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Abstract: High-energy cosmic messengers, such as gamma rays, neutrinos, and cos-
mic rays, have become indispensable tools for probing fundamental physics, providing
a natural laboratory that far exceeds the reach of terrestrial particle accelerators. Ow-
ing to their extreme energies and vast propagation baselines, which can amplify tiny
Planck-scale effects, these messengers offer some of the most promising avenues for
testing theories of quantum gravity and for exploring the nature of spacetime itself.
In this review, I present a critical synthesis of current constraints on deviations from
Lorentz invariance, with emphasis on propagation-based observables such as modified
interaction thresholds and time-of-flight effects. Particular attention is devoted to astro-
physical uncertainties that may affect the interpretation of these observations, and to
what these constraints reveal about the viability of detecting quantum-gravity–induced
modifications to spacetime symmetries.
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1. Introduction

Lorentz symmetry lies at the heart of the modern conception of spacetime. It intertwines space and time into
a unified four-dimensional entity–spacetime–ensuring that the form of the laws of physics remain invariant for
all inertial observers, regardless of their relative motion. One might be tempted to ask “relative with respect to
what?”, a question that harkens back to the pre-relativistic notion of absolute space and the hypothetical pervasive
luminiferous ether, once thought to be the medium through which electromagnetic waves propagated.

Lorentz symmetry is not merely a property of physical laws, but a manifestation of the structure of spacetime
itself, with the invariant interval ds2 = −c2dt2 + dx2 + dy2 + dz2 preserved under Lorentz transformations. This
insight eliminated the need for an absolute space to serve as the arena wherein physical phenomena occur, and
is at the core of special relativity (SR). General relativity (GR) extends this idea by incorporating local Lorentz
invariance into a dynamical, curved spacetime framework. This four-dimensional relational ontology underlies
both relativity and quantum field theory (QFT), where the symmetries of spacetime and of the dynamical laws are
intimately connected. Spacetime, in this view, is a geometric structure whose symmetries define what we mean by
space, time, and motion.

Relativity withstood a century of experimental tests [1, 2], proving itself to be an extraordinarily robust
framework for understanding the physical world; but so has quantum mechanics. These two pillars of modern
physics seem fundamentally incompatible.

For decades, there has been a theoretical effort to unify quantum mechanics and general relativity, the two
fundamental theories of modern physics [3–5]. Quantum gravity (QG) is one of the paths explored in this direction,
based on attempts to quantise gravity. This endeavour is motivated by the success of QFT in describing the
fundamental interactions apart from gravity, which resists straightforward quantisation due to its unique geometric
nature, and the non-renormalisability of perturbative approaches.

The pursuit of a QG theory raises deep questions about the very nature of spacetime itself. Is spacetime a
fundamental entity? Is it a smooth manifold upon which physics unfolds? Or is it an emergent phenomenon arising
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from some more fundamental theory? While GR treats spacetime as a continuous fabric whose curvature encodes
the notion of gravitation, built into QFT is the idea of a fixed, smooth background on which quantum processes occur.
Maybe these two descriptions, which excel in their respective domains of applicability, can point to a deeper theory
that unifies them, whose effects become significant only at extremely high energies or small scales, commonly
thought to be near the Planck energy scale, EPl =

√
ℏc5/G ≈ 1.22× 1028 eV, or conversely the Planck length,

ℓPl =
√

ℏG/c3 ≈ 1.62× 10−35 m. At such scales, spacetime might no longer be well described as a continuous
arena but as a discrete, relational, or even algebraic entity. Instead, what is perceived as a continuum can actually
contain substructures or be an emergent phenomenon, rather than a fundamental aspect of reality. These deep
questions about the ontology of spacetime are discussed in detail in the philosophical literature [6–9].

Given the intrinsic link between Lorentz symmetry and the structure of spacetime, it is plausible that any
modification to our understanding of spacetime at the quantum level could also impact Lorentz symmetry. Thus,
questions about the fundamental nature of spacetime and Lorentz symmetry motivate the search for experimental
signatures that could reveal deviations from exact Lorentz invariance, potentially shedding light on the underlying
structure of spacetime at the quantum level. It is, however, important to emphasise that Lorentz invariance is not a
prerequisite for a theory of QG, and that finding Lorentz invariance violation (LIV) would not necessarily imply
the existence of QG effects. This path is, nevertheless, a promising avenue to explore the nature of spacetime and
its symmetries.

The Large Hadron Collider (LHC) currently provides the highest energies achievable in terrestrial laboratories,
reaching up to 100 PeV in the lab frame [10], which is still over ten orders of magnitude below the Planck energy.
Fortunately, nature itself accelerates particles to far higher energies, exceeding 100 EeV (1 EeV ≡ 1018 eV), which
is much closer to the Planck scale. Moreover, these particles traverse cosmological distances, allowing tiny effects
to accumulate over time and distance, which can potentially lead to measurable deviations from standard physics.
Furthermore, small changes in particle interactions may yield observable secondary signatures due to collective
amplification effects during propagation. In the golden age of multi-messenger astrophysics, high-energy cosmic
messengers are, therefore, one of the best probes of fundamental physics, including QG phenomenology [11,12].

The messengers covered in this review are very-high energy (VHE) gamma rays with energies E ≳ 100 GeV,
high-energy neutrinos with E ≳ 100 TeV, and ultra-high energy cosmic rays (UHECRs) with E ≳ 1 EeV
(1 EeV ≡ 1018 eV). These messengers are of particular interest for QG phenomenology because they represent
the most energetic particles routinely observed with present-day technology. To date, the most energetic neutrino
detected has an energy exceeding 100 PeV [13], while the highest-energy gamma ray observed has an energy
of order 1 PeV [14]. Even more extreme are the highest-energy cosmic rays (CRs) ever detected, with energies
exceeding 0.1 ZeV (1 ZeV ≡ 1021 eV) [15,16]. Although these energies remain many orders of magnitude below
the Planck scale, EPl =

√
ℏc5/G ≈ 1.22× 1028 eV, where quantum-gravitational effects are commonly expected

to become significant, they far exceed those achievable in terrestrial accelerators. For comparison, the LHC reaches
centre-of-mass energies of order 1013 eV. High-energy cosmic messengers therefore provide a unique window onto
physical regimes that are otherwise experimentally inaccessible.

This review is intended for two communities: astrophysicists interested in fundamental physics, and QG
researchers interested in the real-world implications of their theories. For the former, I try to introduce the central
ideas of QG phenomenology in a concise yet pedagogical way, using familiar notation and keeping the mathematics
as transparent as possible. For the latter, I give a brief overview of some astrophysical concepts I deem important,
focusing on how astrophysical and instrumental uncertainties can influence the interpretation of observations.
Inevitably, several arguments are simplified. My intention is to give a general overview of the topic, and to make the
connections between theory and observation clear without overwhelming the reader with technicalities, which can
be found in some of the references cited.

Here I concisely summarise the state of the art in QG searches with high-energy cosmic messengers. Section 2
covers the main aspects of the propagation of these messengers through cosmic distances. From Section 3, I start
connecting the discussion to QG phenomenology, presenting some frameworks and observables. Section 4 is
devoted to reviewing the main constraints on QG obtained with high-energy cosmic messengers, followed by a
critical discussion of the state of the art and limitations of these studies in Section 5. Finally, in Section 6, I will
pragmatically discuss where we stand, and the prospects for actually identifying signatures of QG with high-energy
cosmic messengers in the near future.

2. Canonical Propagation of High-Energy Messengers

The power of high-energy particles to probe fundamental physics stems, to a large extent, from the cumulative
effects that tiny deviations from standard physics can have over the vast distances they travel, from their sources to
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Earth. Therefore, it is crucial to understand the main processes affecting their propagation.
This section is not meant to be an exhaustive review of all propagation effects, but rather a brief summary of the

main phenomena relevant for interpreting the observations and for probing new physics with cosmic messengers. I
first provide a concise overview of cosmological effects relevant for understanding propagation in Section 2.1. Then in
Sections 2.2 and 2.3, I discuss phenomena such as scatterings, decays, and oscillations. Sections 2.4 and 2.5 focus on
the effects of magnetic and gravitational fields on the propagation of these messengers. Finally, in Section 2.6, I briefly
present some numerical tools commonly used to model the propagation of high-energy messengers.

2.1. Cosmological Effects

In an expanding universe, the rate of expansion at a given redshift z is described by the Hubble parameter
H(z), which, in the standard Λ cold dark matter (ΛCDM) cosmological model, is given by

H2(z) = H2
0

[
Ωr(1 + z)4 +Ωm(1 + z)3 +Ωk(1 + z)2 +ΩΛ

]
, (1)

where H0 is the present-day Hubble constant, and Ωi are the fractional energy densities of radiation (Ωr), matter
(Ωm), spatial curvature (Ωk), and dark energy (ΩΛ). These components satisfy the relation

∑
i Ωi = 1. In the

concordance ΛCDM model, the curvature contribution vanishes (Ωk = 0).
Equation (1) determines how the expansion rate evolves with redshift, linking cosmic time and redshift,

as follows:
dt
dz

= − 1

1 + z

1

H(z)
. (2)

2.2. Scatterings and Decays

High-energy cosmic messengers may decay or scatter off ambient background fields during their propagation.
This alters the information they carry and leaves observable signatures that encode the interactions they underwent.
Two main classes of processes govern these effects: decays and scatterings.

A decay process of the form
X (i)

0 → X (f)
1 + · · ·+X (f)

n

is characterised by its intrinsic decay time, τ . A decay channel is kinematically allowed if its decay width is non-zero
and if the centre-of-mass energy squared exceeds

smin =

 n∑
j=1

m(f)
j c2

2

, (3)

where m(f)
j denotes the mass of the j-th final-state particle. Here, s is the Mandelstam variable representing the

square of the total energy in the centre-of-mass frame.
Consider an interaction process involving two particles in the initial state, labelled ‘X (i)

j ’, resulting in a final
state composed of n particles, labelled ‘X (f)

j ’. A generic reaction of this type can be written as:

X (i)
1 +X (i)

2 → X (f)
1 + · · ·+X (f)

n .

Its rate of occurrence depends on the type of target particle (X (i)
2 ) and the specific astrophysical environment where

the messenger (X (i)
1 ) is propagating.

Over cosmological scales, the most relevant targets for interactions are photons, which pervade the whole
universe. For instance, the cosmic microwave background (CMB) [17] is omnipresent and affects the propagation
of high energy (HE) messengers at specific energy ranges. The integrated radiation field resulting from structure
formation processes—the extragalactic background light (EBL) [18–20]—also plays a central role in the propagation,
together with the cosmic radio background (CRB) [21, 22]. On Galactic scales, the interstellar radiation field
(ISRF) [23,24] can be important.

Hadronic backgrounds are overall negligible on cosmological scales, especially in the intergalactic medium,
but they do matter within structures. For instance, in the Milky Way the existence of pervasive interstellar gas
has been known since the last century [25–27]. In galaxy clusters, this can also be relevant for the propagation of
high-energy messengers [28–31]. There is also a pervasive neutrino background, the cosmic neutrino background
(CνB) [32], which may be important for the propagation of extremely energetic neutrinos and photons [33–35].
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In what follows, I will concentrate on the case of target photons, i.e., on processes of the type:

X (i) + γbg → X (f)
1 + · · ·+X (f)

n .

The characteristic length (λ) for the interaction of a particle of energy E and speed βc, with a background
distribution of isotropic photons with spectral number density dn(ε)

dε , for an energy ε, is given by [11]

λ(E) = 8βE2

 εmax∫
εmin(E)

smax(E,ε)∫
smin

dε ds
1

ε2
dn(ε)

dε
(s−m2c4)σ(s)


−1

, (4)

wherein σ(s) is the cross section, m is the mass of the particle, and s is the Mandelstam variable representing the
square of the total energy in the centre-of-mass frame,

s(E, ε, θ) = m2c4 + 2εE(1− β cos θ) . (5)

Note that Equation (4) is usually calculated at specific redshifts (z), such that the time evolution of the
background photon fields ought to be written as dn(ε)

dε = dn(ε,z)
dε , for generality, thus implying λ(E) = λ(E, z).

The limits of the integral over s depend on the specific interaction considered. The lower limit, smin, is
determined by kinematics. Under Lorentz symmetry, the threshold corresponds to the configuration in which the
outgoing particles are parallel to each other. In this case, the invariant satisfies s(i) = smin, following the definition of
Equation (3). Naturally, the initial state must allow for this configuration. For fixed incoming energies, this occurs
when the initial particles are anti-parallel to each other, i.e., for head-on collisions (θ = 180◦). This gives the upper
limit of integration of the inner integral of Equation (4), smax:

smax(E, ε) = m2c4 + 2εE(1 + β) . (6)

2.2.1. Photons

High-energy photons can interact with background photon fields producing electron-positron pairs:

γ + γbg → e+ + e− , (7)

where γbg represents a background photon. This process is kinematically allowed if the centre-of-mass energy
exceeds the threshold smin = 4m2

ec
4, where me is the electron mass. It is by far the most relevant interaction channel

for high-energy photons propagating over cosmological distances, due to its relatively low energy threshold and high
cross section, which enables efficient interactions with the CMB and extragalactic background light (EBL) [36–38].

Other possible channels include the production of muon or tau pairs of charged leptons [39–42], hadronic
pairs [41–43] (e.g., π+ + π−), or other particles (e.g., q + q̄). A higher-order quantum electrodynamics (QED)
process is double pair production [44,45], γ + γbg → e+ + e− + e+ + e−, which becomes relevant at ultra-high
energies, although generally subdominant with respect to the Breit-Wheeler channel.

The propagation of photons over cosmological distances is affected by their interactions with background
photons, as described in Section 2.2, being Breit-Wheeler pair production the dominant process. For an object
located at a distance Lsrc, corresponding to a redshift zsrc, emitting photons with energy Esrc, the observed flux at
Earth, Φobs(E), relates to the emitted flux, Φsrc(Esrc), through an exponential attenuation factor:

Φobs(E) = Φsrc(Esrc) exp [−τPP(Esrc, zsrc)] , (8)

wherein τPP(Esrc, zsrc) denotes the optical depth for pair production, labelled by the subscript ‘PP’, defined as the
distance-integrated inverse mean free path (λ−1

PP ; see Equation (4)):

τPP(Esrc, zsrc) =

zsrc∫
0

dz
c

λPP(E(z), z)

∣∣∣∣ dt
dz

∣∣∣∣ , (9)

where dt/dz is given by Equation (2). Note that the energy at emission (Esrc) and at observation (E) are related as:
E(z) = Eobs(1 + z). In this notation Φsrc(Esrc) shall be interpreted as the flux that would be observed at Earth in
the absence of absorption, evaluated at the emitted energy Esrc.
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2.2.2. Electrons

An important process in astrophysical environments involving high-energy electrons is inverse Compton
scattering [46,47],

e± + γbg → e± + γ . (10)

This process efficiently transfers energy from high-energy electrons to low-energy background photons predomi-
nantly from the CMB at sub-EeV energies, and the CRB above.

