, the relative fluctuations of

the number of muons strongly decrease for protons as a function of the energy, if LIV is

included. Therefore, observables sensitive to the number of muons in the shower and to

its fluctuations can be successfully exploited to test LIV models [255, 258, 259]. Current

bounds will benefit from the improved determination of the UHECR mass composition

as expected with the upgrade of the Pierre Auger Observatory. Other effects regarding
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the photon sector include the vacuum Cherenkov radiation in the atmosphere [260] as

well as the modified pair production explored in [249], which could have an impact on

the determination of the sensitivity for the observation of photons.

Currently, shower simulation codes such as CORSIKA [261, 262] or CONEX [263]

do not allow the simulation of events that violate Lorentz invariance. It is therefore

necessary to first model and then introduce modifications to these simulation codes to

compute the development of showers in the atmosphere in case of LIV.

In summary, the improvement of the sensitivity to LIV effects through interaction

anomalies affecting the propagation of the cosmic messengers requires, quite generally,

a better determination of their spectral fluxes, which will be achieved by addressing the

following aspects:

• very good energy and angular resolution;

• improved models for the EBL and for the intrinsic spectra at the sources;

• the inclusion of LIV effects in atmospheric shower models;

• excellent rejection properties (e.g., between high-energy gamma rays and cosmic

rays) and discrimination power (e.g., between protons and heavy nuclei, or between

atmospheric and astrophysical neutrinos, and between neutrinos and antineutrinos);

• in general, much larger amount of statistics at high energies and the introduction

of new procedures of analysis, such machine learning techniques.

4. Proposals for new measurement strategies

In this section, we discuss the ongoing and planned upgrades to existing observatories

of cosmic messengers, proposals for future ones, and possible new approaches that could

strongly benefit the research in QG phenomenology. We divide this section into four

parts in order to individually discuss the main cosmic messengers, namely gamma rays,

neutrinos, UHECRs, and gravitational waves.

4.1. Gamma-ray experiments

The main targets of gamma-ray astronomy from the QG-gravity perspective concern

the possibility of in-vacuo dispersion and the possibility of QG-corrected opacity of the

universe to gamma-rays, as discussed in section 2.2 and section 2.3. Therefore, one

desires to observe high-energy photons from very distant sources and those that can

be described as short-duration bursts (or have intelligible fine time structure to enable

time-of-emission considerations). Gamma-ray telescopes with polarization measurement

capabilities would have the added bonus of being able to investigate models in which

the in-vacuo dispersion has a polarization dependence.

Clearly, the plans being made and implemented about the CTA [264] are very

exciting from the QG perspective, since they will provide many opportunities for

observing very-high-energy photons from fast and far transient sources. This in
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particular should include some observations of GRBs as well as observations of the Crab

Nebula with its pulsar. One limitation of such observations is that it will deliver data

just for relatively nearby sources, which not only decreases the expected magnitude

of the effects (which could be compensated by the increase in the observed energies)

but also lowers the sensitivity for investigating the form of the redshift dependence of

possible in-vacuo dispersion. Complementing CTA with telescopes capable of observing

photons with energies between 1 and 100 GeV and sensitive to phenomena occurring

at high redshifts would be very important for QG research. The ideal option would

be an upgraded version of the Fermi Large Area Telescope (LAT). An improvement

of merely a factor 2 in effective area and sensitivity with respect to the currect Fermi

LAT would already lead to progresses in QG research. Looking further in the future, a

very desirable prospect would be the one of a network of a few of such “super-Fermi”

telescopes displaced at large distances (e.g. solar-system-scale distances).

High-altitude air-shower observatories are also a top priority for QG phe-

nomenology, as shown by the interest generated by results already reported by the

LHAASO [265], located in the northern hemisphere. Besides that, QG phenomenology

and astrophysics in general would be benefited by a similar high-altitude instrument

located in the southern hemisphere, such as SWGO [266].

Super-Fermi While all these strategies are extremely valuable, if one wants to imagine

the ideal opportunity for QG phenomenology this would be provided by the observation

of the prompt phase of GRBs in the energy range between 10 and 100 GeV, particularly

the prompt phase of short GRBs. This is challenging for the CTA (moderate field

of view, limited chances of seeing the prompt phase of a GRB) and for high-altitude

air-shower observatories (good sensitivity only above 1 TeV), but could be achieved by

planning a “super-Fermi” space telescope, with larger effective area.

