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Abstract: As a basic symmetry of space-time, Lorentz symmetry has played important roles in
various fields of physics, and it is a glamorous question whether Lorentz symmetry breaks. Since
Einstein proposed special relativity, Lorentz symmetry has withstood very strict tests, but there are
still motivations for Lorentz symmetry violation (LV) research from both theoretical consideration
and experimental feasibility, that attract physicists to work on LV theories, phenomena and experi-
mental tests with enthusiasm. There are many theoretical models including LV effects, and different
theoretical models predict different LV phenomena, from which we can verify or constrain LV effects.
Here, we introduce three types of LV theories: quantum gravity theory, space-time structure theory
and effective field theory with extra-terms. Limited by the energy of particles, the experimental tests
of LV are very difficult; however, due to the high energy and long propagation distance, high-energy
particles from astronomical sources can be used for LV phenomenological researches. Especially with
cosmic photons, various astronomical observations provide rich data from which one can obtain
various constraints for LV researches. Here, we review four common astronomical phenomena which
are ideal for LV studies, together with current constraints on LV effects of photons.

check for Keywords: Lorentz symmetry violation; Lorentz violation theory; Lorentz violation phenomenon;

updates quantum gravity; space-time structure; cosmic photon

Citation: He, P; Ma, B.-Q. Lorentz
Symmetry Violation of Cosmic
Photons. Universe 2022, 8, 323.
https://doi.org/10.3390/
universe8060323

1. Introduction

As a basic symmetry of space-time, Lorentz symmetry has played important roles
in various fields of physics, and it can be ranked as the crystallization of human wisdom
in understanding space-time. Since Einstein proposed special relativity in 1905, Lorentz
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symmetry has withstood the test of more than a hundred years in experiments with solid
experimental foundation'. Then it is a natural question why we search for Lorentz symme-
try violation (LV)? There are reasons from both theoretical consideration and experimental

feasibility. From theoretical side, there is motivation for the research of new physics beyond
relativity, such as quantum gravity, which may break Lorentz symmetry. From experimen-
tal side, even small violation of fundamental symmetry, such as LV, can lead to detectable
effects at energy ranges well below the Planck scale Ep; with significant progresses in
experimental techniques and methodologies for high precise measurements. Therefore, it
is reasonable, necessary and feasible to study LV.

An early theoretical research on LV can be traced back to Dirac, who had attempted to
reintroduce eether into electrodynamics in 1951 [2]. There are also other early perspectives
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Quantum gravity theory aims at unifying quantum theory and general relativity for

building a unified basic theory. One typical representative quantum gravity theory is
string theory (for a review see Ref. [6]), which unifies quantum theory and general
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relativity by entering the concept of strings to solve the renormalization problem of
gravitons. Besides string theory there are some other quantum gravity methods such
as loop quantum gravity (for reviews see Refs. [7,8]), noncommutative quantum field
theory (for a review see Ref. [9]), analogue gravity (for a review see Ref. [10]), etc.

¢ When physicists consider whether space-time is not continuous but has the smallest
basic unit, another type of LV theory was born. The thinking about the structure
of space-time can be traced back to Pauli, who remarked that “We may see herein
an indication that not only the field concept, but also that the space-time concept in
the microscale requires a principal modification’” after discussing the divergencies
in quantum electrodynamics and the infinite self-energy of electrons in 1933 [11].
Influenced by Pauli’s idea, March pointed out the importance of a universal length
in physics [12-15]. Then Heisenberg [16], de Broglie [17], Pavlopoulos [5], etc. also
conducted theoretical explorations in this area. There are also theories starting from
space-time geometry to seek possible space-time essences, e.g., Girelli, Liberati and
Sindoni proposed a possible relation between modified dispersion relations and
Finsler geometry to account for nontrivial structure of Planckian space-time [18]. The
discreteness of space-time also deserves scrutiny [19-23]. The current theories about
space-time structure and length units can be divided into two types: one introduces
a length unit (maybe Planck length Lpj) as a constant into the laws of physics, and a
representative of that is doubly special relativity (DSR) [24,25]. The other originates
from the thinking about the nature of space-time itself: the space-time background
metric can be affected by quantum fluctuations to behave like “foam” on short time
and distance scale, and this model is called the space-time foam model, that is our
current relatively unified understanding of the nature of space-time.

* In addition to the above two theories derived from basic principles, there are also
extended models based on existing theories with extra-terms, and a representative is
the extension of the standard model. Coleman and Glashow proposed the original
version of an extension of the standard model by adding a LV term to the standard
model Lagrangian [26]. Colladay and Kostelecky developed a frame to deal with
spontaneous CPT violation and Lorentz violation, then they obtained the CPT and
LV terms [27,28], and this extension model is called standard model extension (SME).
Myers and Pospelov introduced higher dimensional LV operators which are not renor-
malizable [29]. Such higher dimensional operators can naturally give the behaviors
that are suppressed by high energy scales and seem to give a better mechanism than
the renormalizable model, which needs to artificially make the LV coefficients tiny in
order not to conflict with the existing experiments. Zhou and Ma proposed a frame-
work with general requirement of physical independence or physical invariance of
mathematical background manifold [30-32]. This framework introduces a background
matrix M* by replacing the common derivative operators by the covariant derivative
ones, leading to a Lorentz violation matrix for each type particle.

There are many theories including LV effects in the current frontier theoretical re-
searches, and the LV phenomena predicted by different theories are not the same, so
phenomenological and experimental studies of LV are urgently needed for identification.
We should also mention that the classifications between quantum gravity theory and
space-time structure theory are not so strict. In the development of many quantum grav-
ity theories, physicists absorb the idea of space-time “foam”, such as non-critical string
theory [33,34], loop quantum gravity [35,36], string theory [37], doubly special relativ-
ity [24,25] and the effective field theory approaches [29]. Some space-time structure theories
are shown to be feasible of describing quantum gravity, e.g., Li and Chang constructed the
theory of gravitation in Berwald-Finsler space [38], and Zhu and Ma got the arrival time
delay of LV cosmological particles in the framework of Finsler geometry [39].

We generally expect that LV effects have observable effects in extremely high-energy
ranges. So before introducing these LV effects, we need to first introduce three energy
scales, which are often used but often confused:
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¢  Planck scale Epj, at which Planck believed that when the strength of gravitational
interaction and electromagnetic interaction are equivalent a new theory will emerge.
Planck scale can be expressed by the energy dimension Ep; = Vhc®/G ~ 1.22
10%8eV = 1.22 x 10'°GeV, the mass dimension Mp; = Ep;/c? and the length dimension
Lp = ViiG/c3 = he/Ep; ~ 1.6 x 103 m. Different dimensions are used depending
on the theoretical expressing habits with same effect.

e Characteristic scale of the quantum gravity theory Eqg, at which the effects of a
quantum gravity theory become significant.

*  LVscale Eyy, at which the LV effects become significant. LV scale Ery can also mark the
strength of the LV modification terms, and can be used in different order Eyy,, where
Ervi (sometimes write as Eyy for simplicity) is linear term and Eyy> is quadratic term.

We generally think that the LV modification terms can be suppressed by the integer
power of the ratio of the typical energy E of the actual physical process to the Planck scale
Epy, so the linear LV energy scale Eyy is near the Planck scale Ep;. Generally, a quantum
gravity theory will be realized near the Planck scale Epj, so the characteristic scale Eqg is
also near the Planck scale Ep;. Although there is no one-to-one correspondence between
a quantum gravity theory and a LV phenomenon, people often use the appearance of
the LV phenomenon to mark a quantum gravity theory at work, so in a quantum gravity
theory including LV effects, some people often use the characteristic scale Eqg to replace
the LV scale Ery. To sum up, we expect that both the LV scale Eyy and the quantum gravity
characteristic scale Eqg will appear near the Planck scale Epj, but their specific values need
to be determined by experiments.

Currently, standard model and general relativity provide very successful descrip-
tions of nature: general relativity describes gravity at the classical level, while standard
model describes all other forces of nature down to the quantum level. However, there
are irreconcilable contradictions between them, and there are some phenomena beyond
the descriptions of the two. To reconcile the contradictions between standard model and
general relativity, to explain some phenomena beyond existing theoretical frameworks,
and to realize a complete and unified theoretical model, theoretical physicists have been
searching for quantum gravity theories. These quantum gravity theories, which are ex-
pected to work at the Planck scale Ep, are very difficult to be verified in low-energy ranges.
Fortunately, many of these quantum gravity theories predict various LV phenomena, that
can be used to provide confirmation or falsification. On the other hand, the understanding
and application of symmetry are great achievements of modern physics, and the discov-
ery of symmetry violation is a treasure in the history of physics [40]. The discovery and
experimental verification of important symmetry violation, such as parity violation and CP
violation, have brought people a shocking awareness: is the Lorentz symmetry also an ap-
proximate symmetry in low-energy ranges? Considering the above two aspects, physicists
are working with great enthusiasm on exploring the physical mechanisms, phenomenology
and experimental explorations of LV.

In order not to contradict with existing experiments, any model that includes LV
effects, regardless of the mechanisms, must ensure that the LV modifications are very
small, and the observable phenomena can only be detected in the extremely high-energy
ranges. However, the highest energy value of man-made particles on Earth today—10'3 eV
produced by the Large Hadron-Collider (LHC), and the highest-energy particles ever
observed in cosmic-rays*—102! eV orders, are all many orders of magnitude lower than
the Planck scale Epj. It can be foreseen that the LV effects are extremely small in terms
of current experimental detection capabilities, and the LV effects are very difficult to be
detected. Fortunately, the nature can “amplify” LV effects, such as the propagation of
cosmological distances for cosmic-rays, etc. High-energy photons from the Universe are
the highest-energy photons that people can receive’, and gigantic (cosmological) distance
propagations can accumulate the LV effects. Current astronomical observation methods
are also constantly improving, so a viable solution to seek signs of LV is from astronomical
phenomenological researches, on which the current review is focusing.
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By reviewing the current limitations of the photon LV phenomena and the theoretical
models including LV effects, we state that different theoretical models predict different LV
phenomena, and that the limitations from LV phenomena can verify or constrain different
theoretical models. For clear illustration, Section 2 briefly introduces some common LV phe-
nomena. Section 3 discusses three representative theoretical models and their predictions
about LV phenomena, and Section 3 introduces an effective model-independent method
for LV researches. Section 4 reviews and discusses four common photon LV phenomena
and the current limitations from astronomical observations, then Section 4 elaborates the
validations and constraints of these limitations on the theoretical models.

2. Lorentz Violation Phenomena

Our discussions of the experimental detections about LV effects are mainly focusing
on the phenomena with the modified dispersion relation caused by LV and the result-

ing particle-specific behaviors®. Such LV phenomena mainly include (for reviews see
Refs. [42,43]):

¢ The light speed might depend on the energy or helicity of photons, then there will be
vacuum dispersion and vacuum birefringence phenomena.