Higher-order processes that can at times provide small but non-negligible contributions include triplet pair
production [48,49] (e± + γbg → e± + e+ + e−), which is relevant for ultra-high energy (UHE) particle propaga-
tion [50,51], and electroproduction of muon pairs, e± + γbg → e± + µ+ + µ−.

2.2.3. Cosmic-Ray Nuclei

High-energy cosmic-ray nuclei can interact with background photon fields through various processes. This
process can be generally represented as A

ZX + γbg → . . . , where A is the atomic mass of the CR nucleus, and Z its
atomic number. The most relevant interactions for the propagation of UHECRs are listed below.
Bethe-Heitler pair production.In this process, high-energy nuclei interact with background photons to produce
electron-positron pairs [52]:

A
ZX + γbg →A

Z X + e+ + e− . (11)

Although this process has a lower energy threshold compared to photoproduction of mesons and photodisintegration,
its energy loss per interaction is relatively small. Nevertheless, it can contribute significantly to the overall energy
loss of UHECRs over cosmological distances [53,54].
Photoproduction of mesons. This process occurs at the level of individual nucleons within the nucleus, leading to
the production of mesons, primarily pions:

p+ γbg →

{
p+ π0 ,

n+ π+ ,
and n+ γbg →

{
p+ π− ,

n+ π0 .
(12)

For UHE protons interacting with CMB photons, this process gives rise to a significant suppression in the cosmic-ray
spectrum at the highest energies, above ∼ 50 EeV — the so-called Greisen-Zatsepin-Kuzmin (GZK) cut-off [55,56].
In the case of nuclei, screening effects lead to a reduction in the effective cross section compared to free nucleons,
which can be important for modelling the propagation of nuclei, as discussed in refs. [57,58].

The threshold energy for this process can be derived from Equation (5), yielding:

Ethr =
(mn +mπ)

2c4 −m2
pc

4

4ε
, (13)

wherein ε denotes the energy of the CMB photon in the lab frame, and mp, mn and mπ are the proton, neutron,
and pion masses, respectively. For the channel with neutral pion production, the mass of the neutron must be
replaced by that of the proton. For typical CMB photons with energies 1 µeV ≲ ε ≲ 1 meV, the threshold energy
is Ethr ≈ 50–100 EeV, consistent with the observed suppression in the UHECR spectrum [59,60].
Photodisintegration. This process involves the interaction of high-energy nuclei with background photons, leading
to the ejection of one or more nucleons from the nucleus [61]:

A
ZX + γbg →


A−1
Z−1X + p ,
A−1
Z X + n ,
A−4
Z−2X +4

2 He ,
A′

Z′X + . . . .

(14)

This process is particularly relevant for heavy nuclei, such as iron, and leads to a gradual reduction of the mass
number of the cosmic-ray nucleus as it propagates through space [61,62].

In the ultra-high-energy regime, the cross section is dominated by the giant dipole resonance at ε′ ≲ 50 MeV
and by quasi-deuteron processes for 50 ≲ ε′/MeV ≲ 150, while baryon resonances appear at ε′ ≳ 150 MeV. Note
that here ε′ refers to the photon energy in the rest frame of the nucleus. The threshold for photodisintegration
depends on the binding energy required to remove nucleons, and nuclear recoil is usually neglected, as ε′ is much
smaller than the nuclear mass. The uncertainties in cross sections are significant, affecting the interpretation of
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UHECR data [63–65] and the production of secondary messengers [66].

2.2.4. Neutrinos

Neutrino interactions with photons are extremely suppressed within the Standard Model (SM). Direct neutrino–
photon scattering like

νℓ + γ → νℓ + γ , (15)

where ℓ = {e, µ, τ}, virtually vanishes at tree level, and proceeds only through higher-order loop diagrams involving
charged leptons and W± bosons. Another possibility is the production of a charged lepton and a W boson,

νℓ + γ → ℓ+W , (16)

which becomes kinematically allowed only above an extraordinarily high threshold in the centre-of-mass frame:

Ethr ≃
(mW +mℓ)

2c4

4ε
. (17)

This is the case of extremely energetic neutrinos interacting with the CMB [33,67–69].
Neutrino–neutrino interactions can lead to the attenuation of extremely energetic neutrinos propagating through

the CνB. The most important processes of this kind include

νℓ + νℓ → νℓ + νℓ,

νℓ + νℓ′ → νℓ + νℓ′ ,

νℓ + ν̄ℓ′ → νℓ + ν̄ℓ′ ,

νℓ + ν̄ℓ → ℓ+ + ℓ−,

νℓ + ν̄ℓ → f + f̄ ,

νℓ + ν̄ℓ → W+ +W−,

νℓ + ν̄ℓ → Z + Z.

(18)

These processes have very low cross sections [70], but they can become important for the propagation of neutrinos
from high-redshift sources [71].

2.3. Oscillations

The phenomenon of oscillations arises when particles can exist in different ‘flavours’ that are superpositions of
propagation eigenstates. The most important example is neutrino flavour oscillations, which occur because flavour
eigenstates are superpositions of mass eigenstates.

Over cosmological baselines, flavour change in the universe is governed by the usual three-flavour framework,
but with the additional consideration that the oscillation phase changes with redshift due to the adiabatic expansion
of the universe. Let |να⟩ =

∑
i Uαi |νi⟩ be a flavour eigenstate, wherein U is oscillation matrix — the Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) matrix [72,73] for neutrinos. The vacuum transition probability from a flavour
eigenstate α to a flavour eigenstate β is:

Pαβ = δαβ − 4
∑
i>j

Re
[
UαiU

∗
βiU

∗
αjUβj

]
sin2

(
ϕij

2

)
+ 2

∑
i>j

Im
[
UαiU

∗
βiU

∗
αjUβj

]
sin (ϕij) . (19)

In a spatially-flat non-expanding universe, the phase ϕij is given by

ϕij =
1

2ℏc
∆m2

ijc
4

E
L ≈ 7.8× 1013

(
∆m2

ij

eV2

) (
L

Mpc

) (
E

PeV

)−1

, (20)

where ∆m2
ij = m2

i −m2
j represents the mass-squared difference between mass eigenstates i and j, and L is the

propagation distance, for a neutrino with energy E, as measured today. However, the universe is expanding, such
that the neutrino energy redshifts as E ∝ (1 + z). This modifies the flavour transition probability, in particular the
oscillation phase. To leading order in m2c4/E2, for a neutrino emitted at redshift z and observed today with energy
E, the phase becomes:
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ϕij(z) ≃
1

2ℏc
∆m2

ijc
4

E

z∫
0

1

(1 + z′)2 H(z′)
dz′ , (21)

where H(z) is given by Equation (1). At small redshifts (z ≪ 1), this integral reduces to L/c, recovering the
flat-spacetime phase given by Equation (20).

Equation (21) points to the fact that the oscillation probability is redshift-dependent. Each mass eigenstate
(|νi⟩) propagates with a slightly different group velocity (vic ≃ 1− m2

i c
4

2E2 ), leading to a gradual spatial separation
of their respective wave packets. Coherence is lost once this separation exceeds the intrinsic spatial width (σx)
determined by production or detection. This corresponds to a coherence length of [74,75]

Lcoh,ij ≃ 4
√
2σx

E2

|∆m2
ijc

4|
, (22)

beyond which the interference terms in the transition probability (see Equation (19)) are exponentially suppressed.
Note that this relation assumes Gaussian wave packets [74,75]; more sophisticated quantum field theory treatments
yield similar scalings with additional process-dependent factors (see, e.g., refs. [76,77]).

After cosmological propagation and complete decoherence, the flavour composition of the neutrino flux
detected at Earth depends linearly on the source composition through the averaged transition matrix,

Pαβ =
∑
i

|Uαi|2|Uβi|2 , (23)

which follows from the unitarity of the PMNS matrix. The flavour fractions measured at Earth are thus given by

f⊕
α =

∑
β

Pαβ f
src
β , (24)

where f src
β represents the fractional contribution of each flavour at production. For typical astrophysical sources,

neutrinos are produced primarily via the mechanisms shown in Table 1.

Table 1. Neutrino flavour compositions at the source for different production mechanisms. Note that these values are
only approximate, considering standard neutrino oscillations parameters [78].

mechanism f src f⊕

pion decay 1 : 2 : 0 0.33 : 0.33 : 0.33

muon damping 0 : 1 : 0 0.25 : 0.37 : 0.38

neutron β-decay 1 : 0 : 0 0.55 : 0.23 : 0.22

2.4. Effects of Magnetic Fields

High-energy charged particles are deflected by magnetic fields during their propagation. For an ultrarelativistic
particle of charge q, which can be a CR, for example, the typical angular deflection (∆θB) after travelling a distance
Lsrc is [79]:

∆θB,CR ≃


qc

B
√
LsrcLB

E
= 0.5◦ Z

(
B

10−15 T

)(
E

100 EeV

)−1 ( Lsrc

100 Mpc

) 1
2
(

LB

1 Mpc

) 1
2

if Lsrc ≫ LB ,

qc
BLsrc

E
= 5.3◦ Z

(
B

10−15 T

)(
E

100 EeV

)−1 ( Lsrc

100 Mpc

)
if Lsrc ≪ LB ,

(25)

where B is the strength of the magnetic field perpendicular to the particle’s trajectory, and LB is its characteristic
coherence length. Here Z is the atomic number of the charged particle, such that the charge is q = Ze, with e being
the elementary charge. Equation (25) implies that the magnetically-induced time delays (∆tB) are [79]

∆tB,CR ≈


q2c

B2 L2
srcLB

18E2
= 106 Z2

(
B

10−15 T

)2 ( E

100 EeV

)−2 ( Lsrc

100 Mpc

)2 ( LB

1 Mpc

)
yr if Lsrc ≫ LB ,

q2c
B2 L3

src

24E2
= 4200Z2

(
B

10−15 T

)2 ( E

100 EeV

)−2 ( Lsrc

100 Mpc

)3

yr if Lsrc ≪ LB .

(26)
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The propagation of CRs in magnetised environments is actually much more complex than what is captured
by Equations (25) and (26), due to interactions and the inhomogeneous nature of magnetic fields within distances
probed by UHECRs.

In the case of gamma rays, which are electrically neutral, ∆θB is relevant only if the photons produce
electromagnetic cascades during propagation (see Sections 2.2.1 and 2.2.2), with the subsequent regeneration of
photons due to inverse Compton scattering. In this case, the magnetic field affects the charged components of the
cascade (electrons and positrons), which in turn affect the subsequent propagation of the photons produced. At
energies between roughly 10 GeV and 100 TeV, where gamma rays interact primarily with the EBL and electrons
with the CMB, if zsrc denotes the redshift corresponding to the source distance Lsrc, the typical angular signature
expected to be observed at Earth is [80]:

∆θB,γ ≃


0.01◦

(1 + zsrc)
1
2

( τθ
10

)−1
(

E

1 TeV

)− 3
4
(

B

10−18 T

)(
LB

1 kpc

) 1
2

if
LB

1 + zsrc
≪ λIC ,

0.05◦

(1 + zsrc)2

( τθ
10

)−1
(

E

1 TeV

)−1(
B

10−18 T

)
if

LB

1 + zsrc
≫ λIC ,

(27)

wherein E refers to the energy of the observed gamma ray, and τθ is the ratio between the angular diameter distance
and the source to the mean free path for pair production. Two regimes are identified, depending on the relation
between the coherence length of the magnetic field (LB) and the mean free path for inverse Compton scattering at
the redshift of interest (λIC). The corresponding time delays are [80]:

∆tB,γ ≃


1.0× 104

κ
(
1− τ−1

θ

)
(1 + zsrc)2

(
E
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)−2(
B

10−21 T

)2(
LB

1 kpc

)
s if

LB

1 + zsrc
≪ λ IC ,

2.2× 105
κ
(
1− τ−1

θ

)
(1 + zsrc)5

(
E

1 TeV

)− 5
2
(

B

10−21 T

)2

s if
LB

1 + zsrc
≫ λIC ,

(28)

where κ is a factor of order unity that captures uncertainties in the EBL model. Here the energy E refers to the
energy of the observed gamma ray, which may or may not be the primary gamma ray that left the source. Note that
B and LB in these equations are the corresponding values at present time (z = 0).

On Galactic scales, these very same cascade processes happen to PeV gamma rays, which interact with the
CMB, as well as with the ISRF [81,82], ultimately leading to time delays.

Equations (27) and (28) assume that pair production occurs much closer to the source than to the observer,
which is valid for sources at cosmological distances. Moreover, these equations were derived (see ref. [80] for
details) presuming only one generation of cascade photons, which is not an adequate simplification if the sources
have very hard spectra, and if their emission spectrum extends to very high energies (above 100 TeV). Nevertheless,
the equations do capture the main dependencies of the angular deflections and time delays on the relevant parameters,
and provide adequate estimates for analysing observational data of gamma-ray observatories like Fermi-LAT and
imaging atmospheric Cherenkov telescopes (IACTs).

Within the SM, neutrinos are not affected by magnetic fields. However, magnetically-induced time delays can
also affect neutrinos if they are the by-product of processes involving charged particles, which is usually the case.

2.5. Effects of Gravitational Fields

The gravitational time delay (∆tG) is caused by the presence of massive objects along the line of sight between
the source and the observer. Suppose that in the observer’s frame, the source of the particles is located at a distance
Lsrc from Earth, and the object of mass M is at a distance Robj. If an ultrarelativistic particle passes at a distance r

from this object, the gravitational time delay can be approximated as [83]:

∆tG ≈ 2GM

c3
ln

(
4LsrcRobj

r2

)
. (29)

Note that this equation is the leading-order post-newtonian result. It is valid only in the weak-field limit, and
assumes a static, spherically symmetric mass distribution and a Schwarzschild metric. It does not hold if the massive
object is too close to either the source or the Earth. This result is very different in the case of strong gravitational
fields, where strong lensing can occur.
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2.6. Simulating the Propagation

Equations (25)–(28) have a limited domain of validity. They provide only approximate descriptions that
neglect the stochastic nature of particle transport and the inherent non-linearity of some relevant processes. To
obtain accurate predictions for the propagation of high-energy cosmic messengers—particularly when searching for
subtle signatures of new physics—one must resort to Monte Carlo simulations. These allow for a self-consistent
treatment of relevant interactions, magnetic deflections, and gravitational effects. This type of approach is essential
when modelling complex astrophysical environments or when studying the joint behaviour of multiple messengers
simultaneously.

For the transport of gamma rays in the GeV–PeV range, where electromagnetic cascades and magnetic fields
play a significant role, several dedicated Monte Carlo codes are available. CRPropa [84,85], ELMAG [86,87], and
CRbeam [88] are among the most widely used, each implementing distinct treatments of pair production, inverse
Compton scattering, and photon absorption on cosmological background fields. At energies beyond a few PeV, in
addition to CRPropa, the EleCa code [89] provides an alternative for simulating UHE photon propagation.