100+ GeV wide field of view ground-based observatories If the spectral break-off

of gamma rays caused by internal absorption is larger than 100 GeV, a viable

alternative/complement to “super-Fermi” space telescopes could be provided by the

SWGO [266] or the HADAR experiment [267], planning a ground-based observatory

with wide field of view and sensitivity to photons of energies 100 GeV and higher.

Similar benefits for QG phenomenology could come from the proposed Plenoscope [268]

and MACHETE [269].

All sky (multi satellite observatories) Traditional single-satellite telescopes can cover

the whole sky in a few hours, but their effective areas are not very large. There might be

benefits for the “discovery reach” of QG phenomenology if there were space telescopes

with much wider field of view (and therefore providing higher GRB statistics), even

if that came at the cost of a narrower and lower range of energies observed. From

this perspective QG phenomenologists are following with strong interest the advent of

“distributed astronomy”, using several nano-satellites that could serve as an all-sky
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monitor, with a keV–MeV energy band, providing high statistics at a small temporal

scale, besides allowing a more accurate determination of the location of astrophysical

events, like GRBs. An example of this strategy is the GrailQuest mission [270] (which

would launch a fleet of hundred/thousands of nano-satellites by the 2050s), which is

under development through the HERMES project [271].

Laser-light experiments Looking further ahead in the future, and assuming

optimistically some rather large progress in our space-mission capabilities, one could

hope for controlled experiments studying in-vacuo dispersion. For example, if it will

become possible to do laser-light experiments with lasers exchanging a signal between

the Earth and the Moon, one could test in-vacuo dispersion using the frequency-doubler

strategy proposed in [272].

4.2. Neutrino experiments

Neutrino observatories are very relevant for in-vacuo dispersion studies [273–276]. In-

vacuo dispersion may affect particle oscillations and modify the flavour ratio at which

the 3 known types of neutrinos (e, µ, τ , neutrino flavour) are detected on earth [95].

This effect could additionally be superposed by a possible family-dependence of in-

vacuo dispersion (though none of the quantum-spacetime toy models that appeared in

the literature supports this conjecture). As this effect grows with the energy of the

particle and the distance from the source, astrophysical neutrinos play a significant role

as they reach higher energies (∼ PeV) and have longer propagation distances (∼ Gpc).

The advent of a new generation of neutrino observatories, including KM3NeT [277]

and IceCube-Gen2 [278], will increase the statistics and improve the accuracy of energy

determination, which is much more significant for the QG research based on neutrino

observations rather than for the astrophysics interest for neutrinos. Experiments

based on other technologies such as air shower monitoring and radio arrays such as

GRAND [279], can reach observations with higher energy [280] and are therefore surely

of great interest to QG phenomenology. In planning these new observatories [281], QG

research would be benefited by the accuracy of energy determination and increase in

the statistics.

4.3. Cosmic-ray experiments

As discussed in section 2.3.1, the main possible QG effects on UHECR observations

are modifications of the kinematics of photonuclear interactions, which could alter the

maximum distance from which UHECRs can be observed, and the production rates of

cosmogenic neutrinos and photons. Also, modifications of particle lifetimes would alter

the development of the air showers, as discussed in the final paragraphs of section 3.2.2,

and impact the unresolved “muon puzzle”, which consists of a mismatch between the

theoretically expected and the experimentally measured number of muons [282, 283].
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Presently our most powerful cosmic-ray telescope is the Pierre Auger Observatory,

and its results have provided the basis for several QG-phenomenology analyses [259,

and references therein]. However, in general converting UHECR data into constraints

on QG parameters faces several challenges due to our lack of knowledge about the

sources and propagation of UHECR, described in section 3.1, but one can be optimistic

about progress in these directions in the coming years [198].

As discussed in section 3.2.2, concerning the planning of the next generation of

cosmic-ray observatories, the top priorities for QG are particle identification (especially

distinguishing between cosmic-ray protons and cosmic-ray heavy ions), the detection of

UHECR photons and of course accuracy of energy determination. From this perspective

we are excited about AugerPrime [284], the ongoing upgrade of the Pierre Auger

Observatory, adding scintillation surface detectors and radio detectors to the existing

water Cherenkov detectors, which will greatly improve its sensitivity to the mass number

of primary UHECR nuclei. We are also looking forward to the ongoing upgrade of the

Telescope Array (TA×4 [285]), bringing its area from the present 700 km2 to about

2800 km2. For the next decade we endorse enthusiastically the planning of GRAND [279],

JEM-EUSO [286] and POEMMA [287]. As a successor of these facilities, the GCOS

[288, 289] anticipates a set of arrays with total area of the order of 60 000 km2. For

more details on the next generations of cosmic rays observatories, please refer to [198].