*  Some inhibitory reactions in the standard model might occur, such as the decay of
photons v — e™ + e, the splitting of photons y — 1+ and the electron pair emission
e” —e e el

®  The reaction characteristics in the standard model might be altered by the LV effects,
thereby reflecting different behaviors from the standard model, such as the photon anni-
hilation reaction -y + 7y, — e¢* + ¢~ might have some threshold anomalous behaviors.

e The different helicity particles might have different LV effects, such as an electron can
reverse from one chiral state to another chiral state e* — e* + 7.

¢ The upper limitation on the velocity of particles, that is the maximum attainable veloc-
ity, will be changed by LV effects, such as the electron vacuum Cherenkov radiation
e* — e + v might cause an upper limitation on the velocity of electron, etc.

Modification of the photon dispersion relation produces rich and measurable astro-
physical phenomena. If LV causes the dispersion relation of photons to be no longer
E? = p2c?, but with a slight modification, then the speed of photon will no longer be a
constant c. If the modification is related to the polarization state of photons, the photons
with right-handed and left-handed polarization have different velocities, then we may
observe vacuum birefringence. If the modification is related to the energy of photons,
then high-energy photons may exhibit unusual physical phenomena: if the higher the
energy, the slower the speed of light (subluminal), then we may observe the arrival time
delay of high-energy photons and the threshold anomaly of photon annihilation reaction; if
the higher the energy, the faster the speed of light (superluminal), then we may observe
the decay of high-energy photons. Section 4 discusses these four common astronomical
phenomena.

Astrophysical measurements show outstanding advantages in the detection of LV
phenomena. The highest-energy particles that people can currently receive come from
the Universe, cosmological distance propagation can accumulate small LV effects to the
measurable level, and current astronomical observation methods have partially achieved
the accuracy of the requirements of the observations, so astrophysical measurements of
cosmic-rays can provide sensitive detection of LV phenomena. Section 4 discusses the
limitations obtained from astrophysical measurements.

Various limitations obtained from experiments or observations can verify or constrain
existing theoretical models that include the LV effects. Section 3 discusses the verification
and constraints on various theories by the currently obtained limitations. To better analyze
different theories, we briefly introduce some common LV phenomena and the existing
limitations before going into the detailed analyses.
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Arrival time delay of high-energy photons

If the LV makes photons with higher energy slower (subluminal), then among photons
departing from the same source at the same time, high-energy photons will arrive at
the Earth slowly, and this phenomenon is called the arrival time delay of high-energy
photons. Photon signals from the distant Universe can provide a reference time for
measuring time delay phenomenon. The higher the photon energy and the longer the
source distance, the more obvious the time delay effect and the tighter the limitation on
this LV phenomenon. Amelino-Camelia et al. proposed that exploiting rapid changes
in gamma-ray emission from distant astrophysical sources can be used to limit LV [44].
Currently, LV has been tested by using observations of gamma-ray bursts (GRBs),
active galactic nuclei (AGNs) and pulsars. There are studies suggesting positive signal
for the light-speed variation while there are also studies proposed lower bound on the
LV scale from data analyses.

Vacuum birefringence

If the LV causes photons with different helicity to have different dispersion relations,
that is, photons with right-handed and left-handed polarization have different ve-
locities, then the polarization vector of the linear polarization plane will rotate. This
rotation increases with the cosmological propagation distances of the photons and
produces a measurable rotation angle, and this phenomenon is called vacuum birefrin-
gence. Since the polarization at the source is not known, the measurements of vacuum
birefringence are inevitably affected by the inherent polarization angle. However, since
the rotation angle caused by LV effects can offset partially, but not all, the polarization
angle caused by emission mechanisms, the detection of polarized signals can still put
an upper limitation on this possible LV effect. Currently, astronomical observations
place strong limitations on vacuum birefringence, and these limitations lead to severe
challenges to some of the theoretical models which allow vacuum birefringence.

Threshold anomaly of photon annihilation reaction

If the LV modifies the dispersion relation of photons, the annihilation reaction be-
tween high-energy photons and low-energy photons can produce interesting physical
phenomena. According to the special relativity, the photon annihilation reaction
Y+ v, — e" + e~ causes that photons with energy higher than the threshold are
absorbed by low-energy photons, then the annihilation reaction prevents high-energy
photons traveling long distances in the Universe, and the annihilation reaction results
in the absorption modification of the spectrum, so we also call this reaction the back-
ground absorption of high-energy photons. However, if the LV produces a subluminal
speed modification on the dispersion relation of photons, high-energy photons may
not be absorbed by low-energy photons, so the high-energy photons can travel long
distances and be received on Earth. The ultra-high-energy photons we have observed
may be supporting evidences of this LV effect, and we will discuss that in detail later.

Decay of high-energy photons

In the standard model, limited by the energy-momentum conservation, the photon
decay reaction v — e' + ¢~ is prohibited, but in the theories including LV effects,
photon decay may be a possible phenomenon [45]. If only the linear modification of the
dispersion relation of photons is considered, when the modification is superluminal,
the decay of photons will occur. If the LV modifies not only the dispersion relation of
photons, but also the dispersion relation of electrons, then the decay of high-energy
photons can also occur under the proper combination of modification parameters. At
present, the observation data of LHAASO set very strict limitations on the decay of
photons [46-49], and we will discuss that in detail later.

Besides photons, some other particles can also help LV researches, such as:
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. Electron vacuum Cherenkov radiation

Like photon decay, in some theories including LV effects, electrons may also decay. If
the LV effects modify the dispersion relations of electrons and photons at the same
time, the speed of electrons moving at extremely high speed may be greater than
that of photons. Under the energy-momentum conservation, if the LV parameters of
photons and electrons are suitable, there may be the decay of electrons e* — e* + . It
can also be analogous to charged particles propagating in a medium, when a charged
particle moves through the medium, if its speed is greater than the light speed in
the medium, it will radiate an electromagnetic field, and this phenomenon is called
Cherenkov radiation. So the decay of electrons caused by LV can also be called
electron vacuum Cherenkov radiation. If the LV effect causes the high-energy electron
to decay, there will be no electron can reach the threshold of inverse-Compton reaction
and accelerate photon to very high energy by inverse-Compton reaction in the Crab
Nebula. However, recently LHAASO reported the detection of gamma-ray of energy
up to 1.1PeV from the Crab Nebula [50], and Ref. [51] pointed out that this datum
means severely strict limitation on the decay of electrons.

¢ Chirality reversal of electrons

If left-handed fermions and right-handed fermions have different LV effects (there is
no theoretical reason for them to be equal), then the left-handed electrons and right-
handed electrons can have different dispersion relations and LV parameters, so an
electron can reverse from one chiral state to another chiral state, and this phenomenon
is called chirality reversal of electrons e — e* + .

e Upper limitation of electron synchrotron radiation

The modified dispersion relations may cause anomalous behaviors on the upper
limitation of the particle speed, especially in the process of synchrotron radiation of
electrons, the LV effects are clearly displayed [52,53]. In the theory with the Lorentz
symmetry, the electron, performing synchrotron motion under the magnetic field B,
has a maximum synchrotron frequency w. = 3/2eBy>E, where  is the Lorentz factor
of the electron and E is the energy of the electron. In the theory including LV effects,
the maximum synchrotron frequency may be modified, so that the photons, emitted
by synchrotron radiation, would also be affected. For the above considerations, there
are some researchers studying the radiation of electrons in the Crab Nebula to get
strict limitations on the electron LV parameters, such as Ref. [52].

Except photons and electrons, some other particles from the Universe can also be used
to LV researches. Such as the earliest LV view was originated from “GZK paradox’” of
protons, and neutrino velocity modifications and oscillatory effects may also be related to
the LV effects, etc. Since the photon observations are more mature, the most well-developed
LV astronomical observational limitations are from photons.

It should be noted that not every LV theory has all of the above anomalous behaviors.
Specific theories have their own specific LV behaviors, a specific theory reflects one or more
of the characteristics or anomalies listed above, and we can verify or constrain these theories
accordingly. Section 3 briefly introduces the theoretical models including LV effects.

3. Theoretical Models including LV Effects

As we have introduced, there are many kinds of theoretical models including LV effects:
(i) Quantum gravity theory, which aims at solving the conflict between standard model
and general relativity. One promising candidate quantum gravity theory is string theory;
(ii) Space-time structure theory, which constructs new models from the perspective of
space-time structure. One typical representative is doubly special relativity, which modifies
the energy-momentum relation of special relativity; (iii) Effective theory with extra-terms.
Since direct experiments near the Planck scale Ep) are impossible now, the outstanding
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problem on verifying Planck energy theories is the lack of experimental guidance. Because
of this difficulty, effective field theory is a suitable tool for observing tiny signal of LV. One
promising candidate is standard model extension [27,28]. In addition to these theories, we
can also conduct LV studies by model-independent method.

Different theoretical models give different predictions of LV phenomena, generally,
they give the modification of standard energy-momentum dispersion relation E?(p) =
p? + m?. However, the specific modification terms and modification behaviors are differ-
ent depending on the specific theories, so the specific theories can be distinguished and
identified by experiments and observations®.

This section discusses the three representative theories introduced above, and intro-
duces a model-independent and effective method for LV researches. The discussion focuses
on the different photon LV phenomena predicted by different theories and the current
observation limitations on these theories.

3.1. D-Foam Model in String Theory

As the most promising approach to gravity quantization, string theory (for reviews see
Refs. [6,57]) promises to unify general relativity and quantum theory, promises to provide
a unified theory that can describe all forces in nature, promises a new understanding of
time, space, and additional dimensions yet to be discovered, and promises to provide a
connection between some seemingly disparate concepts (such as black holes and quark-
gluon plasma), so string theory is a very “promising” theory. String theory is at the forefront
of all serious attempts to solve the mysteries hidden in fundamental physics, but there are
many promises yet to be fulfilled.

String theory provides an elegant illation that begins with quantum theory and ends
with general relativity. The difficulties of quantum gravity come from both technical prob-
lem and conceptual problem [57]. The technical problem is related to non-renormalization,
that is said the program of renormalization does not work in the quantum gravity case.
String theory solves the non-renormalization by introducing the concept of strings, which
are very small but have a definite length (a common view is 1073* m). In string theory,
everything is made out of string, including any measuring equipment, so it is impossible
to measure anything smaller than a string. In string theory, it is meaningless to talk about
distances smaller than the size of a string, so the non-renormalization problem is solved
naturally. The conceptual problem is more complex, the quantization of space-time implies
severe difficulties, such as an interesting problem is the black-hole information paradox,
and string theory seems also to provide a solution to this conceptual problem.