For UHECRs, CRPropa [84,85,90,91] and SimProp [92,93] remain arguably the most popular tools. Both
include the key energy-loss processes. However, only CRPropa performs fully three-dimensional simulations that
incorporate both magnetic deflections and particle interactions. At lower CR energies, the GALPROP [94,95] and
DRAGON [96,97] frameworks offer realistic descriptions of Galactic cosmic-ray transport, accounting for injection,
reacceleration, and interactions with interstellar gas and radiation fields.

A particularly appealing feature of CRPropa 3 [84,85] is its unified treatment of ultrarelativistic messengers
(CRs, gamma rays, and neutrinos) within a single computational framework. This consistency enables detailed
multi-messenger studies, revealing correlations between different particle species, spectral connections across
energy bands, and the cosmological evolution of their sources.

Note that while (semi-)analytical treatments provide useful insights into propagation phenomena, they often
assume idealised conditions, including simplified fields, continuous energy losses, or rudimentary geometries.
They therefore tend to overlook critical aspects of the problem, such as the complex interplay between different
messengers and the environments they traverse. Monte Carlo simulations excel in capturing these complexities,
offering a more faithful representation of the underlying physics that captures, to some extent, the stochasticity
inherent to propagation phenomena. Monte Carlo techniques, by tracking individual particles through these random
processes, naturally reproduce the fluctuations, correlations, and secondary cascades that define observables such
as spectrum, arrival directions, and arrival times. This rigorous realism is what makes them indispensable for
high-precision, multi-messenger studies, and ultimately for tests of Lorentz symmetry.

3. Lorentz Symmetry and Quantum Gravity Theories

One of the most remarkable aspects of high-energy cosmic messengers is their potential to probe the funda-
mental nature of spacetime and gravity. The quest for a consistent theory of QG that unifies GR and QFT has been a
longstanding challenge in theoretical physics. In this section, I briefly describe some of the main fundamental and
phenomenological (Section 3.1) frameworks that attempt to address this challenge, focusing on their implications
for Lorentz symmetry and their potential manifestations in high-energy cosmic messengers (Section 3.2).

3.1. Theoretical and Phenomenological Frameworks

In coupling the SM to GR, one must keep in mind that GR is not a renormalisable theory, in the perturbative
sense. As a consequence, effective phenomenological approaches such as the Standard Model extension (SME) [98]
should not be seen as a complete description of nature, but rather as a template of possible manifestations of QG at
accessible energies, akin to a phenomenological bridge between observations and a more fundamental quantum
theory of spacetime. Therefore, despite its significant epistemological value, only genuinely ontological theories
of QG can ultimately inform on the true nature of spacetime and gravity. Several such approaches indeed predict
explicit or deformed violations of Lorentz symmetry.

Historically, Lorentz symmetry emerged as the natural explanation for the failure to detect a preferred frame
(the ether) in Maxwell’s electrodynamics and the rather revolutionary postulate of the constancy of the speed of
light for all inertial observers (see, e.g., refs. [2,99,100] for historical accounts). This symmetry can be seen as less
about the invariance of physical laws under frame transformations, and more about how the very architecture of
spacetime encodes the principles of causality and the finite speed of information transfer. In fact, it is arguably the
most deeply rooted symmetry in modern physics, being directly linked to both GR and the SM; it is no surprise that
many approaches to quantise gravity lead to its modification or complete breakdown.

String theory [101–104] is arguably the most popular candidate for a theory of QG. It is based on the idea
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that different vibrational modes of one-dimensional fundamental entities or strings (as opposed to point-like
particles) correspond to different particles [103–105]. This includes the mediator of gravitational interactions, the
graviton [106]. Consistency of the theory requires extra spacetime dimensions, adding up to a total of 10 dimensions
in superstring theories and 11 in M-theory [107].

A major development within this framework is the discovery of a relation between anti–de-Sitter (AdS) and
conformal field theory (CFT), known as the AdS/CFT correspondence [108], which conjectures an exact duality
between a gravitational theory defined in a (d + 1)-dimensional AdS spacetime and a d-dimensional boundary
described by CFT [109], suggesting that gravitational dynamics emerge from the entanglement structure of the
boundary theory.

In many formulations of string theory, Lorentz symmetry can be spontaneously broken due to non-zero tensor
vacuum expectation values, thereby violating Lorentz symmetry (e.g., refs. [110–117])—this provides one route
to observational constraints1 with the astrophysical methods discussed in this review. This can sometimes be
accompanied by charge, parity, and time reversal (CPT) violation and LIV [127]. Phenomenologically, this can
be captured by a modified dispersion relation as in Equation (31) [128]. Moreover, non-local / non-commutative
effects can arise in certain backgrounds, leading to further deviations from standard Lorentz-invariant QFT [129].

Non-commutative geometry [130,131] can be seen either as a starting point for QG or as a structural feature
of full-fledged QG theories. It postulates that spacetime coordinates become non-commuting operators at very
small scales, typically near the Planck length, leading to a “fuzzy” or quantised structure of spacetime [132]. It is
characterised by coordinate operators that fail to commute:

[xµ, xν ] = iℓ2QGθ
µν + iρµνα xαℓQG = i

ℏ2c2

E2
QG

θµν + i
ℏc
EQG

ρµνα xα , (30)

where θµν is a dimensionless antisymmetric tensor which encodes the smoothness of spacetime considering two
directions µ and ν, fixing a spacetime area element, and explicitly breaking Lorentz symmetry, while ρµνα is a
position-dependent dimensionless tensor [133]. In this case, a preferred direction given by θµν leads to direction-
dependent modified dispersion relations (MDRs) or birefringence, easily mapping onto effective field theories
(EFTs) [134], like the SME [135]. Non-commutativity appears in various QG approaches, including string theory,
where it arises naturally in the presence of background fields [129], as well as in loop quantum gravity (LQG) [136]
and group field theory [137].

Loop quantum gravity (LQG) [138, 139] is the umbrella term encompassing a plethora of closely-related
background-independent approaches [138,139]. Within LQG, areas and volumes are fundamentally discrete, with a
granular structure at some phenomenologically-relevant energy scale EQG, often described by polymer-like quantised
states [136,140], semi-classical weave states [141], or spin networks [142]. The scale of this discreteness, which can
be viewed as a fundamental length scale, ℓQG, reflects the “resolution” of spacetime. Loop phenomenology impacts
not only high-energy particles, but also cosmology, including the treatment of the Big Bang singularity [143,144],
as well as energy-dependent birefringence [145,146], among others [11].

LQG provides a background-independent quantisation of GR, avoiding perturbative non-renormalisability and
all the troubles that come with it. Works from the past decade [147] show that quantum deformations of spacetime
symmetries naturally emerge from LQG corrections, producing a deformed Poincaré algebra characteristic of
deformed special relativity (DSR). This framework generates modified dispersion relations from first principles
while maintaining background independence.

Group field theory [148] is a closely related framework, often seen as a sort of second quantisation of LQG, in
particular its covariant spin foam formulation [149]. It defines a QFT on a group manifold rather than on spacetime,
whose quanta are the nodes of spin networks [142]. Spacetime then emerges as a collective or condensate phase
thereof. At a fundamental level, spacetime Lorentz invariance is not manifest, due to the absence of an underlying
geometric structure; but at higher levels it reappears, being recovered in some appropriate continuum/semiclassical
limit, but not below, owing to the discreteness of the emergent spacetime. Some formulations display deformed
Poincaré or DSR-like symmetries, suggesting that spacetime symmetry itself may arise from the quantum dynamics
of geometry [150,151].

Causal set theory [152] shares with LQG the notion of a fundamentally discrete spacetime, composed of a
set of points with only order relations (causality) defining the structure of spacetime [153]. The ordering of the
causal set relates to the ordering of events in spacetime, which could give rise to stochastic effects, thereby affecting

1 There is a rather common misconception that string theory is neither testable nor falsifiable [118,119]. While these worries are well founded
considering the framework of string theory as a whole, this ultra-positivist view tends to overlook the fact that certain string-motivated constructions
combined with consistency conditions can yield empirically testable predictions [120–123], though not fully falsifiable [124–126].
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Equations (31) and (49). A related but technically distinct approach is causal dynamical triangulations [154,155],
which constructs a discrete spacetime geometrically, preserving causal ordering. Within both of these frameworks,
Lorentz symmetry arises as a large-scale statistical feature of an underlying discrete causal structure which can be
locally Lorentz-violating.

The generalised uncertainty principle [156,157] extends the standard Heisenberg relation by incorporating
quantum-gravitational corrections that imply the existence of a minimal measurable length [158–162]. This
deformation alters the phase-space structure, leading to MDRs and an energy-dependent notion of momentum,
naturally connecting with deformed kinematical frameworks such as DSR.

Asymptotic safety [163, 164] is an approach to quantum gravity that posits the existence of a non-trivial
ultraviolet fixed point in the renormalisation group flow [165] of gravitational couplings, which would imply gravity
can be consistently quantised at high energies without any new degree of freedom [166–169]. In this framework,
Lorentz symmetry is typically preserved, but some studies have tapped into one of the aspects of asymptotic
safety—the renormalisation group flow—to explore the possibility of Lorentz-violating operators arising at higher
energies [170,171].

GR can be understood within the framework of an effective field theory valid at energies much lower than
the Planck scale [172,173]. This pragmatic approach regards the Einstein-Hilbert action as the leading term in a
low-energy expansion of a more fundamental quantum theory of gravity, even if its microscopic completion is not
known. Quantum corrections to classical GR can then be computed systematically by including all higher-dimension
operators compatible with diffeomorphism invariance, suppressed by powers of the Planck energy scale (EPl). In
this case, general relativity emerges as the infrared limit of a more general quantum field theory of gravity, with
new operators or degrees of freedom becoming relevant at higher energies. As a consequence, this approach can
potentially connect gravitational EFT with renormalisable scenarios such as asymptotic safety or string theory [174].
In this case, Lorentz symmetry is preserved at all scales, by construction. Nevertheless, the theory can be extended
to include Lorentz-violating operators, thereby connecting it with the SME framework [98].

The Standard Model extension (SME) is an EFT that extends the SM to accommodate a description for
gravity [98,175]. It is generally described by higher-dimension operators that are suppressed by some high-energy
scale (EQG), usually taken to be the Planck scale. In doing so, some tensor fields acquire non-zero vacuum
expectation values, leading to changes in Lorentz symmetry, in particular its breaking, as in the case of LIV.
Therefore, within this framework, deviations from Lorentz invariance follow naturally from the structure of a QG
theory, rather than being imposed ad hoc. While this is a phenomenological consequence of some QG theories,
Lorentz violation does not necessarily imply that gravity can be quantised.

The SME incorporates all possible Lorentz-violating terms that can be constructed from the fields present
in the SM and gravitational sectors, while preserving gauge invariance and certain fundamental symmetries. It is,
therefore, a tool to systematically study potential violations of Lorentz invariance in a model-independent way,
regardless of the underlying QG theory.

The widely-used minimal Standard Model extension (mSME) is the minimal version of the SME that contains
all Lorentz-violating operators of mass dimension d = 3 or d = 4 built from SM fields, whilst maintaining the usual
gauge symmetries, SU(3)× SU(2)× U(1). Operators of dimension d = 4 are CPT-even, while those with d = 3

are CPT-odd. Therefore, Lorentz violation associated with the latter is a natural consequence of CPT violation; but
the reverse is not necessarily true [127,176].

Within the mSME, Lorentz symmetry can be broken spontaneously, through non-zero vacuum expectation
values of tensor fields that permeate spacetime. These background tensors couple to the standard fields, leading to
modifications in their dynamics and interactions. However, Lorentz symmetry is not broken at the level of observers,
who still see the same physics regardless of their inertial frame of reference. Instead, it is the particles themselves
that experience Lorentz violation due to their interactions with these background fields.

The non-minimal SME generalises the framework to include operators of arbitrary dimension, i.e., d > 4,
which are not necessarily renormalisable, but which are expected to be suppressed by the QG energy scale, EQG.
These higher-dimension operators can lead to a variety of phenomenological effects, including modified dispersion
relations and anomalous interactions, which change the propagation of particles over long distances.

In LIV scenarios, Lorentz symmetry is explicitly broken, which directly modifies the usual energy-momentum
dispersion relation. This reflects the existence of a preferred frame, commonly associated with the cosmic microwave
background or some abstract notion of vacuum rest frame. The conventional energy-momentum conservation laws
remain intact, which allows for novel kinematic effects such as shifted reaction thresholds and anisotropies in
propagation [177]. For further details see, for example, refs. [11,178–180].

In contrast, DSR aims to preserve the relativity principle while deforming the symmetry structure. Here,
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the underlying Poincaré algebra is modified in such a way that another invariant scale appears in addition to the
speed of light (c), being associated with the QG energy scale (EQG) or, equivalently, a minimal length (ℓQG). The
deformation affects both the dispersion relation and the law of composition of momenta, which become correlated
and non-linear [181–185]. This non-linearity gives rise to the notion of relative locality, wherein the localisation
of events depends on the observer’s state of motion [186,187]. Unlike LIV, no preferred frame exists in DSR as
invariance is preserved under a deformed set of transformations. Reviews can be found in refs. [11,188–191].

When searching for quantum-gravitational effects using astrophysical observations of high-energy cosmic
messengers, one typically looks for tiny deviations from standard physics that accumulate over large distances
or timescales, ultimately impacting some observable measured at Earth. The main observables in this case are
those influenced by changes in particle propagation, such as modified interaction thresholds, energy-dependent time
delays, and oscillations. Other observables include changes in particle decays, oscillations, and polarisation, among
others [11,12,190].

3.2. Phenomenological Consequences

3.2.1. Modified Dispersion Relations (MDRs)

QG-induced modifications of particle dispersion relations affect the kinematics of interactions, as described in
Section 3.1. The phenomenology depends on whether MDRs are universal (same coefficients for all particles) or
particle-dependent, and whether they are combined with modified conservation laws. Non-universality introduces
complexity, as different correction coefficients in the dispersion relations of interacting particles lead to a wide
variety of possible predictions (e.g., [192–196]).

From a phenomenological perspective, one of the most significant consequences of several QG theories is
the violation (LIV) or deformation (DSR) of Lorentz symmetry, which directly changes the energy-momentum
dispersion relation [11, 197]. A reasonable starting point to describe QG-induced MDRs is to add a term that
encapsulates the deviations from Lorentz symmetry, assuming analyticity as energy and momentum approach the
special-relativistic limit. This MDR, for a particle a, can be written as:

E2 = m2
ac

4 + p2c2 + fa(E, p⃗) , (31)

where the function fa can be just about anything, depending on the specificities of the QG model. Naturally, there
might be formulations which do not fit this parameterisation, although a series-like ansatz combining powers of E
and p does tend to be quite general.