4.4. Gravitational-wave experiments

Our current and foreseeable capabilities of observation of gravitational waves do not

look promising for tests of QG-induced in-vacuo dispersion since these gravitational

waves are of very long wavelength. The interest of the QG-phenomenology community

in gravitational-wave interferometry resides mainly in scenarios based on the idea of

“spacetime foam”, such that QG effects might manifest themselves as an additional

source of noise [290–292] for gravitational-wave interferometers. While modelling of

the conjectured QG noise is still at a very preliminary stage, it appears [290, 291]

that the effects might be more noticeable at lower frequencies, which adds reasons

of QG interest in observatories like LISA [293], the DECi-hertz Gravitational-wave

Observatory (DECIGO) [294], NANOgrav [97], the Big Bang Observer (BBO) [294, 295]

and the Einstein Telescope [296]. These planned (or “planable”) gravitational-wave

observatories might have added valence for QG research through their ability to test

some models of the stochastic background of gravitational waves [297–300].

It has also been noticed that in some scenarios for spacetime quantization (see

e.g. [68, 301]), besides changes in their in-vacuo dispersion, gravitational waves may be

affected with changes of their amplitude and frequency. Gradually as these studies reach

greater maturity in the coming years, we would of course favour plans of gravitational-

wave experiments tailored to these features.

From the multimessenger perspective it is interesting that gravitational-wave

observations might be used in synergy with the in-vacuo dispersion studies based on data
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from gamma-ray telescopes. One can hope that through some detections of gravitational

waves we might obtain information suitable for improving GRB models, which in turn

could be valuable for studies of in-vacuo dispersion, for example, by providing insight

into intrinsic spectral lags.

Finally, before closing the section, we should make the important remark, that as

in the case of a cosmic refractive index (photons), time delays of gravitational waves

may be considered as indirect probes of dark matter, see e.g. [302]. They can be sourced

by the interference of the waves due to their scattering with primordial black holes of

masses in the range 10–100M⊙ or planet-sized primordial black holes, which can play

the role of a dark matter component.

5. Data availability and collaboration between experiments

Before closing this white paper we would like to discuss future perspective of

collaborations between researchers and collaborations working on QG phenomenology

and the openness of data.

The community working on QG phenomenology within multimessenger astrophysics

is strongly interdisciplinary, combining theorists working on QG, theorists working on

astrophysics as well as experimentalists involved in different experiments, observing

different types of messengers. This perhaps also renders this community particularly

sensitive to an incomplete transition in the policies that concern public availability of

data. Until the early 2000s there were no open data requirements. At the present

time some experimental collaborations (mainly those which started operating several

years ago) still work with limited (and in some cases absent) public availability of

data, while others have adopted a strong commitment to publish and archive all data,

documentation, tools and educational resources for using the data. These differences

probably also reflect corresponding differences in the policies adopted by funding

agencies, some of which still pay no attention to public availability of data while others

are placing an increasing emphasis on this point.

Unfortunately in many cases a much larger fraction of the data collected by an

experiment has been kept reserved for a much longer time period than would appear

necessary for scientific reasons. For instance, the Pierre Auger Collaboration initially

kept reserved 99% of the UHECR events detected (which was already an improvement

over similar experiments, most of which did not publicly release any data at all until

decommissioning), with the exception of the datasets used in a few specific works (most

recently, all events with E ≥ 32 EeV detected until 31 December 2020 [303]). In

February 2021, it launched an Open Data Portal [304], but as of its writing [305] it still

excludes 90% of the UHECR events detected until 31 August 2018 and 100% of the

later ones. Nevertheless, there are plans to release up to 30% of its total data set, which

exceeds the total exposure of all other UHECR experiments combined [306, 307].

The situation is even worse with other similar experiments. For instance, the only

list of UHECR events released by the Telescope Array collaboration so far only includes
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events with E ≥ 57 EeV detected until 4 May 2013 [308].

It is important that funding of telescopes and observatories includes the necessary

resources for a strong effort of public availability of data. We do not propose a specific

recipe, since the optimal solution strongly depends on the specifics of the proposed

observations, and we well realize that it is also important to find a good balance between

the idealistic interests of pure science and the practical interests of those devoting many

years of their lives to preparing an observatory, who then use the embargo system for

collecting deserved benefits for their efforts.