String theory is a theory of continuous development. In the mid-1990s, the proposal
of the brane concept prompted the second exploration of string theory [6]. The proposal of
the brane concept was affected by many aspects, such as: the interaction between strings
becomes uncontrollable; and some symmetries, that appear in the supergravity theory”,
are missing in the string theory, etc. A brane is like a string, but it can have any number
of dimensions extending in space. A point particle is a 0-brane, a string is a 1-brane, a
surface at any given time is a 2-brane, similarly 3-brane, 4-brane up to 9-brane. A D-brane
is a special type of brane, that is where a string ends in space. In the development of
string theory, people gradually realize that these higher-dimensional entities are not only
examples of the richness of string theory, but they point towards deeper truths beyond
string theory. String theory may not the last word of this theory, and it is very probable
that strings play a quite subordinate role in the development of the theory [57]. In the
development of string theory, there are many new things, such as holography and M-theory,
and we keep looking forward to the new development of string theory.

A strict challenge of string theory is the validation of this theory. Any real theory of
nature must make predictions that can be verified through experiments or observations.
String theory has two dramatic predictions: supersymmetry and extra dimensions [57].
However, both predictions work at very high energy, and this property renders the string
theory difficult to be verified through experiments or observations. Many string theorists
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believe that cosmology could be useful to the string theory validation, but it still needs
time [57]. Since LV effects are predicted to work at Planck scale, the LV research may be
useful to the validation of string theory. Our attention focuses on how to use LV research to
verify the string theory.

In some certain string models, quantum gravitational fluctuations in the space-time
background—*space-time foam”—can be treated as point-like DO-branes in the bulk space-
time [58,59], resulting that the vacuum might behave essentially like a dispersive medium
that could violate Lorentz invariance. Refs. [60,61] worked in an anisotropic D-foam
model [62-64] and found that this supersymmetric string model for space-time foam has
four characteristics: (i) This model results in a linear dependence between the speed of
light and energy; (ii) This speed of light modification is subluminal; (iii) Photons are stable;
(iv) Light velocity is helicity symmetric, so there is no vacuum birefringence. All these four
characteristics correspond to current astronomical observations'". In this model, gauge
bosons, such as photons, have modified dispersion relations. Current observational data
from LHAASO can be used to explore the LV properties of photons and provide support
for this model [46,47]. In this model, charged particles, such as electrons, have dispersion
relations consistent with the predictions of special relativity and are not subject to any (tree-
level) quantum gravity modifications, and this property is supported by a new research [51]
which uses the latest observations of photons from the Crab Nebula by LHAASO. So this
D-foam can avoid the strict constraints from the electron sector and thus be more viable.

Besides string theory, there are many approaches to quantum gravity, such as loop
quantum gravity, whose key idea is the central lesson of general relativity: gravity is
a manifestation of space-time geometry. Different ways to quantum gravity can cause
different predictions of LV effects. D-foam model of string theory leads to a linear-order
helicity independent effect in the modified dispersion relation of photon, and this property
means that there is no vacuum birefringence to appear. In loop quantum gravity, the
helicity dependence of modified dispersion is optional, there may be vacuum birefringence
in a semiclassical regime that the electromagnetic field is a classical object whereas space
is described by loop quantum gravity [35], and there may be no vacuum birefringence in
other cases [36]. Different predictions in different models can be tested by astronomical
observational limitations.

3.2. Doubly Special Relativity

Amelino-Camelia gave the original discussions of doubly special relativity in Ref. [24],
and he elaborated and explained some misunderstandings of this theory in Ref. [25]. Some
quantum gravity theories modify the energy-momentum dispersion relation near the
Planck length Lp'!, usually in the form of E? = p? + m? + L}, p?E? + O(Lgf‘lE”“'B’). This
modification leads to LV, and produces a class of preferred inertial observers (usually the
same as the natural observers of the cosmic microwave background radiation). Amelino-
Camelia proposed doubly special relativity to provide a scheme that does not require a
preferred inertial reference frame [24,25].

The process of proposal of DSR is very similar to the emergence of special relativity. In
Galileo relativity, there is no scale independent of the observer, and the energy-momentum
relation is E = p?/(2m). While electromagnetic phenomena can be well represented by
Maxwell equations, the fact, that these equations involve fundamental velocity scales—light
velocity ¢, seems to require a class of preferred inertial observers (that is said eether). How-
ever, in the end, we found that there is no need for a preferred inertial reference frame but
rather a new transformation law between inertial observers—the Lorentz transformation.
Special relativity introduces the first relativistic scale (light velocity c) independent of the
observers, its dispersion relation takes the form E2 = ¢? pz + ¢*m?, and ¢ is now understood
as a manifestation of the necessity of deforming the Galilean transformation in Maxwell
equations. In DSR, one believes that the way out of quantum gravity may not require a
new preferred inertial reference frame (maybe quantum gravity eether), but need to revise
the transformation laws between inertial reference frame, and the new transformation laws
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must contain two characteristic scales ¢ and Lp; rather than the single scale c of ordinary
special relativity. It is a reasonable conjecture: just as we set aside Galileo relativity (which
does not have any characteristic invariant scale) in order to describe high-velocity particles
and replace Galileo relativity with special relativity (which has an invariant velocity scale c);
in order to describe ultra-high-energy particles, we may have to shelve special relativity
and replace it with a new theory of relativity, maybe the DSR, which has two characteristic
invariant scales: the original velocity scale c and a new tiny length scale Lp; (same as a large
energy scale Epp).

Currently, there are no unified mathematical formal descriptions of DSR, but some
forms of “DSR principles” can still be summarized [24,25]:

¢ (RP): The physical laws are the same in all inertial frames (for all inertial observers).
Particularly, the parameters that appear in the physical laws take the same values
in all inertial frames. Equivalently, if two inertial observers in relative motion setup
the same experimental procedures they get exactly the same numerical values (same
dimensions) for the measurement results. This principle actually states that Galileo
relativity is valid.

¢ (La): The physical laws, in particular the transformation laws between inertial ob-
servers, involve a fundamental /observer-independent small length scale Lgg, (pos-
sibly Planck length Lpj), which can be measured by each inertial observer follow-
ing the measurement procedure My, . This principle actually requires that DSR
must have a principle that giving the length scale Lqs,, or the corresponding momen-
tum/energy/frequency scale 1/ Lgg;.

¢  (Lb): The physical laws, in particular the transformation laws between inertial ob-
servers, involve a fundamental / observer-independent velocity scale ¢, which can be
measured by each inertial observer as the light velocity with wavelength A much
larger than L44, more rigorously, c is obtained as the infrared A/ Lgg, — oo limit of the
speed of light.

The principle (La) is clearly incomplete: we do not have enough experimental infor-
mation and even cannot make a description of the M,  procedure, which measure Lgg;.
Amelino-Camelia also gave an alternative to the principle (La) related to the dispersion
relations [25]:

* (La*): The physical laws, in particular the transformation laws between inertial ob-
servers, involve a fundamental/observer-independent small length scale Lgs, (possibly
Planck length Lp;), which can be measured by each inertial observer by determining the
dispersion relation for photons. This relation has the form E? — ¢?p? + f(E, p; Lgsr) = 0,
where the function f is same for all inertial observers, particularly all inertial observers
agree on the leading Ly, dependence of f : f(E, p; Lysr) =~ Lgsecp®E.

DSR can be verified or constrained by phenomenological research [24,25], such as:
the decay of photons, dependence of speed of light on wavelength (energy), threshold
anomalies for photon annihilation reactions, the research of the Crab Nebula synchronous
cyclotron radiation data, etc. At present, there are many explorations on the mathematical
form of DSR, and different mathematical realization forms have different tolerances for
LV phenomena. For example, a DSR model latest proposed by Li and Ma can cover the
subluminal energy dependence of light speed [65,66], and this model can withstand the
strict limits both on vacuum birefringence and photon decay. This model does not produce
threshold anomalies for photon annihilation reactions, while some other models [67] allow
threshold anomalies in photon annihilation processes. It suggests us that even with the
same theoretical thought, there may be differences in the LV effects and the LV phenomena
brought about by different mathematical realizations. It requires us to discriminate and
deal with each model carefully.
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DSR is actually a space-time theory, and the LV effects that DSR contains are actually
generated by the replacement of Lorentz symmetry with higher-level symmetry. For exam-
ple, in DSR, the energy-momentum conservation does not disappear but is just no longer
the simple form E? = p? + m? in the ordinary sense, and the ordinary energy-momentum
conservation is replaced by unknown higher-level form. In addition to phenomenological
researches, other aspects of DSR research are also being carried out gradually, and whether
this theory is correct or not and its future development directions still need more in-depth
researches.

3.3. Standard Model Extension

The standard model extension is to introduce a tiny LV modification on the basis of
the standard model, that is, the total Lagrangian is:

L= Lo+ L. 1

SME contains standard model and all operators that may break Lorentz symmetry.
SME can be divided into two parts: (i) The minimal extension, whose operator dimension
d < 4; (ii) The non-minimal extension, whose operators have higher dimension. Ref. [27]
and Ref. [28] systematically gave the CPT violation minimal extension of standard model,
and this extension is renormalizable. In spite of the non-renormalizability, the advantage of
introducing LV modification terms in higher mass dimensions is obvious, as these higher
dimensional operators can give the high energy scale (maybe Planck scale Epj) depression
behaviors naturally, and they give the mechanism of the depression of the Planck scale
better.

Besides SME, there are also many other ways to extend the standard model. Before we
go into the details of SME, we introduce a simple extension model—the Coleman—Glashow
model [26].

3.3.1. The Coleman-Glashow Model

The Coleman—-Glashow model [26] is ranked as the most simple and original version
of an extension of the standard model in the effective field theory framework [68]. In the
Coleman-Glashow model, the Lagrangian with LV term is:

L = Loy + 0;¥ed' Y, 2)

where i = 1,2,3, ¥ denotes a set of n complex scalar fields assembled into a column vector,
and € is a Hermitian matrix that signals the LV effect in the Coleman—Glashow model. For
fermions, the wave function ¥ denotes the Dirac spinor, and the LV parameter € can be
taken as a fixed scalar constant for the fermion under consideration.

The Coleman-Glashow model cannot be considered as an “exact” theory [68]. The
reason is that the Lagrangian Equation (2) cannot be taken as invariant in all inertial frames
of reference, but only valid in one inertial reference frame where the observer is working.
When the observer is focusing on the LV effect within a certain frame but does not care
about relations between different frames, the observer can adopt the Coleman-Glashow
model. Otherwise, with the requirement of physical event consistency [68], the situation
could become very complicated: there will be different formats in different frames.

Physically, the LV effect of the Coleman—Glashow model comes from the existence
of a “background” € [68]. In the Coleman—Glashow model, the parameter € for a certain
particle keeps as a constant without change in difference reference frames. This property is
different from the SME, and we will explain the LV source of SME later.

The Coleman—-Glashow model can apply as a practical tool to demonstrate or estimate
the magnitude of the LV effect. It has been successfully applied in many phenomenological
analyses to constrain the LV effect in some physical processes. For example, Ref. [56]
adopted this model to analyze the constraint on LV effect of the proton from the observation
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of the GZK cutoff and Ref. [69] used this model in the research to constrain neutrino
LV effect.