Phenomenologically, MDRs like Equation (31) depend on whether the modifications are universal, and whether
the usual energy-momentum conservation laws remain unaltered or are themselves deformed in accordance with
a modified relativity principle. These two principles help separate two interesting frameworks, LIV and DSR,
although there are others.

Assuming small deviations from SR, the function fa can be expanded in a power series. For rotational
invariance in the preferred frame and in the ultrarelativistic limit (E ≈ pc), this yields:

fa (E, p⃗) ≈ fa (p) = (pc)
2

∞∑
n=0

χ(a)
n

(
pc

EQG

)n

. (32)

Although this may sound like a strong assumption, Lorentz symmetry is preserved to very high accuracy, so
deviations are expected to be small [198]. More general formulations include anisotropic corrections with preferred
spatial directions and mixed energy-momentum powers (Ej(pc)n−j) for boost-violating frameworks, though the
ultrarelativistic approximation captures the leading-order behaviour for most astrophysical applications.

A common simplification is to consider only the leading-order correction, truncating at finite order (n):

fa (p) ≈ χ(a)
n (pc)

2

(
pc

EQG

)n

. (33)

Phenomenological MDRs inspired by EFT, such as the SME [98], typically consider only n = 1, 2, as higher-order
operators are increasingly suppressed by EQG.

Different QG approaches yield specific forms of MDRs. Non-commutative spacetimes introduce corrections
with inverse powers and logarithmic terms in the four-momentum [135]. Hořava-Lifshitz gravity [199] leads to
even powers in momentum due to anisotropic scaling between space and time. Rainbow gravity [200] produces
energy-dependent metrics that modify the dispersion relation through the Casimir invariant. In DSR scenarios, the
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MDR preserves a modified relativity principle and is typically universal (fa = f for all particles), often taking
forms like [185]:

E2f2
1 (E)− p2c2f2

2 (E) = m2c4 , (34)

with model-dependent functions f1(E) and f2(E).
A common phenomenological parameterisation in DSR is the first-order approximation [188,201]:

f(E, p⃗) = χ1
pc

EQG
p2c2 , (35)

which arises naturally in κ-Minkowski spacetime [202–204] and geometric approaches involving curved momentum
spaces [186, 205, 206]. Stochastic modifications inspired by spacetime foam [207–209] take similar forms but
treat the coefficient as a stochastic variable [210–212]. It should be emphasised that in DSR, the deformation
is accompanied by non-trivial composition laws for energy and momentum, as discussed in Section 3.2.2, so
phenomenological effects cannot be inferred from the MDR alone.

It is not my goal to provide an exhaustive list of MDRs arising from various QG approaches found in the
literature. Instead, I focused on connecting the underlying theoretical frameworks with their phenomenological
consequences, namely the modifications of the dispersion relation.

Given the importance of interaction thresholds in interpreting multi-messenger observations, it is crucial to
understand how they are affected by MDRs. Some threshold theorems [194] ensure that under LIV, minimum and
maximum thresholds occur for head-on and rear-end collisions if: (i) energy depends only on momentum magnitude
(rotational invariance); (ii) energy increases monotonically with momentum; (iii) energy and momentum are additive
and conserved. In the general case, forfeiting these assumptions, the situation can be much more complex [196]. For
DSR, the picture is completely different, as both dispersion relations and conservation laws are modified, leading to
non-linear effects that can significantly alter interaction kinematics [195].

3.2.2. Altered Composition Laws

Some QG approaches, particularly those based on DSR, predict modifications not only to the dispersion
relations of particles but also to the laws governing the composition of momenta. These altered composition laws
reflect the non-trivial geometry of momentum space in these theories, leading to non-linear and energy-dependent
addition rules for momenta.

In general, the composition of two momenta pµ1 and pµ2 is denoted as pµ1 ⊕ pµ2 , where ‘⊕’ represents the
deformed addition operation. Unlike standard momentum addition, which is linear and commutative, these deformed
laws can be non-linear, non-commutative, and even non-associative, depending on the specific DSR model, leading
to relations such as:

pµ1 ⊕ pµ2 ̸= pµ2 ⊕ pµ1 . (36)

As a consequence, relative locality [186,187] emerges, where the localisation of events in spacetime depends on the
observer’s frame of reference. This leads to novel phenomenological effects, such as energy-dependent time delays
and modified interaction thresholds, which can be probed with high-energy astrophysical observations.

Several explicit formulations of deformed composition laws exist in the literature, each corresponding to
different choices of basis in the underlying algebraic structure. They can usually be cast in the general form:

E⊕ = E1 ⊕ E2 = wE1
(E1, E2, p⃗1, p⃗2)E1 + wE2

(E1, E2, p⃗1, p⃗2)E2 , (37)

p⃗⊕ = p⃗1 ⊕ p⃗2 = wp1
(E1, E2, p⃗1, p⃗2) p⃗1 + wp2

(E1, E2, p⃗1, p⃗2) p⃗2 , (38)

where the functions wEi and wpi encapsulate the deformation effects, which typically depend on the energies and
momenta of the individual particles being combined.

The most common bases used in studies include: bicrossproduct [203, 213], Magueijo-Smolin [184, 185],
deformed composition law 1 (DCL1) [214], DSR1 [181,215], among others [216]. Note that these different bases
are connected to each other by coordinate transformations that redefine energy and momentum variables [183]. In
reality, physical predictions should be invariant under such changes of basis, though calculations may be simpler in
one basis versus another.

3.2.3. Interaction Thresholds

In the presence of MDRs, the thresholds for particle interactions can be significantly altered. The modified
dispersion relations can lead to changes in the kinematic constraints that govern the allowed energy and momentum
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configurations for interactions. This can result in new thresholds for processes that were previously forbidden or in
the modification of existing thresholds.

Consider the archetypical case of the MDR altered through the term given by Equation (33). It is possible
to derive modified threshold conditions for two-particle interactions. Some of the most relevant processes for
high-energy astrophysics were already presented in Section 2.2, and are discussed below in the context of modified
interaction thresholds due to MDRs.
Breit-Wheeler pair production. Pair production by photons (γ + γbg → e+ + e−) is one of the most important
interactions affecting the propagation of high-energy gamma rays through cosmological distances. The threshold
for this process is particularly sensitive to QG-induced MDRs [217]:

sPP
thr = p2γc

2

[
4

(
mec

pγ

)2

+
χe
n

2n

(
pγc

EQG

)n
]
, (39)

where pγ is the momentum of the incoming high-energy photon, or conversely, for the background photon minimum
energy:

εPP
thr = pγc

[
m2

ec
2

p2γ
+

1

4

(
χe
n

2n
− χγ

n

) (
pγc

EQG

)n]
. (40)

It is evident that positive (negative) values of the LIV parameter for photons (χγ
n) increase (decrease) the threshold

energy for pair production, potentially allowing high-energy photons to propagate further than expected in standard
physics. The mean free path for Breit-Wheeler pair production considering LIV effects is shown in Figure 1.
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Figure 1. Mean free path for Breit-Wheeler pair production including second-order LIV effects and the MDR given
by Equation (33). The left panel shows the results for interactions with CMB photons, whereas the right panel
corresponds to interactions with the EBL (model from ref. [218]). Shades of orange represent the superluminal case,
whereas shades of purple correspond to the subluminal case. The SR curve is shown as a dashed line. Figure adapted
from ref. [217].

Inverse Compton scattering. High-energy electrons can scatter off low-energy background photons, transferring
energy to the photons in the process (e± + γbg → e± + γ). The threshold for this process is also modified by
MDRs [217]:

sICS
thr = p2ec

2

[(
mec

pe

)2

+ χe
n

(
pec

EQG

)n
]
. (41)

In this process, photons of energy ε can interact with the electrons, so εICS
thr = 0. The mean free path for inverse

Compton scattering is shown in Figure 2.
Photoproduction of pions. High-energy protons or neutrons can interact with background photons to produce
mesons, as discussed in Section 2.2.3. The two most relevant processes are the photoproduction of neutral and
charged pions (p+ γbg → p+ π0 or p+ γbg → n+ π+). The threshold for this process is also affected by MDRs,
leading to a transcendental equation for the threshold energy. For some partial analytical solutions, see, for instance,
refs. [219–223]. The attenuation length2 for photoproduction of pions considering LIV effects is shown in Figure 3.

2 The attenuation length is defined as
(

1
E

dE
dx

)−1
. It is not necessarily the same as the mean free path, given by Equation (4).
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Figure 2. Mean free path for inverse Compton scattering including second-order LIV effects and the MDR given
by Equation (33). The left panel shows the results for interactions with CMB photons, whereas the right panel
corresponds to interactions with the EBL (model from ref. [218]). Shades of orange represent the superluminal case,
whereas shades of purple correspond to the subluminal case. The SR curve is shown as a dashed line. Figure adapted
from ref. [217].

energy [eV]

1019 1020 1021 1022

at
te

nu
at

io
n

le
ng

th
[M

pc
]

100

101

102

103

104

105

SR
χ0

had = +10⁻²⁴
χ0

had = +10⁻²³
χ0

had = +10⁻²²
χ0

had = +10⁻²¹
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Photodisintegration. The case of nuclear photodisintegration is more complex due to the composite nature of nuclei.
It is not even clear if Lorentz-violating effects should be applied to the nucleus as a whole or to its individual
nucleons. The complexities of Lorentz-symmetry breaking in composite systems are discussed in more detail in
Section 5.1. Detailed calculations of photodisintegration thresholds under LIV were presented in refs. [225–227],
for the MDR given by Equation (33). The energy threshold of the background photon in the nucleus rest frame (ε′)
is shown in Figure 4 for various LIV coefficients, for two representative nuclei, helium and nitrogen, following the
parametrisation from refs. [227,228].
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3.2.4. New Processes

A direct consequence of the modified dispersion relations described in Section 3.2.1 is the possibility of new
particle processes that are otherwise forbidden in the SM considering SR. In the case of LIV, the explicit breaking of
Lorentz symmetry allows for processes that violate standard kinematic constraints, leading to novel decay channels
and interactions. In DSR, while Lorentz symmetry is preserved in a deformed sense, single-particle decays like
photon decay or vacuum Cherenkov are generically forbidden; threshold anomalies of standard reactions are at most
mildly modified.

Below I illustrate several of these processes, following results obtained from EFTs, considering EQG = EPl.
The MDR assumed here is the widely-used form given by Equation (33).
Photon decay. In SR, energy-momentum conservation prevents a photon from decaying. However, modifications of
the dispersion relation can allow this process to occur above a certain energy threshold. Within extensions of QED,
this process can be represented as

γ → f+ + f− , (42)

where f is a charged fermion, typically an electron or positron. Threshold conditions are discussed in ref. [192,229],
while decay rates and spectra can be found in refs. [192,230].
Vacuum Cherenkov radiation. Depending on the values of the coefficients in MDRs, charged fermions can
spontaneously emit photons in vacuum [229,231–233],

f± → f± + γ . (43)

Emission rates and bounds for modified Maxwell and fermion sectors with non-identical photon and fermion
coefficients have been derived in Rubtsov et al. [230], Kaufhold and Klinkhamer [234, 235], Klinkhamer and
Risse [236]. The emission spectrum for a modified Maxwell theory (n = 2 in Equation (33)) was obtained in
refs. [237,238].
Photon splitting. In SR, photon splitting processes such as

γ → γ + γ or γ → γ + γ + γ or γ → γ + γ + γ + . . . (44)

are forbidden in vacuum for on-shell photons, since they violate energy-momentum conservation. For Lorentz-
violating MDRs like Equation (33), the splitting into three photons becomes a viable process, since it can proceed
through already-existing multi-photon vertices from QED [192, 239]. Two-photon splitting is also allowed if
additional gauge-invariant cubic operators are present in the photon sector; see the discussion in refs. [192].
Neutrino Cherenkov emission. In the Lorentz-invariant SM, neutrinos cannot spontaneously emit photons in vacuum
due to their neutral charge and the absence of direct couplings to photons. However, in LIV scenarios with modified
neutrino dispersion relations, the process

ν → ν + γ (45)

is kinematically allowed for sufficiently energetic neutrinos. Explicit kinematics and rates are given in refs. [240,241];
threshold analyses can be found in ref. [192].
Neutrino splitting. Another possible process for superluminal neutrinos is the emission of neutrino–anti-neutrino pairs:

νi → νi + νj + ν̄j , (46)

where i and j denote different neutrino flavours or mass eigenstates. The possibility of particle splitting from
modified dispersion relations was first noted in general terms by Jacobson et al. [192]. Dedicated calculations for
neutrinos have been performed in refs. [242–244].
Neutrino charged-lepton emission. A further possibility is the emission of charged lepton pairs by superluminal
neutrinos:

νℓ → νℓ + ℓ+ + ℓ− , (47)

where ℓ represents a charged lepton. This is primarily a neutral-current process mediated by the Z boson [245],
leading to significant energy losses for high-energy neutrinos. Variants of this model have been explored in ref. [246].
Alternative hypotheses, such as tachyonic dispersion relations, have also been considered [247].
Graviton emission. A process theoretically possible in some QG scenarios is the spontaneous emission of gravitons
by particles:

X → X + g , (48)
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where g denotes a graviton [248]. This is the gravitational analogue of vacuum Cherenkov radiation: if the maximal
attainable velocity of a particle exceeds that of gravity, it can lose energy by emitting a graviton, as first shown by
Moore and Nelson [249]. A general description within the gravity sector of the SME, including constraints from
CRs and neutrinos, is given in ref. [248]. More recently, a unified framework incorporating modified dispersion
relations for both electromagnetic and gravitational channels has been presented by Artola et al. [250].

3.2.5. Chromatic Time Differences

As a consequence of the MDR given by Equation (31), the group velocity of a particle a becomes energy-
dependent, and can be expressed as:

va =
∂E

∂p
= c

(
2pc+

1

c

∂fa
∂p

)(
2E − ∂fa

∂E

)−1

. (49)

In the limit fa → 0, one recovers the special-relativistic expression, va = c2p/E.
It follows from Equation (49) that particles with different energies will generally propagate at different speeds,

implying chromatic (energy-dependent) time differences. If the correction makes the velocity decrease with energy
(subluminal case, va < c), higher-energy particles travel more slowly and therefore arrive at the detector later
than lower-energy ones. Conversely, if the correction makes the velocity increase with energy (superluminal case,
va > c), higher-energy particles propagate faster and arrive earlier.

Equation (49) is the phenomenological basis for the search for the speed of particles in QG theories, which
ultimately leads to one interesting phenomenological signature of QG: energy-dependent time delays [251–256].