But an aggressive data-release policy, requiring 100% of the data to be released

within a fixed time period of detection (for instance of the order of the typical duration

of a PhD program, e.g. five years), would impel collaborations to complete data analyses

in a timely manner, and may end up being net beneficial for science. Moreover, the

efforts to make the data usable to outsiders will also help keep the data accessible for

archival studies long after the decommissioning of the detectors.

Also journal editors can have an important role, by being very forceful in requesting

that data used in a scientific publication be made fully available to the scientific

community, also providing the information and tools necessary to understand and use

the data.

We strongly endorse ongoing efforts by some collaborations (e.g. H.E.S.S. and

MAGIC) to improve their public-availability policies. Two examples which might be

considered as reference standards are the Fermi LAT data policy and the LIGO/Virgo

data policy. Both of them moved from an initial phase of full embargo of their data,

to then making an admirably strong commitment to release, archive, and serve the

broader scientific community, also providing the information and the required tools to

understand and use the data. This combination of an initial phase of embargo followed

by a phase of full disclosure might deserve to be adopted more broadly, and the benefits

for science will be, of course, maximized if the embargo period is relatively short (the

Fermi LAT had only one year of embargo, which could be an ideal choice, when other

circumstances permit it).

While we are hoping that embargo phases will be short, when it happens that

more than one telescope is within an embargo phase (presently many telescopes are

in full embargo) one practice that has tempered the impact on the progress of science

is the establishment of working groups involving members of different experimental

collaborations for the purpose of joint data analyses, governed by memorandums of

understanding allowing them to access each other’s data before they are released to the

general public. Good examples of this practice are the Astrophysical Multimessenger

Observatory Network (AMON), which uses subthreshold data (which is not suitable

for astrophysical research) and public data from different observatories such as HAWC,

ANTARES, and IceCube to search for coincident multimessenger events [309, 310],

the multimessenger observation of GW170817 [311], the multimessenger observation of

TXS 0506+056 [312], the Working group on Hadronic Interaction and Shower Physics

[313], ANTARES+IceCube+Auger+TA searches for neutrino-UHECR correlations
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[314], Auger+TA anisotropy searches [315] and the International Pulsar Timing Array

[316]. These multimessenger initiatives can be boosted by platforms that emit alerts

on astrophysical events involving several messengers, such as Astro-COLIBRI [317],

General Coordinates Network (GCN) [318], Astronomer’s Telegram (ATEL) [319] and

the IceCube alert system [320]. As for studies more directly related to searches for

QG effects, we point out the initiative [102] which has been involving researchers from

H.E.S.S., MAGIC, VERITAS and LST-1 collaboration, and that describes a method to

handle combined datasets from these telescopes in order to search for LIV-induced time

delays.

6. Final remarks

The realization that observations in high-energy astrophysics have the potential to reveal

experimental signatures of a QG theory gave a significant boost to the field of QG

phenomenology since the 1990s.

Phenomena in extreme environments in the universe produce high-energy gamma

rays, neutrinos, cosmic rays, and gravitational waves. Tiny QG effects in the

interactions and propagation of these messengers may show up in experimental

observations thanks to the amplification offered by time delays accumulated in their

travel through cosmological distances, or by threshold anomalies that may enhance or

reduce significantly the expected detected spectrum at Earth.

The magnitude of these effects predicted by phenomenological QG models depends

on the modification they consider, a violation (LIV) or a deformation (DSR) of the

symmetries of SR, and on the basic parameter of the modification, the so-called QG

scale, EQG. While this scale is usually associated with the Planck scale, it could also

be considerably smaller, according to different theoretical scenarios. LIV effects in

the cosmic messengers are sensitive to a Planck-scale EQG, but DSR effects in the

interactions are only relevant if EQG is close to the energies explored by these messengers,

a situation whose consistency requires the absence of effects in the propagation in-vacuo.

The scale of EQG is therefore one of the most pressing theoretical unknowns, and

experimental efforts in QG phenomenology should aim for the identification of this scale.

Unfortunately, given the current understanding of the consequences of a QG theory, it is

not possible to offer very specific proposals to achieve this objective. As a generic goal,

this corresponds to trying to push the high-energy limit in the present and near-future

experiments. This may be crucial for the observation of sharp cutoffs in the spectrum

of photons or neutrinos predicted in superluminal LIV models, as well as to observe

an increase of the transparency of the universe for high-energy photons or cosmic rays

in the case of DSR or subluminal LIV models. Another relevant effect that may be

observed with better exposition at high energies is an enhancement in the cosmogenic

production of neutrinos and photons by the interactions of cosmic rays with the CMB

and EBL.