3.3.2. Minimal Standard Model Extension

Colladay and Kostelecky developed a frame to deal with spontaneous CPT violation
and Lorentz violation!? in the context of conventional effective field theory [27,28], and
the minimum CPT and Lorentz violation terms are obtained in this frame. Their approach
is very intuitive and effective: they took the expected vacuum value (which is due to
the spontaneous Lorentz violation) of the tensor field, as the constant coefficient in the
Lagrangian, and they introduced the coupling between the expected vacuum value and the
field quantities of the standard model, then the coupling shows the LV effects. In the pure
photon sector we are concerned with, the Lagrangian is [28]:

1 _ _
Lo = B+ £5TT + £ g
where E}(}:}lgt-gxen is even under the CPT transform, reading:
_ 1
£§111’;0§ven = _Zl (kF)K)\vaK/\F’N/ 4)
and Egﬁ;'oofd is odd under the CPT transform, reading:
_ 1
ﬁgﬂoﬁdd = E(kAF)Kek)\yvAAFMV~ %)

Coefficients (kg )i,y and (kap)* are CPT-even and CPT-odd respectively.

From the Lagrangian, SME actually introduces some “background” fields, which
are transformed between different reference frames in the form of tensors. The Lorentz
violation is due to the existence of the “background” fields. The standard model particles
exhibit LV effect at a certain frame of the observer by taking these “background” fields as
fixed. From a strict sense, there is no Lorentz violation for the whole system of the standard
model particles together with the “background” fields [68].

The minimal SME preserves various desirable features of standard quantum field
theories such as gauge invariance, energy-momentum conservation, observer Lorentz
invariance, Hermitian property, validity of conventional quantization methods, and power-
counting renormalizability [28]. Other important features such as positivity of energy,
micro-causality, and the general anomaly eliminations are also expected [28]. However, both
dimensionality problem and the implications of spontaneous LV of gravity at observable
energy ranges have not been resolved [28].

The minimal SME can be verified or constrained through the observations of some
experimental phenomena. The CPT violation terms allowed by SME have two properties—odd
and even, the minimal SME predicts that the light velocity is modified to energy at the
first-order, and the minimal SME allows superluminal and subluminal phenomena at the
same time. So, in photon sector, minimal SME produces the delay of high-energy photons,
vacuum birefringence, the threshold anomaly of photon annihilation reaction and the decay
of high-energy photons, etc.

3.3.3. Non-Minimal Standard Model Extension

Myers and Pospelov pointed out that under the framework of effective field theory, it
is also possible to introduce higher dimensional LV operators, which are not renormaliz-
able [29]. The benefit of introducing LV modification terms in higher mass dimensions is
that the higher dimensional operators can naturally give the behaviors that are suppressed
by high energy scales (maybe Planck scale Epy), such as coefficients proportional to 1/ Epy,
1/ EI%I, etc. In this way, this non-renormalizable model seems to give a better mechanism
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than the renormalizable model, which needs to artificially make the LV coefficients tiny in
order not to conflict with the existing experiments.

In this model, due to the existence of the vacuum expectation value of the tensor field,
it is inevitable to introduce a special preferred frame, which is marked by the background
4-vector n* (n-n = 1). Consider the gauge field (i.e. photon field) that we care about,
through the framework of Myers and Pospelov [29], with the original standard model

Lagrangian £y = —(F,,F"")/4, the 5-dimensional non-renormalizable LV modification
is [29]:
Ly = S ntE g 3(m, FY), (6)
Mpy

where F% = 1/2¢°4F_;, and this modification is odd under the CPT conjugation when it
is even under the charge conjugation. After the introduction of the LV modifications, the
equation of motion becomes:

OA, = _Mieabcdnb(n : a)Zch. @)
Pl

For the photon with 4-momentum k* = (E, 0,0, p), the energy-momentum dispersion

relation becomes: 5
(E2—p* + M—ilp3)(ex +iey) = 0. 8)

With the improvement of experimental precision, it was found that the linear modifi-
cations are not enough to explain the Lorentz invariance observed in experiment. In this
case, one can look for higher-dimensional modification terms. Mattingly gave the LV modi-
fications of the 6-dimensional mass dimension in the case of spatial rotation invariance [70].
Compared to 5-dimensional operators, higher dimensional operators can better explain the
smaller depression of the Planck scale [70]. For the considerations of renormalize group
evolution and the conjecture of CPT conservation, the 6-dimensional LV modifications
seem to be more natural'®. There are many more studies and discussions on 5-, 6- and
higher dimensional operators, such as Refs. [56,73] obtained modified dispersion relations
of minimal SME and 5-d SME by requiring the vanishing of determinants of inverse of
modified photon propagators.

Besides minimal SME and non-minimal SME, there are also other ways of extending
the standard model. For example, Zhou and Ma proposed a framework, with general
requirement of physical independence or physical invariance of mathematical background
manifold [30-32]. This framework introduces a background matrix M*? by replacing the
common derivative operators by the covariant derivative ones, and can be referred as
standard model supplement or Lorentz violation matrix theory, as the Lorentz violation
effect is contained in a Lorentz violation matrix for each type particle. There are also many
people starting from SME, extending other theoretical and phenomenological studies in
different fields, and providing constraints for SME, so the SME is under constant research
and refinements.

In SME, the LV parameters are particle-dependent and process-independent. This
property means that the LV parameters of different particles are different, but for a specific
parameter of a specific particle, the value is not affected by the specific process. For
example, for the modification parameter of dispersion relation, the parameter of photons
and electrons are different. However, only for photons, the parameters that predict the
time delay effect also predict the vacuum birefringence effect. This property means that
SME predicts time delay effect and vacuum birefringence effect at the same time, and the
strict limitations on vacuum birefringence effect also impose strict restrictions on the time
delay effect. However, this process-independent property does not hold for all theoretical
models, as we have already shown, D-foam model in string theory predicts the time delay
effect but no vacuum birefringence effect.
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From the above discussion we can clearly see that different theoretical models have
different LV effects and predict different LV phenomena. This property requires us to
be very careful when dealing with LV parameters which are obtained from different
processes [46]. As different theoretical models have different LV effects and predict different
LV phenomena, we can use the limitations obtained from specific LV phenomenon to verity
or constrain different theoretical models. Such as Ref. [29] pointed out that the strict
limitations derived from the vacuum birefringence might set strict limitations on the
framework of the SME with 5-d CPT-odd operators.

In the next section, we detail the currently obtained astronomical observational limita-
tions for four common photon LV phenomena, as well as their verification or constraints
on theoretical models. Before that we need to introduce a model-independent method.

3.4. Model-Independent Method

Since different theories are based on different mechanisms, there are even conflicts
between them. To describe and study the LV physics more conveniently, we adopt a
model-independent method. Regardless of the specific theories, we assume that the general
form of the dispersion relation is: E? = f(p; Erv, {&}), where f(p; Ery, {&i}) is a general
function of photon momentum p(p = |p|) and a set of parameters {¢;} [73], then we
perform Taylor expansion to get:

E2 ~ pzc Z 71 )] 9)

where Ery;, is the hypothetical energy scale at which the nth-order LV effect becomes
significant, and #n = 1 and n = 2 are the linear and quadratic energy dependence. s+ is the
theoretically relevant factor, s = 41 means that the higher the energy the slower the speed
of light (subluminal), and s = —1 means faster (superluminal).

Model-independent method can adopt different parameterization according to differ-
ent research needs. When the characteristic energy of the research process is much smaller
than the LV scale Eyy, the summation is dominated by the leading-order. We assume
that LV brings about the leading-order (|7|/Eryn)" but no influence of other orders, then
we get:

E? = p2e2{1 — sn(AP1 ), (10)

and the light velocity modification is:

)"l (11)

In this parameterization method, one can only consider the leading-order influence
with the most prominent contribution but ignore the influence of other orders, so this
parameterization method can make the phenomenological research more convenient.

When we consider both linear and quadratic modifications, we can use the following
parameterization:

E E?

o(E)=c(1—f—n ———
(B) =l =z~ G

), (12)
where Mp is the Planck mass scale, and ¢, { are dimensionless parameters. This parameter-
ization method conventions are also commonly used.

Model-independent method facilitates phenomenological researches. Using model-
independent method allows us to temporarily ignore the conflicts between different theo-
retical models. Model-independent method can be applied to the study of the arrival time
delay of high-energy photons, vacuum birefringence, the threshold anomaly of photon
annihilation reaction, and the decay of high-energy photons, etc.
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In model-independent method, the LV parameters are particle-dependent and process-
dependent, that is to say, the parameters of different processes of different particles may be
different. Since different theoretical models have different LV effects and predict different
LV phenomena, we need to be very careful when dealing with LV parameters which are
obtained from different processes [46], and the model-independent method provides the
convenience of such researches. Such as, we can set different parameters when we deal
with time delay effect and vacuum birefringence effect, and the values of the specific LV
parameters need to be judged by experiments. For the physical meanings behind the
parameters, we need further researches.

Section 4 will adopt model-independent method in the exposition of LV phenomenon
researches. Using this method means that we approach LV physics from phenomenology,
and we assume that the parameterization of different particles is particle-dependent and
process-dependent. We do not discuss the physical meanings behind the LV parameters,
since deeper physical meanings require more in-depth theoretical researches.

4. Four LV Phenomena of Photons

To verify or constrain the LV theories, what we need now are the supports from ex-
perimental observations. Although the observable LV phenomena are tiny at observable
energy ranges, the tiny LV phenomena can accumulate to measurable levels over gigantic
(cosmological) distances; therefore, sensitive detections of LV can be provided by astro-
physical measurements involving long distance propagations. This section will introduce
the mechanisms and the research status of the four photon LV phenomena: the arrival time
delay of high-energy photons, vacuum birefringence, the threshold anomaly of photon
annihilation reaction and the decay of high-energy photons.

4.1. Arrival Time Delay of High-Energy Photons

Vacuum dispersion is a potential LV phenomenon. If the LV effects make photons
with higher energy traveling slower (subluminal), then among photons departing from the
same source at the same time, high-energy photons will arrive at the Earth more slowly,
and this phenomenon is called the arrival time delay of high-energy photons. Regardless
of the specific theories, we can use the LV photon modified dispersion relation based on
the model-independent method:

E? ~ pzc i

where Ery;, is the hypothetical energy scale at which the nth-order LV effect becomes
significant. s; = =+ is the theoretically relevant factor. When the physical process energy
E is much smaller than the LV scale, i.e., E < Ery, the summation is dominated by the
leading-order in the sequence. Considering only the leading-order, we can get the photon
velocity:

13
ELVn (13)

aE ~cll—s n+1( E
— 54
2 Etvn

)", (14)

where n = 1 and n = 2 are the linear and quadratic energy dependence. s = +1 means
that the higher the energy the slower the speed of light (subluminal), and s = —1 means
faster the light velocity (superluminal). Because of the energy dependence of v(E), two
photons, which simultaneously emit from the same astrophysical source at redshift z and
with different observer coordinate system energies Ey, > Ej, will arrive at the observer at
different times. Considering the expansion of the Universe, we can get the expression for
the LV-induced time delay [74]:

1 E” 1 ”d
Aty =t —t = S+ tn / )"z , (15)
Hp LVn \/Q 1+2') 3+04
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where t;, and f; represent the arrival times of high-energy and low-energy photons re-
spectively. Hy is the Hubble constant, and (), and () are the matter energy density and
vacuum energy density (here we use the flat ACDM Universe model). Since Ey, > Ej, it
can be approximated as Ej; — EJ' ~ Ej.