Due to the modified particle velocity in Equation (49), QG models with modified dispersion relations often
predict energy-dependent (chromatic) time delays. These effects can become particularly significant in astrophysical
sources at high redshift, where cosmological distances amplify tiny QG-scale corrections. For massless particles,
the standard energy-momentum relation in an expanding universe reads

E(t) =
pc

a(t)
= pc (1 + z(t)) , (50)

where p is the comoving momentum (a conserved quantity for freely propagating particles), and a(t) is the scale
factor of the universe, so that p/a(t) is the physical momentum. In QG scenarios this relation is modified. For
instance, within the LIV framework, it can be expanded in powers of pc/a(t)EQG [255]:

E =
pc

a(t)

√
1− χγ

n

(
pc

a(t)EQG

)n

, (51)

where χγ
n is a parameter associated with LIV, defined in the context of Equation (33).

The corresponding QG-induced time delay, ∆tQG, in a Friedmann-Lemaı̂tre-Robertson-Walker (FLRW)
background is given by [11]:

∆tQG = χγ
n

1 + n

2H0

(
E0

EQG

)n
zs∫
0

(1 + z)n dz√
Ωm(1 + z)3 +ΩΛ

, (52)

where E0 is the observed energy, and the cosmological parameters are those described in Section 2.1.
Beyond the empirical formula by Jacob and Piran [255], several generalisations of the FLRW dispersion

relation and corresponding time-delay expressions have been proposed [256–260].
In DSR, relative locality effects further modify the energy-momentum relation and introduce additional

terms in ∆tQG, involving more complex integrals [11,258]. In both LIV and DSR, the underlying cosmological
model plays a central role in quantifying these delays, making them a promising signature of QG, especially for
high-redshift sources.

It should be emphasised that the dispersion relation in Equation (51) is a simplified ansatz. More complete
formulations may yield different predictions for the time delays (∆tQG), which in turn affects the interpretation of
observational data.
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3.2.6. Neutrino Flavour Transitions

In the SME, the leading-order corrections to neutrino propagation arise from effective operators that violate
Lorentz invariance and possibly CPT symmetry. The effective Hamiltonian for neutrino propagation is

Hαβ(E, ϱ̂) =
1

2E
(UM2U†)αβ +

∑
d≥3

Ed−3
[
a
(d)
αβ (ϱ̂)− c

(d)
αβ (ϱ̂)

]
, (53)

where α, β are flavour indices, U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, M2 is the diagonal
mass-squared matrix, and ϱ̂ is the neutrino propagation direction. CPT-odd coefficients (a(d)) have opposite signs
for neutrinos and anti-neutrinos, whereas CPT-even (c(d)) have the same sign. Hermiticity requires a(d) = a(d)†

and c(d) = c(d)† (in flavour space).
Anisotropic coefficients produce sidereal variations in the event rate, while isotropic ones induce energy-

dependent distortions of the oscillation pattern [175,261,262]. At multi-TeV energies and above, atmospheric and
astrophysical neutrinos probe operators up to d ∼ 10, constraining Planck-suppressed LIV terms [263,264].

Direction dependence and the notion of a preferred frame enter the equation through the background-tensor
projections, a(d)(ϱ̂) and c(d)(ϱ̂), which can be expanded in spherical harmonics:

a
(d)
αβ (ϱ̂) =

∑
jm

Yjm(ϱ̂) a
(d)
αβ,(jm) and c

(d)
αβ (ϱ̂) =

∑
jm

Yjm(ϱ̂) c
(d)
αβ,(jm) , (54)

in a given coordinate system, usually the celestial equatorial frame centred at the Sun. The isotropic (j = 0)
components are conventionally denoted by a ring on top of the symbol, å(d)αβ and c̊

(d)
αβ , for the monopole term

(Y00 = 1/
√
4π).

A natural question that arises is how the tensors a and c relate to MDRs like those described in Section 3.2.1.
For a flavour eigenstate α, the neutrino and anti-neutrino MDRs implied by the SME Hamiltonian (Equation (53))
are, to leading order in Lorentz violation,

Eν ≃ pc+
m2

αc
3

2p
+
∑
d≥3
d odd

(pc)d−3 å(d)αα −
∑
d≥4
d even

(pc)d−3 c̊(d)αα ,

Eν̄ ≃ pc+
m2

αc
3

2p
−
∑
d≥3
d odd

(pc)d−3 å(d)αα −
∑
d≥4
d even

(pc)d−3 c̊(d)αα ,

(55)

where mα is the effective mass3 of the flavour eigenstate α. In isotropic cases, Equation (55) reduces to a
momentum-power series similar to Equation (32). In this case, anisotropic terms would act like direction-dependent
refractive indices.

4. Astrophysical Constraints

In this section, I discuss a few examples of constraints on QG effects derived from the propagation of
high-energy astrophysical messengers, namely photons, UHECRs, and neutrinos, considering specific phenomeno-
logical observables. When relevant, I address the caveats and limitations of these constraints, as well as possible
improvements and future directions.

4.1. Photon Propagation

Several constraints on QG effects have been derived from observations of high-energy photons, particularly
gamma rays, focusing on modifications to the energy spectrum due to altered interaction thresholds and cross
sections. One of the most common processes considered is pair production, where a high-energy photon interacts
with a low-energy background photon to produce an electron-positron pair, as described in Section 2.2.1.

Unless otherwise stated, the constraints from this section assume a modified dispersion relation of the form of
Equation (33), possibly with species-dependent coefficients χi

n and a common QG energy scale EQG = EPl.

3 Technically, the notation mα is a shorthand for the diagonal contribution of the matrix UM2U† in flavour space in the ultrarelativistic limit;
flavour eigenstates do not, in general, correspond to definite mass eigenstates.
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4.1.1. Forbidden Processes

Many constraints on LIV have been derived invoking the new processes allowed under LIV and forbidden
in standard physics, such as photon decay, photon splitting, and vacuum Cherenkov radiation, as discussed in
Section 3.2.4.

The High-Altitude Water Cherenkov observatory (HAWC) Collaboration derived a very stringent constraint on
LIV based on observations of at least four different sources of Galactic gamma rays of energy E ≳ 100 TeV. The
bounds obtained based on photon decay were χγ

1 < 5.5× 10−4 and χγ
2 < 2.3× 1010, at a 95% C.L. [265]. They

also performed a similar analysis for each of the sources considering the splitting of a photon into three (or more)
photons. The strongest limit obtained was χγ

2 < 1.0× 108. These limits assume photon-only LIV, i.e., χe
n = 0.

Several constraints exist on LIV in the electron sector from observations of the Crab Nebula [192,266–270],
considering vacuum Cherenkov and synchrotron emission. The most stringent ones are χe

1 < 1.3× 10−7 [270].

4.1.2. Universe’s Transparency

Several constraints have been derived based on the attenuation of high-energy photon fluxes due to pair
production with background photons, such as those from the EBL and CMB. Stringent bounds using several
gamma-ray sources were derived in ref. [271] using 111 energy spectra of 38 different sources. The derived
LIV coefficients4, at a 3σ confidence level, are χγ

1 > −0.13 and χγ
2 > −5.2 × 1013 for an MDR of the form of

Equation (33), assuming EQG = EPl. The H.E.S.S. Collaboration derived similar limits using the blazar Mrk 501
during a flaring state in 2014 [273], obtaining χγ

1 > −0.46 and χγ
2 > −2.4 × 1014 at a 95% confidence level.

Note that both of these limits are for the subluminal case (χγ
n < 0), as this is the scenario that leads to an increase

in the pair-production threshold, allowing more high-energy photons to reach Earth. Moreover, they considered
modifications to the photon sector only, thus χe

n = 0. But according to Equations (39) and (40), the pair-production
thresholds depend on the combination

(
χe
n

2n − χγ
n

)
, which limits the generality of these results.

An event of great interest that served as a testbed for QG effects was the brightest-ever gamma-ray burst
(GRB), GRB 221009A [274–278]. At first, Large High Altitude Air Shower Observatory (LHAASO) reported the
detection of photons with energies up to 18 TeV, which was considerably reduced when the results were finally
published [275,276]. Since this object was located at a redshift of z ≈ 0.15, it is extremely unlikely that these
particles would have reached Earth due to attenuation from pair production with the EBL. Immediately after the
original announcement, several authors [279–281] derived limits on LIV, although a few explanations not involving
new physics were proposed [85,282–284]. A detailed analysis was performed by the LHAASO Collaboration [285],
who derived the following bounds: χγ

1 > −0.1 and χγ
2 > −2.7× 1014, at a 95% confidence level, again assuming

EQG = EPl and χe
n = 0. Interestingly, the experiment Carpet-3 reported the detection of a photon-like event with

an energy of approximately 300 TeV [286], only a few hours after the burst, consistent with the direction of this
GRB within the angular resolution (4.7◦, 90% C.L.). If confirmed, this would call for explanations beyond standard
physics, including LIV [287,288].
A full treatment of electromagnetic cascades is needed. The widely-used Equation (8) only takes into account
pair production, such that photons are absorbed, electron-positron pairs are created, but no other processes are
considered. But what is the fate of those electron-positron pairs? In reality, they too can interact with background
photons via inverse Compton scattering, generating secondary emission (see Section 2.2.2). The secondary photons
produced in this way can themselves undergo pair production, creating an electromagnetic cascade. The relevance
of these secondary photons depends, among other factors, on the spectrum of the emitted high-energy photons.
If this information is unavailable, as is often the case, Equation (8) provides a reasonable approximation for the
observed flux at the highest energies where pair production dominates, but it may underestimate the flux at lower
energies where cascade photons contribute significantly. That could affect constraints based on GeV observations,
i.e., the energy range probed by Fermi-LAT [289].

The treatment of electromagnetic cascades is rather complex. To my knowledge, Abdalla and Böttcher [290]
were the first to investigate the possible role of inverse Compton scattering in the gamma-ray spectrum in the presence
of LIV. They argued that this effect would likely not be significant enough at sub-PeV energies. Nevertheless, they
did not perform a full analysis, which would require Monte Carlo simulations of electromagnetic cascades with LIV.
Monte Carlo simulations are the way forward. A recent advance was presented in ref. [291]—the code LIVpropa. It
is a plugin for CRPropa [84,85], which enables the simulation of electromagnetic cascades with LIV effects. This

4 In the literature, it is more common to find constraints on the energy scale EQG. However, throughout this review, I opted for the usage of
species-dependent coefficients and a single QG scale presumed to be common to all particles. Mathematically, both formulations are obviously
equivalent. However, if there is indeed a QG energy scale EQG, possible fine-tuning [272] of some coefficients (χn) for certain particle
species could be hinting towards an even more fundamental theory.
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is, to my knowledge, the first public Monte Carlo code that enables full numerical simulations of electromagnetic
cascades including LIV effects. Previous works often relied on simplified analytical estimates or semi-analytical
models that only considered the primary interaction (pair production) and neglected the subsequent cascade
development.

LIVpropa was used in ref. [217] to investigate the impact of LIV on the propagation of high-energy gamma
rays from distant astrophysical sources. Figure 5 shows the results of these detailed simulations for two sources, the
blazars 1ES 0229+200 and Mrk 421, located at redshifts z = 0.14 and z = 0.030, respectively. The simulations
consider a simple power-law spectrum with a hard cut-off at 1 PeV, and include processes such as pair production
and inverse Compton scattering off the CMB and EBL, as well as photon decay and vacuum Cherenkov radiation.
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Figure 5. Gamma-ray fluxes expected at Earth, assuming LIV with the parameters indicated in the legend. The left
panel depicts a source at redshift z = 0.03, and the right one depicts a source at z = 0.14, which correspond to
the blazars Mrk 421 and 1ES 0229+200, respectively. Shades of orange represent the superluminal case, whereas
shades of purple correspond to the subluminal case. The dashed line show the Lorentz-invariant case. Breit-Wheeler
pair production and inverse Compton scattering with the CMB and the EBL (model from ref. [218]) are taken into
account, alongside photon decay and vacuum Cherenkov radiation. Figure adapted from ref. [217].

The results shown in Figure 5 are rather remarkable because they include in the same simulation processes
such as vacuum Cherenkov emission and photon decay (see Section 3.2.4), which are usually treated separately.
Therefore, this work provides what is arguably the most complete and self-consistent treatment to date of LIV in the
context of high-energy gamma-ray propagation.
Are Lorentz-violating cross sections well known? Uncertainties in the cross section for pair production due to
QG effects can significantly impact the interpretation of gamma-ray observations. Carmona et al. [292] recently
investigated how different treatments of the pair-production cross section affect the predicted attenuation of high-
energy gamma rays traveling through the intergalactic medium. They compared various approximations, some
preserving the Breit-Wheeler form of the cross section with modified kinematics, and another one deriving the cross
section from first principles within an EFT framework. They found that the choice of cross section model can lead to
substantial differences in the predicted gamma-ray fluxes, especially at energies near the pair-production threshold.
An example in the context of DSR. An interesting investigation of the impact of MDRs in the context of DSR was
done by Carmona et al. [293]. They consider the propagation of high-energy photons from distant sources, taking
into account not only modified dispersion relations but also altered composition laws. Following the discussion
presented in Section 3.2.2, they computed mean free paths (Equation (4)) in two ways: with the kinematics perceived
by the high-energy photons, and also as seen by the background photons. They showed that this choice can lead to
significantly different predictions for the attenuation of gamma-ray fluxes. In particular, in one case the universe is
more transparent to high-energy photons, while in the other case it is less transparent. It is, however, unclear how to
choose or combine these two solutions.

4.1.3. Time-of-Flight Effects

Several works have derived constraints on QG effects based on time-of-flight measurements of high-energy
photons from distant astrophysical sources, such as GRBs and blazars [251, 254, 273, 276, 294–297]. The basic
idea is that if QG effects lead to an energy-dependent speed of light, then photons of different energies emitted
simultaneously from a distant source would arrive at Earth at different times.
Bounds from transient sources. One of the first constraints of this kind was derived in ref. [298]: χγ

1 > −3.05× 103.
Several subsequent works improved upon this limit [273,299,300], especially using GRB observations. Notably,
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Fermi-LAT observations of GRB 090510 led to some of the most stringent limits: −0.55 < χγ
1 < 0.31 and

−9.3× 1016 < χγ
2 < 1.7× 1017 at a 95% confidence level [301].

Methodologically, those bounds combined three complementary techniques: limits on total dispersion,
dispersion-cancellation, and parametric likelihood fits, with explicit treatment of intrinsic lags. More recently, the
detection of GRB 190114C by MAGIC [302] enabled competitive limits on χγ

2 after careful control of source
evolution systematics [300]. Several independent analyses constrained Lorentz violation using observations of the
extraordinary GRB 221009A (the “B.O.A.T.”) [279–281,303,304], although the treatment of modified thresholds,
discussed in Section 3.2.3, has to be taken into account when interpreting these results.