Besides the importance of trying to explore higher energies, improvements in the
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instrumental capabilities will directly reflect on the sensitivity to the QG scale.

In particular, better energy and angular resolutions are essential to establish

correlations between neutrinos and photons that may be influenced by QG effects.

Also, these enhancements are of great importance in time delay studies, or to improve

the localization of the sources of high-energy gamma rays, which is relevant for the

study of interaction anomalies in their propagation. Excellent rejection properties,

and, in general, an improvement in the sensitivity of the detectors to the very low

fluxes of the most energetic messengers is also a key to disentangle QG effects. Other

upgrades that would be most welcome for this kind of phenomenology are more

precise polarization measurements in the case of photons, better flavour and particle-

antiparticle determination in the case of astrophysical neutrinos, an improvement in the

discrimination power on the mass composition for the ultra-high energy cosmic rays, and

better sensitivity to additional sources of noise for gravitational-wave interferometers.

The previous experimental requirements need to be complemented with theoretical

advancements in the modelling of the astrophysical processes that produce the cosmic

messengers (relevant, for example, to discriminate between intrinsic and QG-induced

time delays), and of the backgrounds that affect their propagation, such as the EBL,

which are a source of systematic uncertainties in studies of the transparency of the

universe. An improvement in the methods of analysis, trying to circumvent the

limitations of the otherwise powerful likelihood method to model emission curves, or

devising new strategies, as a proper combination of samples corresponding to sources

of different redshifts, will also be important lines of future developments in the field.

The inclusion of QG effects in the simulation codes that model the propagation of the

messengers or the development of showers in the atmosphere used for their detection is

another important point here.

Progress along these lines will undoubtedly require comprehensive training for PhD

students and young postdocs, equipping them with the necessary cross-disciplinary

skills and techniques, both theoretical and experimental, essential for research in

this field. The current white paper, along with the review on QG phenomenology

[9], has resulted from the work conducted within COST Action CA18108 “Quantum

Gravity Phenomenology in the multi-messenger approach”. This COST Action also

organized three Training Schools designed to provide students with the corresponding

interdisciplinary expertise. The lecture notes from these schools are being published by

PoS, and both the lecture notes and video recordings of the lectures are accessible on

the webpage https://qg-mm.unizar.es/publications/. This resource will serve as a

lasting legacy from the COST Action for the benefit of future generations of students.

Finally, we advocate supplementing the presently available set of observatories and

their upgrades with a new generation of detectors, including new gamma-ray Earth-

based and space instruments that allow for a better coverage of the sky and a new

generation of neutrino and cosmic rays observatories that may be using new technologies

such as radio arrays, with the purpose of providing higher statistics, better energy

determination and particle identification, and an accurate location of astrophysical

https://qg-mm.unizar.es/
https://qg-mm.unizar.es/
https://qg-mm.unizar.es/publications/
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events. The complementarity between these detectors, sensitive to different energy

ranges and to different messengers, makes QG phenomenology strongly dependent

on the cooperation and commitment of researchers working in different experimental

collaborations, together with theorists working in the appropriate modelling of the

new effects. Supporting the efforts of open data policies in these new facilities by

funding agencies will therefore be essential for the progress of this highly interdisciplinary

endeavour that may bring about deep changes in our way of thinking and describing

the physical world.
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the support provided by the Scientific and Technological Research Council of
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Alcala, Madrid); H. Sahlmann (Friedrich-Alexander-Universität Erlangen-
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List of acronyms

AGN active galactic nucleus

CMB cosmic microwave background

CTA Cherenkov Telescope Array

DSR doubly special relativity

EBL extragalactic background light

GR general relativity

GRB gamma-ray burst

HAWC the High-Altitude Water Cherenkov Observatory

IACT imaging atmospheric Cherenkov telescope

LAT Large Area Telescope

LHAASO Large High Altitude Air Shower Observatory

LIV Lorentz invariance violation

MDR modified dispersion relation

SR special relativity

SWGO Southern Wide-field Gamma-ray Observatory

UHECR ultra-high-energy cosmic ray

QG quantum gravity
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O, Marrese P M, Moitinho A, Muinonen K, Osborne P, Pancino E, Pauwels T,
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Peñalosa Esteller X, Penttilä A, Pichon B, Piersimoni A M, Pineau F X, Plachy
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[279] Álvarez-Muñiz J et al. (GRAND) 2020 Sci. China Phys. Mech. Astron. 63 219501

(Preprint 1810.09994)
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