If we adopt z = 20 as the fixed upper limitation for the redshift of any source, the
linear LV delay has the limitation: |Af;y| < 0.5(EpGev/{)s and the quadratic case is
|Atpy| < 5.2 x 10719(Ep Gev/{)?s, where Ep cev = En/(1GeV), { = Ery/Ep; [75]. It means
that the linear terms can cause potentially observable delay, while the quadratic terms are
so tiny that they are impossible to be observed with the time-of-flight technique [75].

Photon signals from the distant Universe can provide a reference time for measuring
time delay effect. Equation (15) shows that the time delay caused by LV increases with
high-energy photon energy and source distance, so the higher the photon energy and the
longer the source distance, the tighter the limitations on the LV scale. Amelino-Camelia et
al. proposed exploiting rapid changes in gamma-ray emission from distant astrophysical
sources to limit LV [44]. Currently, time delay effect has been tested using observations
of gamma-ray bursts, active galactic nuclei and pulsars. Finally, we need to mention that
the time delay effect has other explanation: the dispersive properties of the interstellar
medium, this explanation maintains Lorentz symmetry, and this explanation needs more
research [76-79].

4.1.1. Gamma-ray Bursts

Gamma-ray bursts (for a review see Ref. [80]) are the most energetic astrophysical
processes except the Big Bang. The energies of cosmic-rays span a wide range: (i) Ultra-
high-energy cosmic rays: their energy range from 10%%eV or higher; (ii) The energies of
cosmic photons from GRBs can reach 10 ~ 100GeV or higher; (iii) Cosmic neutrinos: they
have higher energies at the order of TeV ~ PeV. GRBs are generally divided into two
types—long bursts and short bursts. Long GRBs with a duration greater than 2 s may come
from the collapse of massive rapidly rotating stars. Short GRBs with a duration less than
2 s may come from the coalescence of two neutron stars or a neutron star with a black hole.
The sources of GRBs are far away from the Earth. Generally, the mean redshift of a long
GRB is about z ~ 2.15, which is equivalent to several billion light-years. The mean redshift
of a short GRB is about z ~ 0.5. This cosmological distance propagation can accumulate
small LV effects to the measurable level, and it is beneficial to our exploration of possible LV
effects. GRBs are widely considered to consist of two phases: prompt phase and afterglow
phase. The prompt phase usually lasts for tens of seconds and releases a large amount of
total energy (10°lergs'*), and the prompt phase is followed by an afterglow, which lasts
anywhere from a few weeks to a year.

Ref. [75] divided the process of using GRB data for LV studies into three stages:
(i) Pre-Fermi studies stage: Ellis et al. are pioneers in this area of work [81]. (ii) Fermi Large
Area Telescope (Fermi/LAT) stage: due to the unprecedented sensitivity of Fermi/LAT for
detecting the high-energy GRB emissions (up to tens of GeV), more stringent constraints
on LV have been obtained using Fermi observations. (iii) The Major Atmospheric Gamma
Imaging Cherenkov telescope (MAGIC) stage: recently, the MAGIC telescope has detected
GRB emission at sub-TeV energy ranges, and MAGIC collaboration searched for the energy
dependence of the arrival times of the sub-TeV scale photons and presented competitive
limitations on the quadratic leading-order LV-induced vacuum dispersion [82]. Besides
these three stages, the commissioning of LHAASO will bring GRB detection into a new
stage [48].

In the early research stages of using GRB data to limit LV parameters, people used one
photon event from single GRB source to get many very strict limitations, but this method
ignores the effect of intrinsic time delay from the source. Ref. [83] pointed out that any
limitation from a single source can only be regarded as indicative limitation, since the
limitation from a single source can be influenced by the unknown systematic uncertainties
associated with the unknown intrinsic spectral properties of any given transient source.
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Ellis et al. used multiple GRB photon events to analyze LV effects [81,83,84], and they used
wavelet techniques to identify genuine features of high-energy photon light curve and
that of low-energy photon, then they established a statistically robust lower limitation:
Erv > 1.4 x 102 eV [83,84].

To account for the intrinsic time delay, Ellis et al. assumed a constant by for the
intrinsic time delay due to source effects [83]. Therefore, the observed delay of arrival time
has two contributions Atqps = Atpy + bee(1 4 z), that reflects possible LV effects and source
intrinsic effects [83]. Considering only the linear (7 = 1) LV modification in the subluminal
case (s+ = +1), and rescaling At,s by the factor (1 + z), we can get a simple linear fit
function:

At
ﬁ()b; = apyK + bgg, (16)
where . a Nz
z +z')dz
= 17
2 ) Ed) 17

is a function of redshift, and this function depends on the cosmological model. The slope
ary = AE/(HpELy) is related to the LV scale, and the intercept by denotes the possible
unknown intrinsic time delay. In the standard flat ACDM model, the dimensionless
expansion rate h(z) is expressed as h(z) = /Om(1 +z)3 + Qx. Refs. [85,86] extended this
analysis to different cosmological models and showed that the result is insensitive to the
adopted background cosmology. Subsequently, some cosmology-independent approaches
were applied to probe the possible LV effects [87,88]. The research of time delay effect is
not sensitive to the cosmological parameters.

Actually, the traditional method, which uses only one GRB photon event without
considering the intrinsic effects, is equivalent to only using the slope between a specific
photon event and the point of origin. However, since the existence of internal time delay is
not considered, using different GRB photon events will give very different results [89,90].
In the research method of Ellis et al. [81,83,84], the intrinsic time delay in the linear fitting
function is a constant b, so this method is equivalent to assume that all GRB high-energy
photons have the same intrinsic time delay. However, since GRBs vary in duration, it is a
question whether all high-energy photons radiated from different GRBs (or the same burst)
have the same inherent time delay.

As an improvement, Zhang and Ma fitted the high-energy photon events from GRBs
on several straight lines with the same slope as 1/ Efv,n but with different intercepts ti,
(different intrinsic emission times) [90]. This approach means that these photon events

can be classified into different groups'®. Photon events between different groups have
different internal time delay (that is, the intercepts of different lines are different), and this
property means that photon events between different groups may have different emission
mechanisms. However, photon events within the same group have the same internal time
delay (that is, the intercept on the same line are same), and this property means that photon
events between same groups may have similar emission mechanisms. All photon events
have the same slope, that is, all photons follow the same LV laws. Note that there are
three lines with different intercepts in Ref. [90], but the photon events on the different
lines are not evenly distributed, and the middle line (which is called the main line) has
significantly more photon events than the other two lines. With the increase of data and the
improvement of research methods, the main line shows greater research advantage [91],
and this fact implies that the emission times of different energy photon events at the source
may have similar laws relative to low-energy photons.

The method of fitting a straight line by multiple GRB photon events can also be used
to account for linear and quadratic modification researches. At early stages, the GRB data
were not enough, so it is difficult to know which LV modification is dominant [89,90,92].
With the increase of data, Ref. [90] expressed the tendency, that the linear modification is
dominant. Then by analyzing the data of high-energy photon events from seven GRBs with
known redshift, Ref. [93] explicitly expressed that the linear modification is more dominant



Universe 2022, 8, 323

17 of 31

than the quadratic modification, and this characteristic becomes more and more obvious
with the increase of data [91].

Earlier the trigger time is often used as the characteristic time of low-energy pho-
tons [89,90], but the trigger time of low-energy photons is not only affected by the quantity
of the detected low-energy photons but also limited by detector accuracy, so the trigger
time may not be an objective standard to the characteristic time of low-energy photons [93].
Since peak time of light curve of low-energy photons can serve as a significant benchmark,
and peak time is related to the intrinsic mechanisms of the GRBs objectively and naturally,
so choosing peak time as the signal of the low-energy photons is more reasonable [93]. By
comparing the light curves, the energy curves and the average energy curves of 8 GRBs
with fixed redshift, Ref. [94] offered a new criterion, that use both the light curve and the
average energy curves to determine the characteristic time for low-energy photons.

The approach with inherent time delay of GRB analysis could also lead to new insights
into GRB emission mechanisms. We note that the intercept of the main line is negative (i.e.,
bss < 0), this property means that most of the high-energy photons are emitted earlier than
the low-energy photons [89-93], and this conclusion contradicts current general opinion.
From the perspective of observation time, it is traditionally believed that high-energy
photons start later than low-energy photons. One reason of the traditional opinion is that
we usually assume that high-energy photons are generated by protons while low-energy
photons are produced by electrons in source. Since electrons have lighter masses, they
are accelerated earlier, and hence low-energy photons come out earlier [89]. However, the
emission mechanisms of GRBs are not complete, so this conclusion, high-energy photons
start later than low-energy photons, may be changed. If we consider the delay of high-
energy photons, the high-energy photons may be emitted earlier than the low-energy
photons [89-93]. This view is also supported by early GRB models, such as GRB fireball
model (for reviews see Refs. [95,96]), which asserts that GRBs are from fireballs. As a
relativistic expanding plasma of electrons, photons and protons, the fireball becomes cooler
and cooler during the expansion. At ultrahigh temperatures, photons cannot freely escape
from the intense plasma due to frequent collisions and reactions, but with reduction of
temperature, photons can run out and propagate outward. Because high-energy photons
have higher energy, they can escape more easily, while low-energy photons can only
escape after the fireball is further cooled, and this reason causes that the emission time of
high-energy photons is earlier than that of low-energy photons. To further test this point,
Ref. [97] found four photon events, which are high-energy photons with relatively low
energies and have relatively small time delay effects, and these four photons arrive Earth
earlier than low-energy photons, so these four events are direct signals of that high-energy
photons can arrive Earth earlier. Through the method of machine learning, Ref. [98] clearly
put forward the point of view that there is an advanced stage, which is a stage of early
emission of high-energy photons before the traditionally considered prompt and afterglow
stages.