Short-duration active galactic nucleus (AGN) flares can also constrain MDRs. The MAGIC Collaboration
introduced common analysis methods when analysing observations of Mrk 501 [295], which were complemented
by H.E.S.S.’s observations of PKS 2155−304 [296]. Novel statistical techniques and improved statistics have led to
progressively better limits over time, in particular in the context of AGN flares like Mrk 421 [273].
Multi-instrument analyses. An interesting effort by Bolmont et al. [305] combined data from the three operating
IACTs – H.E.S.S., MAGIC, and VERITAS – to derive joint constraints on LIV. By combining observations of
several objects, together with a rigorous treatment of uncertainties, these will likely become the most robust limits
based on IACT observations, until the Cherenkov Telescope Array Observatory (CTAO) [306] starts to operate,
which will then have unprecedented sensitivity to LIV effects [307].

Nevertheless, the statistical treatment of the data in searching for time lags is rather intricate, and different
methods can lead to different results. A review of various statistical techniques used in QG studies with IACTs can
be found in ref. [308].
DSR studies. Given the non-trivial nature of the composition laws of DSR (see Section 3.2.2), it is not straightforward
to predict time delays based solely on the modified dispersion relation. Amelino-Camelia et al. [151] investigated
this issue in detail, showing that while one might naively expect energy-dependent time delays due to modified
photon velocities, time delays may not be as pronounced as one might think when EQG ≳ EPl, given the interplay
between modified dispersion relations and deformed translation symmetries. In fact, in some realisations of DSR,
time lags might be zero even if the dispersion relation is modified. This raises the question of which observables are
truly sensitive to DSR effects, and whether time-of-flight measurements are the most suitable probes for this class
of models.

4.2. UHECR Propagation

4.2.1. The GZK Effect

Much has been speculated about how QG effects could manifest in the propagation of UHECRs [309,310].
Historically, following the initial reports from the AGASA experiment claiming the non-observation of a spectral
cut-off [311,312], many works explored how QG effects could affect UHECR interactions [177,181,231,313–317],
which could prevent the onset of the GZK effect, thus explaining the AGASA observations (see Section 2.2.3).

There have also been some studies in the context of DSR. Ref. [318] performs simulations of UHECR
propagation considering MDR and modified composition laws, as discussed in Section 3.2.2. They show that the
expected UHECR spectrum at Earth can be significantly altered depending on the choice of composition law, similar
to what was found for high-energy photons in ref. [293].

4.2.2. Phenomenological Fits

Some works did take into account the actual UHECR composition. Saveliev et al. [226] were one of the first
to study the effects of LIV on the propagation of nuclei, focusing on nuclear photodisintegration. While they did
not derive explicit limits on LIV parameters, they did show that the presence of LIV could significantly alter the
expected UHECR spectrum and composition at Earth, and under which conditions. Moreover, they considered
additional processes, such as spontaneous decay and vacuum Cherenkov emission, which are forbidden in SR, but
can become kinematically allowed in the presence of LIV.

The Pierre Auger Collaboration [224] has recently investigated the phenomenology of LIV in the hadronic
sector considering that UHECRs are nuclei. By performing a combined fit of the energy spectrum and the distribution
of the depth of the shower maximum (Xmax) measured at the Pierre Auger Observatory, the impact of LIV on
the relevant interactions, including photodisintegration and photoproduction of pions, was studied, for a given
astrophysical scenario of UHECR sources, assuming an MDR like Equation (33). Here the definitions are such that
χ
(a)
n = χp

n = χπ
n/2 = AnχA

n , where the superscripts p, π, and A refer to protons, pions, and nuclei, respectively.
The best-fit values set limits of χp

0 < 10−19, χp
1 < 1.2 × 10−10, and χp

2 < 0.149, at a 5σ confidence level.
However, the quality of the fit including LIV is worse than the Lorentz-invariant case, such that the standard
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scenario is preferred if the astrophysical model for UHECR sources is true — which is unlikely to be correct, given
the oversimplified assumptions: a uniform distribution of isoluminous sources with a power-law spectrum and a
rigidity-dependent exponential cut-off (see ref. [319] for a discussion on the limitations of these combined fits).

4.2.3. Cosmogenic Particles

The flux of cosmogenic neutrinos and gamma rays produced during the propagation of UHECRs is sensitive to
QG effects [224,320–324]. In fact, it can be argued that cosmogenic particles are among the most sensitive probes
of LIV in the hadronic sector, albeit indirectly. This is because even tiny modifications to the interaction thresholds
can lead to significant changes in the expected fluxes of cosmogenic neutrinos and photons.

Recently, the Pierre Auger Collaboration [224] performed a comprehensive analysis of the expected fluxes of
cosmogenic photons in the presence of LIV, considering different astrophysical scenarios for UHECR sources. The
results depend strongly on the assumed mass composition of UHECRs at the highest energies, and no constraints
are possible if the fraction of protons is negligible beyond 1019 eV, as suggested by current data. However, for an
alternative scenario in which approximately 31% of the total flux above 1018.75 eV is composed of protons, it is
possible to obtain constraints on LIV parameters in the electromagnetic sector. Assuming the MDR of Equation (32)
truncated at order n = 2, and EQG = EPl, the resulting limits are χγ

0 > −10−21, χγ
1 > −10−12, and χγ

2 > −0.015.
Note that these results were derived under the assumption that the cross section is modified only kinematically, i.e.,
the functional form of the cross section remains the same as in SR, but with modified thresholds (see Section 3.2.3).

In ref. [324], the authors investigated the impact of LIV on the fluxes of cosmogenic neutrinos. The neutrinos
were produced mainly through photoproduction of pions and neutron decays. During propagation, they can undergo
non-standard processes (see Section 3.2.4), namely neutrino charged-lepton emission and neutrino splitting. It is not
possible to derive strong constraints on LIV parameters in the neutrino sector from current data, given the sensitivity
of existing experiments. However, with the expected sensitivity of future detectors like Giant Radio Array for
Neutrino Detection (GRAND) [325] or IceCube-Gen2 [326], this method is a promising way to set stringent limits
on LIV in the neutrino sector.

4.3. Neutrino Propagation

4.3.1. Time-of-Flight Analyses

Several works have derived constraints on QG effects based on time-of-flight measurements of high-energy
neutrinos from distant astrophysical sources, such as GRBs and blazars [251,254,294,327–330]. The basic idea is
similar to that for photons (see Section 4.1.3): if QG effects lead to an energy-dependent speed of neutrinos (see
Equation (49)), then neutrinos of different energies emitted simultaneously from a distant source would arrive at
Earth at different times. By measuring the arrival times of neutrinos with different energies, one can set limits on
the parameters characterising the QG-induced modifications to the neutrino dispersion relation.
Constraints based on flaring sources. After the strong evidence for high-energy astrophysical neutrinos from an
extragalactic source, the blazar TXS 0506 + 056 [263], many works explored the potential of these observations to
constrain QG effects based on time-of-flight measurements [331–334]. Some of the most stringent bounds, obtained
using Equation (52) for an MDR like Equation (33), are χν

1 < 3.8× 103 and χν
2 < 1.5× 1016.

Recently, Amelino-Camelia et al. [335] performed an analysis of several neutrino-GRB associations, looking
for possible QG-induced time delays, building on their previous works [336–338]. They considered neutrinos with
E ≳ 60 TeV. Their analysis distinguishes between neutrinos arriving “early” (before the associated GRB) and “late”
(after the GRB). Out of the ten GRBs considered, only one of them had a measured redshift; for the others, they
assumed typical values based on known GRB distributions. They claim evidence for a correlation between neutrino
energy and time delay, consistent with a linear modification to the neutrino dispersion relation (see Equation (33)
with n = 1). A similar analysis was performed by Huang and Ma [337],Huang et al. [338], who also discussed in
detail the possible role of neutrino–anti-neutrino asymmetry in CPT-odd LIV scenarios.

While this idea is indeed interesting, there are several caveats to be considered. Firstly, the lack of distance
information for nine out of the ten GRBs analysed introduces large errors. Secondly, the associations between
neutrinos and GRBs are not firmly established, as the angular uncertainties of the neutrino events are often large.
Finally, any claim of QG-induced time-of-flight effects must grapple with the challenge of disentangling these
from intrinsic source effects and propagation effects. Nevertheless, with a larger sample and with reliable distance
measurements, this approach could indeed be interesting for future studies.
Interplay with interaction thresholds. An interesting analysis by Carmona et al. [339] examined the interplay
between neutrino time-of-flight anomalies and neutrino decay rates in the presence of LIV. They show that if
neutrinos exceed a certain energy threshold, then they could decay via one of the channels described in Section 3.2.4
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faster than they can reach Earth from distant sources. Therefore, any time-of-flight analysis for neutrinos should
also include these processes to ensure consistency.
DSR signatures. A complementary DSR signature that is studied in the context of high-energy neutrinos is dual
lensing – tiny, energy-dependent apparent angular offsets due to momentum-space curvature [340,341]. Ref. [331]
used IceCube observations of TXS 0506+056 to set an order-of-magnitude bound on such effects at the Planck
scale, obtaining χ1 ≲ 1000.

4.3.2. Modified Thresholds

The interest in Lorentz-breaking in the neutrino sector increased in the early 2010s when OPERA reported a
superluminal neutrino detection, which turned out to be a fluke [342,343]. Several works employed the Coleman-
Glashow LIV framework [177] to derive constraints on superluminal neutrinos in the following years. There were
also works employing a different approach, focusing on DSR [344]. For a review, see refs. [345–347].

When IceCube first reported PeV-scale neutrinos [348,349], it was quickly realised that if these neutrinos
were superluminal, they would lose energy very rapidly primarily via charged-lepton pair emission (also known as
vacuum pair emission, VPE), (ν → ν e+e−; see Section 3.2.4) [177,245]. This process has a threshold energy that
implies a spectral cut-off, which was not observed, thus leading to constraints [350,351]. Another process that can
lead to energy loss for superluminal neutrinos is neutrino splitting, ν → ννν̄ [242,243]. The most stringent bounds
combining both processes are χν

1 < 1.6× 10−6 and χν
2 < 9.8× 106 [352].

The Glashow resonance. At high energies, the Glashow resonance (ν̄e + e− → W−) at E ≃ 6.3 PeV provides a
sensitive probe of energy-dependent kinematics susceptible to Lorentz-breaking changes. Early suggestions that the
non-observation of such events could indicate LIV-induced shifts in the resonance [353] were rendered obsolete by
IceCube’s detection of a Glashow resonance event [354], which confirmed the SM threshold within uncertainties.

4.3.3. Neutrino Flavours and Oscillations

LIV constraints. Neutrinos produced in astrophysical sources carry a flavour composition shown in Table 1. QG
effects modify the flavours in an energy-dependent (and possibly direction-dependent) way, causing departures from
the flavour composition expected from standard oscillations. Thus, measurements of the flavour composition at
Earth can be used to probe QG effects, a topic extensively discussed in the literature [355–359].

The IceCube Collaboration has used high-energy atmospheric and astrophysical neutrinos to set the most
stringent limits to date on several QG-induced effects that can affect neutrino flavour propagation, including
anomalous decoherence and LIV within the SME framework (see Section 3.2.6). No evidence for such effects has
been found in the data so far [360]. Four types of models were considered, each affecting the flavour composition in
a distinct way, considering LIV of orders n = {0, 1, 2, 3}, as defined in Equation (33). For n < 3, the results place
strong bounds on QG, pushing the limits beyond the Planck scale (EQG > EPl).

In a detailed analysis using 7.5 years of high-energy starting events collected by IceCube, Telalovic and
Bustamante [361] carried out the first study of the directional flavour composition of astrophysical neutrinos,
searching for anisotropies that could indicate direction-dependent QG effects such as LIV. They found no significant
evidence for flavour anisotropy and placed improved constraints on flavour-dependent directional effects, thereby
strengthening existing limits on LIV-type models that predict different propagation for different flavours along
different sky directions.

In a follow-up work, Telalovic and Bustamante [362] performed a remarkable analysis building on the previous
one. They started by explicitly interpreting the results within the framework of the SME. Then they derived
quantitative limits on a broad set of flavour-dependent LIV coefficients for operator dimensions between d = 2

and d = 8. They found no significant evidence for directional flavour anomalies, which allowed them to set upper
limits on hundreds of LIV parameters. Some of these bounds were derived for the first time, and the obtained limits
are orders of magnitude better than previous constraints. These results strongly reinforce Lorentz invariance in the
high-energy neutrino sector and substantially reduce the allowed parameter space for flavour-dependent LIV effects.

4.4. Constraints from Air Showers

In recent years, the search for LIV in extensive air showers (EASs) has steadily progressed [237,269,363–369].
This topic is extremely important considering that all constraints discussed in this review necessarily rely on the
physics of air showers for the detection.
On the consistency of analyses. Any astrophysical deviation from Lorentz symmetry should also manifest in
the development of EASs, such that constraints should be derived self-consistently, including LIV effects in
both the propagation from the source to Earth and in the shower physics. The Pierre Auger Collaboration has
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been systematically including LIV in their analyses, both in the propagation of UHECRs and in the shower
development [224]. Nevertheless, most works in the literature overlook the latter aspect, which could lead to
inconsistencies in the derived limits on LIV parameters.
Muon lifetime. The lifetime of muons, which are produced in air showers, can also be affected by Lorentz-symmetry
breaking. If Lorentz symmetry is violated, this lifetime could become energy-dependent [370–372]. This would
lead to a modification of the expected muon decay rates in EASs, potentially impacting the observed shower profiles
and the inferred properties of the primary particles. Refs. [373,374] investigated this in the context of DSR, showing
that the lifetime (τ ) of the particles is modified as follows:

τ = τ(E) = τ0
E

mc2

[
1 +

1

2EQG

(
m2c4

E
− 2E +

E3

m2c4

)]
, (56)

wherein τ0 is the rest-frame lifetime of the particle. This applies to all unstable particles, including pions and muons,
among others, which are crucial in the development of air showers. Therefore, this could lead to observable effects
in the shower profiles given the non-linear nature of the cascade process.

5. Critical Discussion

5.1. Constraints Based on Threshold Effects

Modified interaction thresholds can change interaction horizons, making sources more or less visible at certain
energies. However, this often presupposes knowledge of the other ingredients entering the relevant equations (see
Section 2), such as cross sections, density of targets, etc., which are not necessarily known. Moreover, there is no
obvious way to distinguish between an interaction horizon and a magnetic horizon (if relevant), which adds further
ambiguity.
Gamma-ray propagation uncertainties. For gamma rays, the main challenge lies in uncertainties in both the
propagation and the source physics. Propagation depends sensitively on the adopted EBL model, as well as on
assumptions about modified cross sections, as discussed in ref. [292]. At the source, one typically lacks direct
knowledge of the emission spectrum, which is instead reconstructed from observations by inverting Equation (9). If
multiple zones contribute to the emission, spectral breaks that mimic QG signatures may appear. Moreover, the
precise shape of the HE cut-off may also matter. Furthermore, the cosmological model, which is usually fixed in
this type of analysis, can be important, especially for time-of-flight studies [375].