Through the above analysis, we can see that the approach with inherent time delay
can provide stable support for LV researches, and through continuous improvement and
development, so there is still a great possibility to provide meaningful research in the
future. By analyzing 25 bright GRBs, Ref. [99] provided a general analysis on the reliability
of LV studies using GRB data, and the results show that with the increase in the energies
of photons, the regularity of LV truly emerges and gradually becomes significant. For
photons with energies higher than 4 x 10 eV, the regularity exists at a significance of
3 — 50 with Ery = 3.6 x 10%° eV determined by the GRB data. Ref. [60] pointed out that
this modification of the speed of light obtained from GRB data can serve as key supporting
evidence for string theory. Finally, we need to emphasize that the regularities revealed in
the GRB data could be a consequence of the matter effects in space, and this possibility
needs more researches.
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Besides pure photon sector, linking high-energy neutrinos and GRBs could also be
used for LV researches. Since neutrinos can escape from dense astrophysical environments
and are not absorbed by background photons in the Universe, neutrinos can travel greater
distances in the Universe with higher energies. Current GRB models predict the bursts of
neutrinos with energies higher than 10'* eV [100,101], and comparisons of the neutrinos
with the low-energy GRB photons could be used to test LV [102,103]. Linking high-energy
neutrinos and GRB photons requires consideration of the arrival times and orientations
of high-energy neutrinos, and IceCube observatory'® can provide data support for this.
Ref. [106] showed that the dispersion relation modifications for high-energy photons and
high-energy neutrinos are roughly compatible. We should note that this property is not
taken for granted, as we have mentioned earlier that the LV effect of different particles can
be different. Ref. [107] pointed out that such consistency between photons and neutrinos
means positive support for the energy dependent speed variation of ultra-relativistic
particles. Different from the speed modification characteristics of photons, neutrinos can
be either superluminal or subluminal [107], and this property implies that the LV effect
is a more plausible explanation than the material effect. One possible interpretation of
this property is that neutrinos and anti-neutrinos may have superluminal and subluminal
modification respectively, this interpretation means that there is an asymmetry between
matter and antimatter, and this property can be explained by the CPT-odd feature of the
linear LV [107]. However, since IceCube cannot distinguish neutrinos and anti-neutrinos,
this conjecture needs more research in support. Similar to the study of photons, the neutrino
research also involves the effects of inherent time delay, and some research found that
neutrinos are emitted earlier than GRB photons [107-109]. Ref. [109] pointed out that there
is a pre-burst stage, which emits neutrinos together with high-energy photons, and this
pre-burst stage is within a time interval of about 140~820's before the low-energy photon
burst of a GRB. Currently, the data of neutrinos are still relatively lacking, and there are
prospects for development of LV research using neutrinos.

4.1.2. Active Galactic Nuclei

AGN (for a review see Ref. [110]) is a compact region at the center of a galaxy. AGNs
contain quasars, seyfert galaxies, narrow line X-ray galaxies, low ionization nucleus, etc.
AGN has a much higher than normal luminosity over some or all the electromagnetic
spectrum, and its fast flux variations reach hours to years. Compared to GRBs, AGNs are
closer to Earth, and their time structures are not so variable as those of GRBs. The gamma-
rays of AGNs are higher in energy, and their very-high-energy (E > 10'! eV) emissions
are in the TeV ranges, which are significantly higher than the highest energy observed in
GRBs. TeV flares of AGNs have also been viewed as another kind of very-high-energy
astronomical laboratories to probe possible evidence of LV.

There are some constraints on LV using observations of bright AGN flares, such as:

*  Whipple analysis of the flare of Mrk 421 (z = 0.031) [111]. Near the peak of the 15 May
1996 TeV flare from Markarian 421, there is no time delay larger than 280s between
energy bands < 1TeV and > 2TeV, and this result lead to a lower bound on the LV
scale of 4 x 10 eV.

e MAGIC analysis of the flare of Mrk 501 (z = 0.034) [112]. During the very-high-energy
flare of Mrk 501 between May and July 2005, there is a time delay about 4 mins for
photons between energy bands 1.2-10 TeV and 0.25-0.6 TeV. This finding establishes
lower limitations Epy; > 0.21 x 10 eV, Ery, > 0.26 x 102 eV.

¢ H.E.S.S. analysis of the flare of PKS 2155-304 (z = 0.116) [113,114]. During the very-
high-energy flare of the PKS 2155-304 on 28 July in 2006, there is no significant time
delay. This finding sets lower limitations Eyy; > 7.2 X 10%¢ eV (MCCF method),
Ervi >52x 10%° eV (wavelet analysis), Epvo > 14 x 10'8 eV (MCCF method).

In 2010, Shao and Ma briefly reviewed the analyses of the three AGNs. They recalcu-
lated the potential LV scales and discussed the hints and limitations from AGNs [89]. They
found: (i) The analysis of Mrk 421 can sets a lower boundary to LV scale Eyy; > 4.9 x 10¥ eV,
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Ery2 > 1.5 % 10'° eV; (ii) In the analysis of Mrk 501, mean difference of the two bands is
reported ~ 2 TeV, this difference can sets Ejy; ~ 1.2 x 10% eV, and this value is very close
to the results from the global fits of GRBs; (iii) The analysis of PKS 2155-304 includes a
not sufficiently significant time delay ~20s between lightcurves of two different energy
bands, whose mean difference is 1.0 TeV and mean quadratic difference is 2.0 TeV?, and
these differences set the potential LV scale to be Epy1~2.6 X 10% eV, Eryv2~9.1 x 109 eV,
which are both about one magnitude larger than the robust values from GRBs.

Currently, AGN data are inadequate to carry out robust analyses [115]. The sources of
AGN:s are very different and have different unbeknown intrinsic mechanisms. Moreover,
TeV flares from AGNs seem relatively rare and unpredictable, and these flares are produced
only occasionally by AGNs with restricted redshift. Conversely, AGNs can provide a
complementary probe to the light-speed variation from LV effects due to the different
redshift and energy ranges from GRBs. GRBs can be detected at very large distances (their
redshift are up to z~8), but with very limited high-energy photons (E > tens of GeV).
On the contrary, AGN flares can be detected at very-high-energy ranges, but with limited
distances (z < 0.5).

If we assume that the time delay effect in both GRBs and AGNs are same, we can check
the analyses of the three AGNs in a different way. By assuming that some high-energy
photons and low-energy photons from AGNs are emitted at the same time (like the ones
corresponding to the light curve peaks), Li and Ma predicted the AGN time delay effects by
the determined LV scale from GRBs EGRP, and they compared this time delay effects with
the observed time delay effects to verify the light speed variation [116]. This study showed
that: (i) There is no time delay in Markarian 421 because that the 280 s binning is too large;
(ii) The 4 &= 1 minutes time delay found by Markarian 501 can support the determined LV
scale from GRBs EGRY; (iii) For PKS 2155-304, whose light curve has many peaks, it is hard
to say how they correspond to each other, but there are also some peaks (the last peak)
support the determined LV scale from GRBs. This study showed that several phenomena
related to the light curves of the three AGNs can serve as the signal to support the results
determined from GRBs.

4.1.3. Pulsars

The first LV limitation of using gamma-ray radiation from the Galactic pulsar (for
reviews see Refs. [117]) is from the High-Energy Gamma-ray Experiment Telescope (EGRET)
on the Compton Gamma-ray Observatory (CGRO) at higher than 2 GeV energy range [118].
Recently, the MAGIC Collaboration demonstrated the strictest limitation derived from pulsars
by studying the observed radiation from Crab pulsars up to TeV energy range, and the results
are Ery1 > 5.5 x 10?0 eV (linear subluminal case), Ery1 > 45 x 10%6 eV (linear superluminal
case), Eryp > 5.9 x 1019 eV (quadratic subluminal case), Epyy > 5.3 x 1019 eV (quadratic
superluminal case) [119].

Gamma-ray pulsars are the only stable candidate astrophysical sources for such time
delay studies. Pulsars can be observed for longer periods of time, and this property is of
benefit to the sensitivity to LV researches. Pulsars have precise periodic flux variations,
and pulsars are many orders of magnitude closer to Earth than GRBs and AGNs. The
timing of pulsars has been carefully studied across the electromagnetic spectrum, so it is
easier to distinguish energy-dependent time delay caused by LV from inherent mechanisms.
However, pulsars are more near to Earth than GRBs and AGNSs, and this property makes
pulsars difficultly to accumulate LV effects through the long distance propagations. So the
current LV studies from pulsars are limited.

4.2. Vacuum Birefringence

If the LV effects cause that photons with different helicity have different dispersion
relations, there will be an underlying astrophysical LV phenomenon—vacuum birefrin-
gence. In this potential LV phenomenon, photons with right-handed and left-handed
polarization have different velocities, and the polarization vector of the linear polarization
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plane will rotate. The rotation of the polarization vector will accumulate with the increase
of cosmological propagation distances, so this LV effect can be probed by astrophysical
polarization measurements.

By the model-independent method, the velocity of photons with right-handed and
left-handed polarization can be described by the main Taylor series expansion [120]:

[1if7(zw) ) (18)
Pl

where # is the nth-order energy dependence, and n = 1is linear term and n = 2 is quadratic
term. + represents the different polarization states of photons, and 7 is a dimensionless
constant characterizing the degree of LV effects. Here, we consider linearly polarized light
from an astronomical source, and this kind light is the superposition of two monochromatic
waves with opposite circular polarization. With the LV effect (i.e. 7 # 0), the right-handed
and left-handed photons emitted simultaneously from the same source will have different
velocities, and this property can result a rotation of the polarization vector in the plane of
linear polarization. The rotation angle d¢, with the differential propagation distance dL ,),
can be expressed as [35,120-122]:

wL dLZ
dg = (=P yn+ (z)

1
2T, (19)

where Lpj is the Planck length and w is the frequency of the observed photon. If we consider
the expansion of the Universe, we can get the LV rotation angle A¢ry during propagation
from the source at redshift z to the observer [123]:

Adry = H%(%)"(Zm)”“ﬂz,n), (20)

where H) is the Hubble constant, and the function F(z, n) depends on the cosmological
model. For the flat ACDM model [123]:

/ (1+2""dz
VOn(T+2)3+ 0,

(21)

where (), and )5 are the matter energy density and vacuum energy density. Only
considering linear term (1 = 1), we have [124,125]:

(1+2")dz

A .
¢ (E) = nhEmHo/ V(1 +2 7+ O,

(22)

If we consider both the intrinsic polarization angle ¢, caused by the source effects and
the rotation angle A¢py caused by the LV effects, the observed polarization angle should
contain two items [123]:

¢obs = (Pin + A(PLV(E) = (Pin + BEZ, (23)

where B = (F(z))/(hEpHp).

Since the emission mechanisms of astronomical sources are still poorly understood,
it is difficult to distinguish the intrinsic polarization angle from the LV-induced rotation
angle. If the emission mechanisms are available, vacuum birefringence can be examined by
measuring the observed polarization angle with the intrinsic polarization angle removed.
Without these knowledge, vacuum birefringence can still be limited, because the rotation
angle caused by LV effects can offset partially, but not all, polarization angle caused by
emission mechanisms. Therefore, the astrophysical polarization measurements can put an
upper limitation on this possible LV phenomenon.
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Research in astrophysics has put strict limitations on vacuum birefringence. Ref. [75]
summarized the limitations we have obtained so far on vacuum birefringence, the strictest
limitation was from Gotz et al.: 7 < 1.0 x 1071%, which is obtained from the data of
farthest polarized burst (whose redshift is up to z = 2.739) GRB 140206A [126]. Besides
GRB, gamma-rays from other celestial bodies can also provide constraints on the vacuum
birefringence effect, such as Cygnus [127]. We need to note that the LV parameters can be
process-dependent, and this property means that strict limitations on vacuum birefringence
are not equivalent to strict limitations on all LV phenomena. In other words, even if we
exclude the existence of vacuum birefringence, we cannot exclude the existence of other LV
phenomena, and we cannot exclude the existence of LV effects.