An underappreciated difficulty arises from the fact that gamma-ray propagation can be a non-linear process,
especially when electromagnetic cascades are involved. The relevant interactions all generate secondary particles
that can further interact, namely:

pair production: γ + γbg → e+ + e− ,
inverse Compton: e± + γbg → e± + γ ,

vacuum Cherenkov: e± → e± + γ ,
photon decay: γ → e+ + e− ,

photon splitting: γ → γ + · · ·+ γ .

Therefore, the possibility exists of intricate feedback loops that could lead to an “LIV cascade” process. This
justifies the Monte Carlo approaches advocated in refs. [217,238]. This is particularly important if both photons and
electrons are affected by LIV, that is, if χγ

n ̸= 0 and χe
n ̸= 0.

The GZK effect. In the case of CRs, most studies [182,189,229,314,376–378] have focused on the modifications
of the GZK threshold, as discussed in Section 4.2. Many of them mistakenly attributed the observed spectral
suppression in UHECRs to the GZK effect. In fact, HiRes [59] did commit to this interpretation by explicitly
referring to the GZK effect in the title of their paper, whereas Auger [60] adopted a more cautious approach of
reporting on a flux suppression.

However, it has been known for more than a decade now that protons are a sub-dominant contribution of the
UHECR flux at these energies [379–385]. A necessary condition for the UHECR spectral suppression to be the
GZK effect is that the CRs at the highest energies are protons, which does not seem to be the case according to
current observations (see, for example, refs. [219,386,387] for reviews). But this is not sufficient. Even if this is
true, one would still need to prove that the suppression is due to propagation effects, rather than being intrinsic to
the sources.

Therefore, while QG effects on the GZK threshold may be interesting in their own right and theoretically more
tractable, unless the fraction of protons in UHECRs can be inferred, it is rather difficult to derive meaningful QG
constraints. This situation would improve if astrophysical sources of protons above the GZK threshold are identified,
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such that their flux can be studied separately. Perhaps the cosmogenic fluxes from UHECR interactions could also
be a valuable tool for testing QG [224,322–324,388–390].
The case of UHECR nuclei. One could argue that constraints could be derived from the photodisintegration of
UHECR nuclei. Indeed, this has been explored in several works [219, 224, 226, 227, 377, 391, 392]. However,
applying QG frameworks developed for fundamental particles directly to composite systems such as atomic nuclei
is far from trivial. Multi-particle states, even if strongly bound, may require a different treatment, as in the case of
the “soccer ball problem” [151,393–395]. In fact, there is no guarantee that it can be applied to protons. Moreover,
it is also unclear that processes such as vacuum Cherenkov (VC) (see Section 3.2.4) would apply to CRs in a
straightforward way, as done in refs. [229, 389, 396]. Nevertheless, some studies do take this into account and
recompute decay and/or interaction rates for nuclei [177,397–401].

5.2. On Time-of-Flight Constraints

Changes in time of flight are a classic signature of QG, as they can predict tiny deviations from standard
physics that accumulate over cosmic distances, making astrophysical observations an appealing testing ground.
These modifications are measured by comparing the arrival times of two particles of different energies, say E1 and
E2, emitted by the same source. The anatomy of the temporal profile of an astrophysical signal can be studied by
dissecting its individual components:

∆tobs(E1, E2) = ∆temi(E1, E2) + ∆tsrc(E1, E2) + ∆tprop +∆tQG(E1, E2) , (57)
where:

• ∆temi: intrinsic delays from acceleration and emission at the source, sensitive to the dynamics of the central
engine and its immediate surroundings;

• ∆tsrc: delays due to interactions with the source environment, including any variability in the light curve;
• ∆tprop: propagation delays caused by gravitational (∆tG) or magnetic fields (∆tB);
• ∆tQG: the hypothesised QG contribution, which is ultimately the quantity of interest.

Note that this decomposition is somewhat arbitrary, as some components may overlap or be difficult to
disentangle in practice. Evidently, if the uncertainties from any of these components are larger than ∆tQG, the
latter cannot be meaningfully constrained. The question is, then, if the other components can be sufficiently well
understood to isolate ∆tQG.

A condition for using observed time delays is that the detected signal be of primary origin, i.e., emitted directly
at the source, rather than composed of secondary particles produced during propagation. Otherwise, ∆tprop needs to
be so well understood that propagation uncertainties cannot be masqueraded as ∆tQG. This issue is particularly
relevant for gamma-ray constraints [305], as there is no guarantee that observed photons are primary, and secondaries
can be significantly delayed by intergalactic magnetic fields (IGMFs) (see Equation (28)).

In the case of UHECRs, time-of-flight constraints on QG are essentially hopeless because ∆tprop ≫ ∆tQG,
even if intervening magnetic fields are small (see Section 2.4). Therefore, for this type of constraint, I will discuss
only gamma rays and neutrinos.

The temporal emission profile, ∆temi, directly translates into the usual lightcurves. This term is not a
fundamental time profile per se, like the others in Equation (57). Instead, it is merely a phenomenological estimator
for processes occurring at the source, which include the operation time of the mechanism responsible for the
emission, the duration of the acceleration processes, diffusion time-scales, etc. Nevertheless, it is useful to simply
lump all of these together and use ∆temi as a placeholder for all processes happening within the boundaries of a
certain region of space that delimits the emitter. A detailed discussion on the role of source-intrinsic effects on LIV
studies can be found in ref. [402].

Typical sources used for QG constraints include GRBs. These objects emit a burst of gamma rays, lasting
from milliseconds to minutes, often followed by an afterglow that can last for days to weeks [403–408]. The
electromagnetic lightcurves of GRBs are often complex, with multiple peaks and substructures, but they share some
common features [409–414]. A general parametrisation for the emission profile of GRBs can be written as

ϕ(E) ≡ d3N

dE dA dt
∝ t−aE−b , (58)

where the exact values of a and b depend on the type of GRB (short or long) and the exact stage of emission (prompt,
afterglow), with closure relations establishing links between these parameters depending on the underlying physical
processes [414–416]. An extensive list was presented by Gao et al. [415]. In the case of neutrinos, since there has
been no confirmed detection yet [417–421], one can only speculate about their emission profile, which is expected
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to be similar to that of gamma rays, but with some delay due to the different production mechanisms [422].
Another class of source widely used for QG constraints are AGNs. They can exhibit flares lasting from

minutes to days [423–427]. Within the AGN paradigm, blazars are a subclass of AGN with jets pointing towards
Earth [426,428]. Flaring activity and periodicity have been observed across the whole electromagnetic spectrum in
the lightcurves of several blazars such as Mrk 501 [273,429–435], PKS 2155-304 [436,437], among others [438–
440]. Unlike GRBs, AGNs do not have a typical electromagnetic lightcurve, with different sub-classes of these
objects exhibiting different variability patterns [441–446]. Lightcurves of AGNs are not really well understood,
despite the many models proposed (e.g., [447–454]).

The neutrino lightcurves associated with AGNs, too, are unknown. There are indications of association with
HE neutrinos from the blazar TXS 0506+056 [328], with repeated activity [263]. Moreover, dozens of neutrinos
have been detected coinciding with the AGN NGC 1068 [455], although, to my knowledge, there has been no study
reporting on the temporal emission profile of source to date [456], which seems steady in high-energy gamma rays
over human timescales. There are also hints of neutrino emission from the flaring blazar PKS 0735 + 178 [457,458].

The few results briefly mentioned above illustrate the complexity of the problem. The intrinsic time profile,
∆temi, is not well known, not for gamma rays and certainly not for neutrinos, although correlations between these
messengers are expected if they are produced through hadronic processes. For GRBs, the common features and the
general trend parametrised through Equation (58) provide a somewhat cleaner picture than AGNs, reducing the
uncertainties in ∆temi. In fact, the short duration of the prompt emission phase, typically lasting from milliseconds
to minutes, provides a natural upper limit on ∆temi which enables more stringent constraints on ∆tQG, especially
for cosmologically distant sources. At the moment, this is the most promising class of sources for QG constraints
based on time of flight, and until neutrinos are detected from GRBs, gamma rays will continue to be the primary
high-energy messenger for these studies.

There is also a geometrical component that goes into the emission term (∆temi), which depends on the size of
the emission region and the distance to the source. The most evident example is that of a jet with a given opening
angle slightly misaligned with respect to the line of sight. The particles emitted from different parts of the jet can
arrive at different times due to the finite speed of light. If the instrument can resolve this region or object well, this
source will be treated as extended, and the geometrical time delays can be more easily accounted for. But if the
source appears point-like, these geometrical time delays may be mistakenly absorbed into another component.

The term ∆tprop depends on the properties of the intergalactic medium (IGM) and interstellar medium (ISM),
which are also poorly constrained. The two contributions to this term are ∆tG and ∆tB , and they will be discussed
separately below, under simplifying assumptions. The goal is not to provide accurate estimates, but rather to illustrate
the order of magnitude of these effects, and how they compare to ∆tQG, under typical astrophysical conditions.

One might be tempted to conclude that uncertainties are too large, rendering any Lorentz-symmetry constraint
based on time of flight meaningless. However, the situation is not as bleak as it may seem, due to the chromatic
(energy-dependent) nature of these effects, which can be exploited to disentangle the different components. The
individual terms of Equation (57) can be energy-dependent, such that the observed time delay between two particles
of different energies, ∆tobs(E1, E2), is not necessarily equal to ∆tQG(E1, E2). For instance, ∆tG is energy-
independent (see Equation (29)), but ∆tB ∝ E−atB (see Equations (28) and (26)), wherein atB ∼ [−2.5,−2.0]

may itself be energy-dependent. This is often the case, as higher-energy particles may be accelerated and emitted
earlier or later than lower-energy particles, depending on the specific mechanisms involved. Similarly, ∆temi can be
energy- and position-dependent if the emission region is extended and different parts of it emit particles of different
energies at different times.

5.3. Identifying the Underlying Lorentz-Breaking Framework

In previous sections, I discussed extensively how Lorentz-violating effects can manifest in the propagation of
high-energy cosmic messengers, and how these effects can be used to constrain the underlying QG frameworks.
However, that is not an easy task at the moment. For starters, consider the following question: can we distinguish
between different LIV and DSR frameworks based on observational data?

Take the Breit-Wheeler pair production process, for instance (see Section 2.2.1). Consider a photon-only
modification of the dispersion relation similar to Equation (33). To leading order, the minimum energy (Ethr) a
high-energy photon must have in order to produce an electron-positron pair when interacting with a low-energy
background photon of energy ε is [459]:
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where ηi are dimensionless constants which, in the notation adopted in this review, would translate to χγ
1 . Note that

in the DSR case, the threshold correction arises from the combined effect of the modified dispersion relation and the
deformed momentum composition law.

The fact that, for LIV, the correction scales as m4
ec

8/ε3, whereas for DSR it scales as m2
ec

4/ε, implies that
the former affects lower-energy measurements far more strongly than the latter [12]. Moreover, the different
dependence on the background photon energy ε suggests that, in principle, one could discriminate between the two
frameworks by systematically mapping the threshold modifications at different energy bands, though degeneracies
are to be expected. Additional observables such as those discussed in Section 3.2 should be combined to help break
these degeneracies, particularly time-of-flight measurements, which probe complementary aspects of the same
kinematical modifications.

Even if one could experimentally distinguish DSR and LIV (and perhaps another type of framework), one
would still face the deeper question of interpretation, whether an observed threshold anomaly truly originates from
an underlying QG theory, such as those described in 3.1, or instead from something else. Addressing this requires
a systematic synthesis of the various phenomenological consequences predicted by competing QG frameworks,
followed by a rigorous confrontation with data.

5.4. Quantum Gravity and the Dark Sector

Whether the phenomenon we call dark matter (DM) is an ontic entity in nature (a particle or field), or whether
it is an epistemological construct to explain certain phenomena, any consistent QG theory should, in principle,
encompass it. QG effects could potentially influence the properties and behaviour of DM, as well as its interactions
with SM.

This connection has received surprisingly little attention in the literature, although there have been some
attempts to explore it in the context of modified gravity theories (e.g., refs. [460–462]). Nevertheless, very few works
have systematically investigated the possible interplay between QG effects and DM phenomenology, especially
from an observational perspective. In what follows I entertain some of these hypotheses, making the connection
with potential phenomenological signatures in high-energy cosmic messengers.

Axion-like particles (ALPs) are today well-motivated DM candidates [463–465]. Although the original
quantum chromodynamics (QCD) axion proposed in the 1970s [466–469] to solve what is known as the strong CP
“problem”5 is no longer considered a viable DM candidate, more general ALPs arise naturally in certain extensions
of the SM, including string theory [471], some of which are Lorentz-violating.

The main manifestation of ALPs is their coupling to photons in the presence of external magnetic fields [472],
in a very similar way to neutrino oscillations (see Section 2.3). The propagation theory discussed in Section 2 can
be directly applied to this case, with photons interacting during propagation [473–482], possibly perceiving a more
transparent or more opaque universe depending on the MDR and the underlying QG framework.

Therefore, the same theoretical framework that predicts the QG effects discussed here may also predict
the existence of ALP DM, and vice versa. This opens up the possibility of using astrophysical observations to
simultaneously probe both QG and the nature of DM. In fact, the absence of these signatures might also be a
consequence of the treatment of these two phenomenologies in isolation, whereas they might be intimately connected.

There are models that predict that the existence of DM [483,484] and the very structure of spacetime [485] are
both emergent phenomena resulting from the spontaneous breaking of local Lorentz invariance. In these models, the
vacuum state of the theory does not respect local Lorentz symmetry, leading to the emergence of a preferred frame
or direction in spacetime. This spontaneous symmetry breaking gives rise to new degrees of freedom that can be
interpreted as DM particles.

5 This is not a problem per se. It might simply be a coincidence that the QCD CP-violating parameter θ is so small. Nevertheless, such apparent
fine-tuning [470] may actually point to an yet-unknown mechanism that explains the smallness of this value; the axion solution remains an
elegant theoretical proposal.
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For instance, aether-type theories [486–488] are based on modification of GR in which spacetime is endowed
with a dynamical field—the aether—that defines a preferred local rest frame. While general covariance is preserved,
some of these theories spontaneously break local Lorentz invariance [178,489]. The aether field introduces additional
propagating modes whose collective dynamics can potentially mimic the effects of cold DM [483,488]. Moreover,
the dynamics of this field can act as a source of dark energy (DE) [490], providing a unified framework to address
both dark components of the universe as emergent phenomena from Lorentz-violating dynamics.

In certain limits, some aether theories become closely related to Hořava-Lifshitz gravity [199], another Lorentz-
violating framework, which also predicts MDRs. This framework has been explored as a possible explanation for
DM [491–493] and DE [494,495], and it shares conceptual ground with other emergent-gravity approaches, such as
mimetic gravity [496]. Frameworks like these provide concrete theoretical laboratories for exploring how Lorentz
violation and preferred-frame physics could seed the dark sector.

It is scientifically sound to treat QG-induced Lorentz breaking and dark-sector physics as coupled hypotheses
rather than independent phenomena. In fact, this provides a stronger constraining power than treating them in
isolation. Nevertheless, the two phenomenologies might as well be independent.

For instance, indirect searches for DM signatures based on new QG-motivated particles would benefit from
incorporating QG effects into the propagation of these particles from source to observer, and from predicting
multi-messenger signatures. One might be tempted to claim that these can be conservatively treated in isolation, but
this is not necessarily the case, since, by hypothesis, both phenomena are correlated. Analyses that incorporate both
aspects simultaneously, for example, by modelling how MDRs affect the observational signatures of hypothetical
DM particles, can take advantage of multi-messenger data to yield tighter and more self-consistent constraints.
From an epistemological perspective, this avoids the risk of overclaiming exclusions based on incomplete treatments
and provides a more robust and falsifiable approach to these problems.

6. Outlook

Lorentz symmetry is one of the canons of modern physics. It is not merely a convenient postulate, but a
structural principle woven into the fabric of both relativity and QFT. To violate it would be to glimpse a deeper
structure of spacetime, perhaps one emerging from a fundamental quantum-gravitational substratum where familiar
notions such as locality and causality vanish into something more fundamental.

Practical limitations prevent us from probing these ideas directly in terrestrial laboratories, so we turn to
the cosmos as a laboratory. High-energy astrophysical messengers reach energies far beyond what human-made
accelerators can attain, and traverse large distances, amplifying tiny effects that could carry imprints of new physics.

At the dawn of the era of multi-messenger astrophysics, the opportunity to test these ideas is extraordinary—but
so is the need for caution. The astrophysical environments that produce these messengers are complex, and the
media through which they travel even more so. Small uncertainties in either the source or the propagation models
can easily mimic or conceal the delicate imprints of the new physics being sought. Thus, before interpreting an
anomaly as evidence of deviations from Lorentz symmetry or a signature of QG, one must first ensure a deep
understanding of the astrophysics itself, including correlated systematics, model degeneracies, and the theoretical
assumptions underlying each type of study.

Even in this case, the challenge of underdetermination remains. Data alone rarely points to a single interpre-
tation, as different theoretical frameworks can often explain the same observational anomaly by adjusting a few
parameters or assumptions. Genuine progress, then, comes from designing tests that can actually exclude certain
hypotheses rather than accommodating potential ambiguities.

The multi-messenger framework, properly understood, is not merely an observational tool but an epistemolog-
ical strategy. Any single messenger channel is fraught with astrophysical uncertainties and model dependencies
that can easily mislead interpretations. Cross-messenger comparisons provide a way to break degeneracies and
isolate robust signatures of new physics. Whether Lorentz symmetry withstands further scrutiny or reveals subtle
violations under extreme conditions will profoundly influence our understanding of spacetime and, perhaps, of
QG. The question is no longer whether to search for these effects, but how to design tests capable of disentangling
genuine deviations from the intricate astrophysical backgrounds in which they may be concealed. Ultimately, the
quest to test Lorentz symmetry in the cosmos is as much a test of our ability to separate fundamental physics from
astrophysical complexity as it is a probe of the ultimate nature of spacetime.
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27. Strömgren, B. The Physical State of Interstellar Hydrogen. Astrophys. J. 1939, 89, 526.
28. Meekins, J.F.; Fritz, G.; Chubb, T.A.; et al. Physical Sciences: X-rays from the Coma Cluster of Galaxies. Nature 1971,

231, 107–108.
29. Fang, K.; Olinto, A.V. High-energy Neutrinos from Sources in Clusters of Galaxies. Astrophys. J. 2016, 828, 37.
30. Hussain, S.; Alves Batista, R.; de Gouveia Dal Pino, E.M.; et al. High-energy neutrino production in clusters of galaxies.

Mon. Not. R. Astron. Soc. 2021, 507, 1762–1774.

29 of 43



Alves Batista Phys. Cosm. 2026, 1(1), 4

31. Hussain, S.; Alves Batista, R.; de Gouveia Dal Pino, E.M.; et al. The diffuse gamma-ray flux from clusters of galaxies. Nat.
Commun. 2023, 14, 2486.

32. Weinberg, S. Universal Neutrino Degeneracy. Phys. Rev. 1962, 128, 1457–1473.
33. Seckel, D. Neutrino-Photon Reactions in Astrophysics and Cosmology. Phys. Rev. Lett. 1998, 80, 900–903.
34. Murase, K.; Beacom, J.F.; Takami, H. Gamma-ray and neutrino backgrounds as probes of the high-energy universe: hints

of cascades, general constraints, and implications for TeV searches. J. Cosmol. Astropart. Phys. 2012, 8, 030.
35. Di Marco, G.; Alves Batista, R.; Sánchez-Conde, M.A. Gamma rays as leptonic portals to energetic neutrinos: A new

Monte Carlo approach. Astropart. Phys. 2026, 175, 103192.
36. Nikishov, A.I. Absorption of high-energy photons in the universe. J. Exp. Theor. Phys. Lett. 1962, 14, 393.
37. Jelley, J.V. High-Energy γ-Ray Absorption in Space by a 3.5◦K Microwave Field. Phys. Rev. Lett. 1966, 16, 479–481.
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203. Majid, S.; Ruegg, H. Bicrossproduct structure of κ-Poincare group and non-commutative geometry. Phys. Lett. B 1994,

334, 348–354.
204. Lukierski, J. Kappa-deformations: historical developments and recent results. J. Phys. Conf. Ser. 2017, 804, 012028.
205. Girelli, F.; Liberati, S.; Sindoni, L. Planck-scale modified dispersion relations and Finsler geometry. Phys. Rev. D 2007,

75, 064015.
206. Barcaroli, L.; Brunkhorst, L.K.; Gubitosi, G.; et al. Hamilton geometry: Phase space geometry from modified dispersion

relations. Phys. Rev. D 2015, 92, 084053.
207. Wheeler, J.A. Geons. Phys. Rev. 1955, 97, 511–536.
208. Hawking, S.W. Spacetime foam. Nucl. Phys. B 1978, 144, 349–362.
209. Carlip, S. Spacetime foam: A review. Rep. Prog. Phys. 2023, 86, 066001.
210. Jack Ng, Y.; van Dam, H. Limit to Space-Time Measurement. Mod. Phys. Lett. A 1994, 9, 335–340.
211. Schreck, M.; Sorba, F.; Thambyahpillai, S. Simple model of pointlike spacetime defects and implications for photon

propagation. Phys. Rev. D 2013, 88, 125011.
212. Hossenfelder, S. Phenomenology of space-time imperfection. II. Local defects. Phys. Rev. D 2013, 88, 124031.
213. Borowiec, A.; Pachol, A. κ-Minkowski Spacetimes and DSR Algebras: Fresh Look and Old Problems. Symmetry Integr.

Geom. Methods Appl. 2010, 6, 086.
214. Carmona, J.M.; Cortés, J.L.; Relancio, J.J. Relativistic deformed kinematics from locality conditions in a generalized

spacetime. Phys. Rev. D 2020, 101, 044057.
215. Amelino-Camelia, G.; Ahluwalia, D.V. Relativity in Spacetimes with Short-Distance Structure Governed by an Observer-

Independent (Planckian) Length Scale. Int. J. Mod. Phys. D 2002, 11, 35–59.
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414. Zhang, B.; Mészáros, P. Gamma-Ray Bursts: progress, problems & prospects. Int. J. Mod. Phys. A 2004, 19, 2385–2472.
415. Gao, H.; Lei, W.H.; Zou, Y.C.; et al. A complete reference of the analytical synchrotron external shock models of

gamma-ray bursts. New Astron. Rev. 2013, 57, 141–190.
416. Srinivasaragavan, G.P.; Dainotti, M.G.; Fraija, N.; et al. On the Investigation of the Closure Relations for Gamma-Ray

Bursts Observed by Swift in the Post-plateau Phase and the GRB Fundamental Plane. Astrophys. J. 2020, 903, 18.

40 of 43



Alves Batista Phys. Cosm. 2026, 1(1), 4

417. IceCube Collaboration. Extending the Search for Muon Neutrinos Coincident with Gamma-Ray Bursts in IceCube Data.
Astrophys. J. 2017, 843, 112.

418. AMON and ANTARES Collaboration. A Search for Cosmic Neutrino and Gamma-Ray Emitting Transients in 7.3 yr of
ANTARES and Fermi LAT Data. Astrophys. J. 2019, 886, 98.

419. ANTARES Collaboration. ANTARES upper limits on the multi-TeV neutrino emission from the GRBs detected by IACTs.
J. Cosmol. Astropart. Phys. 2021, 3, 092.

420. IceCube Collaboration.; Fermi Gamma-ray Burst Monitor. Searches for Neutrinos from Gamma-Ray Bursts Using the
IceCube Neutrino Observatory. Astrophys. J. 2022, 939, 116.

421. IceCube Collaboration. Limits on Neutrino Emission from GRB 221009A from MeV to PeV Using the IceCube Neutrino
Observatory. Astrophys. J. Lett. 2023, 946, L26.

422. Pitik, T.; Tamborra, I.; Petropoulou, M. Neutrino signal dependence on gamma-ray burst emission mechanism. J. Cosmol.
Astropart. Phys. 2021, 5, 034.

423. Ulrich, M.H.; Maraschi, L.; Urry, C.M. Variability of Active Galactic Nuclei. Annu. Rev. Astron. Astrophys. 1997,
35, 445–502.

424. Dermer, C.D.; Giebels, B. Active galactic nuclei at gamma-ray energies. Comptes Rendus Phys. 2016, 17, 594–616
425. Romero, G.E.; Boettcher, M.; Markoff, S.; et al. Relativistic Jets in Active Galactic Nuclei and Microquasars. Space Sci.

Rev. 2017, 207, 5–61.
426. Padovani, P.; Alexander, D.M.; Assef, R.J.; et al. Active galactic nuclei: what’s in a name? Astron. Astrophys. Rev. 2017,

25, 2.
427. Blandford, R.; Meier, D.; Readhead, A. Relativistic Jets from Active Galactic Nuclei. Annu. Rev. Astron. Astrophys. 2019,

57, 467–509.
428. Urry, C.M.; Padovani, P. Unified Schemes for Radio-Loud Active Galactic Nuclei. Publ. Astron. Soc. Pac. 1995, 107, 803.
429. HEGRA Collaboration. Measurement of the flux, spectrum, and variability of TeV γ-rays from Mkn 501 during a state of

high activity. Astron. Astrophys. 1997, 327, L5–L8.
430. MAGIC Collaboration. Variable Very High Energy γ-Ray Emission from Markarian 501. The Astrophysical Journal 2007,

669, 862–883.
431. NuSTAR Team; MAGIC Collaboration; VERITAS Collaboration; et al. First NuSTAR Observations of Mrk 501 within a

Radio to TeV Multi-Instrument Campaign. Astrophys. J. 2015, 812, 65.
432. HAWC Collaboration. Daily Monitoring of TeV Gamma-Ray Emission from Mrk 421, Mrk 501, and the Crab Nebula with

HAWC. Astrophys. J. 2017, 841, 100.
433. MAGIC Collaboration; FACT Collaboration; VERITAS Collaboration. Extreme HBL behavior of Markarian 501 during

2012. Astron. Astrophys. 2018, 620, A181.
434. Bhatta, G. Blazar Mrk 501 shows rhythmic oscillations in its γ-ray emission. Mon. Not. R. Astron. Soc. 2019, 487, 3990–3997.
435. MAGIC Collaboration. Study of the variable broadband emission of Markarian 501 during the most extreme Swift X-ray

activity. Astron. Astrophys. 2020, 637, A86.
436. H.E.S.S. Collaboration. An Exceptional Very High Energy Gamma-Ray Flare of PKS 2155-304. Astrophys. J. Lett. 2007,

664, L71–L74.
437. H.E.S.S. Collaboration. VHE γ-ray emission of PKS 2155-304: spectral and temporal variability. Astron. Astrophys. 2010,

520, A83.
438. Gaidos, J.A.; Akerlof, C.W.; Biller, S.; et al. Extremely rapid bursts of TeV photons from the active galaxy Markarian 421.

Nature 1996, 383, 319–320.
439. VERITAS Collaboration. Rapid TeV Gamma-Ray Flaring of BL Lacertae. Astrophys. J. 2013, 762, 92.
440. Lin, C.; Fan, J.H.; Xiao, H.B. The intrinsic γ-ray emissions of Fermi blazars. Res. Astron. Astrophys. 2017, 17, 066.
441. Wagner, S.J.; Witzel, A. Intraday Variability In Quasars and BL Lac Objects. Annu. Rev. Astron. Astrophys. 1995,

33, 163–198.
442. Ghisellini, G.; Tavecchio, F.; Bodo, G.; et al. TeV variability in blazars: how fast can it be? Mon. Not. R. Astron. Soc. 2009,

393, L16–L20.
443. Nieppola, E.; Hovatta, T.; Tornikoski, M.; et al. Long-Term Variability of Radio-Bright BL Lacertae Objects. Astron. J.

2009, 137, 5022–5036.
444. Foschini, L.; Ghisellini, G.; Tavecchio, F.; et al. Search for the shortest variability at gamma rays in flat-spectrum radio

quasars. Astron. Astrophys. 2011, 530, A77.
445. Sandrinelli, A.; Covino, S.; Dotti, M.; et al. Quasi-periodicities at Year-like Timescales in Blazars. Astron. J. 2016, 151, 54.
446. Rajput, B.; Stalin, C.S.; Rakshit, S. Long term γ-ray variability of blazars. Astron. Astrophys. 2020, 634, A80.
447. Begelman, M.C.; Fabian, A.C.; Rees, M.J. Implications of very rapid TeV variability in blazars. Mon. Not. R. Astron. Soc.

2008, 384, L19–L23.
448. Rieger, F.M.; Aharonian, F.A. Variable VHE gamma-ray emission from non-blazar AGNs. Astron. Astrophys. 2008,

479, L5–L8.
449. Giannios, D.; Uzdensky, D.A.; Begelman, M.C. Fast TeV variability in blazars: jets in a jet. Mon. Not. R. Astron. Soc.

41 of 43



Alves Batista Phys. Cosm. 2026, 1(1), 4

2009, 395, L29–L33.
450. Levinson, A.; Rieger, F. Variable TeV Emission as a Manifestation of Jet Formation in M87? Astrophys. J. 2011, 730, 123.
451. Barkov, M.V.; Aharonian, F.A.; Bogovalov, S.V.; et al. Rapid TeV Variability in Blazars as a Result of Jet-Star Interaction.

Astrophys. J. 2012, 749, 119.
452. Bhatta, G.; Dhital, N. The Nature of γ-Ray Variability in Blazars. Astrophys. J. 2020, 891, 120.
453. Sobacchi, E.; Piran, T.; Comisso, L. Ultrafast Variability in AGN Jets: Intermittency and Lighthouse Effect. Astrophys. J.

Lett. 2023, 946, L51.
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