The strict limitations of vacuum birefringence pose serious challenges to some theo-
retical models, especially, vacuum birefringence can serve to distinguish parity-violating
theories from those of even parity [127]. These strict limitations on vacuum birefringence
have challenged some theoretical models that allow the existence of vacuum birefringence,
such as SME. However, other theories that do not have vacuum birefringence can avoid
these limitations naturally, such as D-foam model in string theory [60].

Compared with the time delay measurement, the polarization measurement is more
restricted to the LV effects. From Equations (15) and (22), we can know that the energy
dependence proportionality coefficient of time delay is E when that of polarization is E2.
This property means that the polarization measurement is more sensitive to the photon
energy E than the time delay measurement. However, many theories do not have the LV
predicted signals of vacuum birefringence, so the limitations from time delay measurements
are essential in the extensive search for LV effects.

4.3. Threshold Anomaly of Photon Annihilation Reaction

According to the special relativity, the photon annihilation reaction y + 7y, — e™ + ¢~
can prevent cosmic photons, with energy higher than the threshold, from traveling gigantic
distances in the Universe. This property can result an absorption modification of the
spectrum, so we also call this annihilation reaction the background absorption of high-
energy photons. 7y, is the background low-energy photons, which can be provided by the
cosmic microwave background (CMB)!” or by the extra-galactic background light (EBL)®.

We can assume that the low-energy photon 1y, is a fixed photon, its 4-momentum
is pp, and its energy ¢, and momentum |p;| are much smaller than that of high-energy
photon  with 4-momentum p;. When the angle between the two incident photons is
7, the angle between the outgoing electron-positron pair is 0, and these two outgoing
particles severally carry half the incident energy and momentum, we can take the threshold
of this reaction. According to the special relativity, high-energy photon threshold of the
annihilation reaction y + 7, — e™ + e is:

o N

E>Ep="*, (24)
b

and there is no upper threshold for this reaction. Once the energy of the high-energy
photon exceeds the lower threshold, in the gigantic distance propagation of the Universe,
there will be certain configurations that allow this reaction to occur. So this reaction will
cause the high-energy photon to be absorbed by the background photons and unable to
reach the Earth. That is to say, if the photons come from far enough away, we cannot
observe photons with energies above the threshold on Earth. The higher the energy of the
high-energy photon, the lower the required response threshold for background photons. In
the corresponding electromagnetic band in the cosmic space, there are many low-energy

photons, so the higher-energy photon is easier to be annihilated.
If the LV effects modify the dispersion relation of photons, the annihilation reaction
between high-energy photons and low-energy photons will produce interesting physical
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phenomena. By model-independent method, the modified dispersion relation for photons
can be expressed as:
w(k)? = k* — K", (25)

where ¢ is the LV parameter, which can be positive (subluminal), negative (superluminal)
or zero. If the LV parameter ¢ takes a value in a specific interval, this annihilation reaction
will show special phenomena. For example, the high-energy photons that should have been
annihilated are not annihilated, and we can observe high-energy photons whose energy is
above the threshold of the special relativity.

We assume that the 4-momentum of the high-energy photon v is p; = (w(k), 0,0, k)
with LV effects, and that of the low-energy photon 1y, is still p; = (g, 0,0, —¢p,)'?. Accord-
ing to the threshold configuration of this reaction’’, the energy-momentum conservation
and the on-shell condition of the outgoing electron-positron pair, we get [128]:

— k" + 4k
mi = = L 0@2) 1 0y, (26)
equivalently:
4e 4m?
&= f(k) = knfl - kne, k> 0. (27)

A function f(k) is defined in the above formula [128]. Then we consider a simplified
case (n = 3), which corresponds to the linear modification. The function f(k) has only
one zero: kg = (m2)/(ep), which is the lower threshold derived in the case of special
relativity. f(k) tends to zero at k = +oo, tends to —co at k = 0. f(k) has the maximum value
maxf (k) = f(ke) = (16¢})/(27m¢) at the critical point k. = (3m2)/(2¢},). Now studying
the threshold behavior is equivalent to studying the solution of Equation (27), and we can
acquire the number and locations of solutions of Equation (27) by studying the relationship
between the value of ¢ and the function f (k). Finally, according to the three kinds different
values of the LV parameter ¢, the threshold of the annihilation reaction y + 1y, — e* + ¢~
has three different cases [128]:

e Casel. ¢ > maxf(k) (optical transparency)

Equation (27) has no solution. No solution means that there is not even a lower
threshold, and all photons can freely traverse the background of low-energy photons.
Case I is a subluminal effect.

e Casell. 0 < ¢ < maxf(k) (reappearance of ultra-high-energy photons)

Equation (27) has two different solutions, and the smaller and larger solutions are
denoted by k. and k- respectively. Obviously, k< is the lower threshold, but there
is an additional solution k~.. With the help of the theorem in Ref. [129], k-~ can be
determined as an upper threshold. Kluzniak pointed out the possibility of the upper
threshold for two photons annihilating to electron-positron pair [130]. In case II, only
photons with energy between w(k<) and w(k=) can be absorbed by photons with
energy e},. Thus, we get an interesting conclusion: background photon with energy e},
is optically transparent as usual to photon with energy lower than w(k< ), while the
background photon is transparent again for photon with energy higher than w(k- ).
This conclusion means that the high-energy photon with energy higher than w(k- )
can arrival on Earth. In particular, when ¢ tends to zero, k- tends to 4o, this property
means we go back to the case of special relativity. That is to be expected, since any
theory must go back to classical theory in the low-energy ranges. Case Il is also a
subluminal effect.

e Caselll. § < 0 (threshold reduction) Equation (27) has only one solution, which is
a lower threshold and is smaller than kj. The threshold behavior here is almost the
same as in special relativity, except that the lower threshold is more lower. Case Il is
a superluminal effect.

In case I1I, the lower threshold for the photon annihilation reaction is more lower, so
we need other processes (such as photon decay) to set stricter limitations on . For case I
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and case II, if we assume that the low-energy photon with 4-momentum p, comes from the
CMB, then we can get that the average energy of low-energy photons is e, ~ 6.35 x 10~* eV,
and therefore we get k. = 3/2kg ~ 6.17 x 10! eV [128]. According to the special relativity,
if the energy of a photon exceeds ko ~ 4.11 x 10'* eV, the CMB has a significant absorption
effect on this photon. If we observe a disproportionate number of photons with energies
over ko =~ 4.11 x 10 eV and link them to distant extragalactic sources, we can attribute
these observations as support to LV effects.

The ground-based cosmic-ray observatory, such as LHAASO, can be an ideal plat-
form for such observations [128]. Ref. [46] analyzed the high-energy photon datum of
1.42PeV [41], newly discovered by LHAASO, from the perspective of photon annihilation
reaction threshold anomaly, and then Refs. [46,47,128] proposed to search for PeV scale
photons from extragalactic sources as a strong sign of subluminal LV>!.

4.4. Decay of High-Energy Photons

In the standard model, limited by the energy-momentum conservation, the photon
decay reaction y — e™ + e is prohibited, but in the theories including LV effects, photon
decay may be a possible phenomenon [45]. By model-independent method, the energy-
momentum dispersion relation of photons can be expressed as:

k
w? =K1+ Cn(?)"], (28)
Pl
that of electrons is:
E? = m? + p* 14 (L)1), 29)
Pl

where &p, #n are the nth-order LV parameters of photons and electrons, respectively. For
a specific theory, we can choose appropriate parameters ¢, #n to be consistent with the
theory.

Considering a high-energy photon with momentum k that decays into an electron with
momentum xk (x € [0,1]) and a positron with momentum (1 — x)k, using Equation (28),
Equation (29) and the energy-momentum conservation relation, and expanding to the
first-order of the LV parameters and the leading-order of (m/k)?, we can get [45]:

Cn, k ., m? fn , xk

)"+ {x < 1—x}. (30)
After simple algebraic operations, the above formula becomes [45]:

2rn
m°Ep,
kn+2

= (1= 2)[¢n — m((1 =)+ 2], (31)

Equation (31) means that finding the threshold of the photon decay reaction is equiva-
lent to finding the minimum value of k on the left side of the equation, and correspondingly,
maximizing the right side of the equation. In the follow discussion, we only consider linear
modifications and quadratic modifications by situations:

o CaselG1 #08=m=m=0
This parameter selection corresponds to only a photon linear LV modification, but no
other LV modifications. Then Equation (31) becomes [92]:

m?Ep /K = [x(1 - x)]¢1. (32)

1.  When¢; — 0,k — o0, it is the case where photons cannot decay in the standard
model;
2. When ¢; < 0, there is no photon decay [45,131];
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3. When ¢; > 0, the threshold of photon decay is [45]:

(33)

In case I, photon decay means that the LV effects only result in a linear superluminal
modification for photons. Assuming that the photon superluminal modification

energy scale is E](;lp) =¢7 1 then from the above formula we can obtain [46]:

(sup) Ey s 32
Ely" 2 957(5)7 x 10%eV, (34)
where E,, is the energy of high-energy photon.

Casell.& =11 # 0,5 =12 =0

This parameter selection corresponds to a simple assumption: the LV modification
parameters of photons and electrons are same, and both are linear modifications. Then
Equation (31) becomes [92]:

m*Ep /K> = 2[x*(1 - x)?|¢1. (35)

1.  When ¢y = 1 <0, there is no photon decay [92];
2. When ¢y = 171 > 0, the threshold of photon decay is [92]:

8m2E
ki = (——)1/3. (36)

In case I and case 11, the threshold of photon decay occurs at x = 1/2, that is, the mo-
menta of the electron-positron pair generated by photon decay are equally distributed;
however, this is not always the case [45,92,131].

Case IIL Cl 75 0,171 7& 0,62 =1 = 0

This parameter selection means that neither photons nor electrons has quadratic
modifications, but they have different linear modification terms. Then Equation (31)
becomes [45]:

szPl 2 2
ST = (1= 0)[6 — (12 + ) 37)
Introducing a new variable z = (2x — 1)? can make the analyse simple, so that

x=(14+2)/2,(1—x)=(1-+/z)/2and x(1 — x) = (1 — z) /4. The relevant range
of zis [0, 1], where z = 0 corresponds to the symmetric configuration x = 1/2 and
z = 1 corresponds to x = 1 [45]. In terms of z, Equation (37) becomes [45]:

m?Ep;  1—z 1—22

1.  When ¢y < 11 and 287 — 171 < 0, there is no photon decay [45,131];
2. When ¢y > 0and 2871 — 11 > 0, the threshold of photon decay is [45,131]:

- 87’}’[2Ep1 1/3
th — (2‘@:1 _ ;71) .

This threshold is taken at z = 0, that is x = 1/2, the momenta of the out-going
particles generated by photon decay are equally distributed;
3. When 1 < §; <0, the threshold of photon decay is [45,131]:

(39)

—871m*Epy .13
kg, = (—— . 40
= (&1 —m)? ) 40
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This threshold is taken at z = &1 /11, thatis x = (1+ +/¢1/m) /2.

e CaselV.g1=m=0,112#08 #0
This parameter selection means that neither photons nor electrons has linear modi-
fications, but they have different quadratic modification terms. Then Equation (31)
becomes [92]:
m*Eg) 3,,3
kT:x(lfx)[é’z—;yz((lfx) +x7)]. (41)

If 7, = 0, the situation becomes:

1.  When ¢ < 0, there is no photon decay [92];
2. when §; > 0, the threshold of photon decay is [92]:

— VR, (42)

For the case of 77, # 0, introducing z = (2x — 1)? (z € [0, 1]) can make that the above
fourth power Equation (31) about x becomes the quadratic power equation about
z [45]:

m2E12>1 _ 3£(Z B 28, +m
k4 16 312
After detailed calculation, we get:

1. When ¢, < 112, and 4¢; < 1, there is no photon decay [45];
2. When —2¢; < 112 < 4¢3, the reaction threshold of photon decay is [45]:

1
)? - 2 (&2 — 1)~ (43)

16m?E3
— Pl 1/4. (44)
This threshold is taken at z = 0, that is x = 1/2. In this case, the momenta are

equally distributed;
3. When ¢y > 12 and —2¢p > 172, the reaction threshold of photon decay is [45]:

—1217211121512,1

kin = e, 45
L RN )
This threshold is taken at z = (28> + #2)/312, that is
x = [1£ /(28 +12)/312]/2 [45]. In this case, the momenta are not equally

distributed.

At present, the astronomical observations have obtained strict limitations on the pho-
ton decay [46,48]. Ref. [46] inserted the date E, (,,,) = 1.42PeV (the highest-energy event

from LHAASO J2032+4102 [41]) into Equation (34) and got E'P) > 274 x 10% eV. This
result is likely to be the strongest constraint from the LHAASO data. LHAASO collabora-
tion conducted a pseudo-experiment by MC simulations and adopted the CLs method [48].
They got a precise 95%CL lower limitation on the cut-off energy of the spectrum of two
sources LHAASO J2032+4102 and J0534+2202. The first-order superluminal LV scale is
constrained to be higher than 10° Mp, and the second-order superluminal LV scale should
exceed 1073 Mp;. These results are the strongest constraints on the superluminal LV param-
eters among experimental results with similar technique®”. Note that only considering the
case I means that the LV effects only result a linear superluminal modification on photons,
and the strict limitation on the photon decay can also be regarded as a strict limitation on
the superluminal modification. When we study photon decay, we usually only consider
case L.
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5. Summary

Current astronomical observations provide rich data for LV research and provide
various constraints on LV effects. For cosmic photons, the time delay effect obtained from
research on the GRB data, suggests a linear subluminal modification for the speed of light,
and this finding can be considered as an important supportive signal for LV of photons.
Strict limitations of vacuum birefringence mean that the modification of the speed of light
is independent of the helicity of photons. The currently observed ultra-high-energy photon
signals may be examples of the photon annihilation reaction threshold anomaly, and these
signals may be another positive supports for the subluminal modification of photon velocity.
However, the strict limitations on photon decay phenomenon impose strict constraints on
the superluminal modification of photon velocity.

Different theories have different LV predictions, and this property means that we can
verify or constrain different theories by different limitations from different LV phenomena.
The linear subluminal energy-dependent modification of photon velocity, which is ob-
tained from photon time delay effect, is supportive for some theoretical models. The strict
limitations of vacuum birefringence mean that some theories, which support the helicity
dependence of the photon velocity, are severely challenged. The strict limitations of photon
decay mean that some theories, which support the superluminal modification, are severely
limited. The D-foam model in string theory does not contain the helicity dependence of the
photon velocity, so this model can naturally avoid the strict limitations brought about by the
vacuum birefringence; this model does not support the superluminal energy dependence
modification of photon velocity, so this model can also avoid the strict limitations brought
about by photon decay; and this model has obtained positive supports from time delay
effect and threshold anomaly of photon annihilation reaction. As a summary;, this string
theory model for space-time foam is a viable theory with Lorentz violation of photons.

We should note that the LV effects can be particle-dependent and process-dependent.
This property means that strict constraints obtained from a certain process of a certain
particle do not refute the full possibility of LV with other processes or other particles.
Specific processes from specific particles can provide supportive evidences for LV effects,
so the existence of LV might take a long time to verify along with consistently ongoing
progresses of LV research both experimentally and theoretically.
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Abbreviations

The following abbreviations are used in this manuscript:

LV Lorentz symmetry violation

DSR Doubly special relativity

SME Standard model extension

LHC Large Hadron-Collider

LHAASO Large High Altitude Air Shower Observatory
GRB Gamma-ray burst

AGN Active galactic nucleus

GZK Greisen—Zatsepin—-Kuzmin

Fermi/LAT Fermi Large Area Telescope

MAGIC Major Atmospheric Gamma Imaging Cherenkov telescope
EGRET High-Energy Gamma-ray Experiment Telescope
CGRO Compton Gamma-ray Observatory

CMB Cosmic microwave background

EBL Extra-galactic background light
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But Ref. [1] showed that many of the successful experiences of special relativity do not necessarily follow the theoretical
framework of Lorentz symmetry.

It is worth noting that some theories are not born with the hope of destroying Lorentz symmetry, but the LV effects are inevitably
produced in the development process, and we can judge these theories by these LV effects.

This sentence is originally in German: "Wir m&chten hierin einen Hinweis dafiir erblicken, dass nicht nur der Feldbegriff, sondern
auch der Raum-Zeit Begriff im kleinen einer grundsitzlichen Modifikation bedarf".

Cosmic-rays are ultra-high-energy (E > 102 eV) particles (mainly high-energy protons and other bare atomic nuclei such as
helium nuclei and iron nuclei, also a small fraction of gamma-rays and neutrinos) emitted by distant active galaxies. The energy
of cosmic-rays can reach 10*! eV with unknown generation mechanism. The rays travel gigantic (cosmological) distances before
reaching the Earth, then produce showers of elementary particles when pass through the Earth’s atmosphere. There are mainly
three kinds of observation methods: space observation, ground observation, and underground (or underwater) observation.
It is widely believed that the study of cosmic-rays can yield a wealth of information about processes in most of the strange
environments of the Universe, and the study of cosmic-rays has gradually become an important area of astrophysics researches.

Beijing time on 17 May 2021, the Institute of High Energy Physics of the Chinese Academy of Sciences and Springer Nature
jointly released the Large High Altitude Air Shower Observatory (LHAASO) major discovery: the highest energy of photon from
the Universe—1.42 PeV [41].

There are also some experiments to test the isotropic hypothesis of space, such as the clock experiment, etc.; this type of
experiments belong to the laboratory experiments, but this paper mainly discusses the experimental tests of astronomical
observations.

Greisen, Zatsepin and Kuzmin predicted that limited by the reaction with the cosmic microwave background radiation, the cosmic-
ray energies have a significant cutoff at 10 eV, and this phenomenon is called Greisen—Zatsepin—-Kuzmin (GZK) cutoff [54,55].
Limited by the experimental conditions, the early experiments did not find an obvious cutoff of the cosmic-ray spectrum, and it
led to the discussion of the “GZK paradox”. One explanation of the “GZK paradox” is that protons may have LV effects, and it is
the origin of the LV phenomenon researches. With the improvement of experimental conditions, the existence of GZK-cutoff has
been basically proved, and the “GZK cutoff” imposes strong constraints on the LV effects of protons, see, e.g., discussions in
Ref. [56].

Not every Plank energy theories have LV effects, nor does every theories including LV effects have modified energy-momentum
dispersion relations.

Supergravity theory is the low-energy limitation of superstring theory.

Ref. [60] pointed out that the light speed modification obtained from GRB data can be served as a key supporting evidence
for this D-foam model, and since this model does not support the existence of photon decay and vacuum birefringence, it can
naturally avoid very strong observational limitations from both phenomena.

Lpy is the Planck length, one kind of Planck scale. Planck length Lpj is a tiny length scale, and Planck length Lp| represent a new
unified quantum gravity theory appears. Here, we follow the using method of Refs. [24,25].

CPT violation definitely leads to Lorentz violation, but Lorentz violation does not mean CPT violation.

The introduction of supersymmetry is needed to avoid the higher-dimensional LV operators producing the behavior of low-
dimensional LV operators [71,72].

erg is a unit of energy and mechanical work, lerg = 10_7] =624 x 102 eV.
Earlier Shao and Ma discussed the difference between long GRBs and short GRBs [89].

IceCube [104] is the largest neutrino detector in the world, IceCube is located in the ice near the South Pole, Antarctica, at a depth
of 1.5 ~ 2.5km, and IceCube can detect neutrino sources up and down. IceCube neutrino observatory comprises three distinct
components: a large buried array for ultrahigh energy neutrino detection, a surface air shower array, and a buried component
called DeepCore. The first sensor was deployed during the austral summer of 2004-2005 and IceCube have been producing data
since February 2005 [104]. All sensors were completed in 2010 and IceCube has continued to generate data [105]. The IceCube is
designed to detect high-energy neutrinos emitted by extremely intense cosmic sources, such as black holes, exploding stars and
neutron stars. When neutrinos collide with water molecules in the ice, they release high-energy subatomic particles, which move
very quickly and emit short-lived light called Cherenkov radiation, and the radiation can be captured by IceCube, then IceCube
can reconstruct the neutrino’s route and identify its source.

After the Big Bang, photons decoupled from matter and evolved as non-interacting particles with the expansion of the Universe,
then these photons served as the CMB.

In the process of evolution of the Universe, various luminous bodies emitted photons (mainly in the radio, infrared and other
bands), which remained and pervaded the entire cosmic space, at last these photons became the EBL.

It is not necessary to modify the 4-momentum of the low-energy photon 7, because ¢y, is so small that the LV effects are negligible.
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The threshold configuration is that: the angle between the two incident photons is 7t, the angle between the outgoing electron-
positron pair is 0, and these two outgoing particles severally carry half the incident energy and momentum.

The high-energy photon of 1.42 PeV currently observed by LHAASO is affected by the free path of photons, the source of photons,
and the energy of background photons, so it cannot yet be directly considered to be the exact signal of LV-induced photon
annihilation reaction threshold anomaly, but this 1.42 PeV photon can be seen as a positive signal for LV effect.

22 Ref. [46] only used the highest-energy photon datum, while LHAASO collaboration used the data of the whole spectrum [48].
The limitation using only the highest-energy photon is tighter, and the limitation using the entire spectrum is more robust and
reliable.
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