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Abstract: Lorentz invariance is such a basic principle in fundamental physics that it must
be constantly tested and any proposal of its violation and breakdown of CPT symmetry that
might characterize some approaches to quantum gravity should be treated with care. In this
review, we examine, among other scenarios, such instances in supercritical (Liouville) string
theory, particularly in some brane models for “quantum foam”. Using the phenomenologi-
cal formalism introduced here, we analyze the observational hints of Lorentz violation in
time-of-flight lags of cosmic photons and neutrinos which fit excellently stringy space-time
foam scenarios. We further demonstrate how stringent constraints from other astrophysical
data, including the recent first detections of multi-TeV events in y-ray burst 221009A and
PeV cosmic photons by the Large High Altitude Air Shower Observatory (LHAASO), are
satisfied in this context. Such models thus provide a unified framework for all currently
observed phenomenologies of space-time symmetry breaking at Planckian scales.

Keywords: Lorentz violation; CPT violation; quantum gravity; string theory; gamma rays;
neutrinos

1. Introduction and Summary

To this day, particle-physics theory and the respective phenomenology enjoy a Lorentz-
symmetric formalism dictated by special relativity (SR). As a consistent gauge field theory
model of electromagnetic, weak and strong interactions, the standard model (SM) of particle
physics is by construction Lorentz-invariant, respecting CPT symmetry as a result. However,
recent years have witnessed an intense and ongoing interest in potential tiny deviations
from these fundamental symmetries, especially the exact local Lorentz invariance of general
relativity (GR) that was attributed to Einstein to interpret gravity as space-time curvature.
On the theoretical side, ideas stemming from quantum gravity (QG) which primarily aims
at conquering the ultraviolet (UV) divergence of quantum GR led to speculation that these
may not be exact for QG [1-3], although they survived many stringent tests [4], even
the ones making use of high-energy particle probes. On the observational side, with the
increased sensitivity of experiments, especially cosmic multimessenger ones, to the effects
of violation of Lorentz (LV) and/or CPT symmetry (CPTV), Fermi measurements [5,6] of
time delays in the arrivals of high-energy y-ray burst (GRB) photons, as well as IceCube
observations [7-9] for TeV-PeV neutrinos (some of which appear not incompatible with
GRBs [10-17]), played an indispensable role in searching for such QG footprints (see,
e.g., ref. [18] for a review of one series of studies [13,14,19-32] in this direction).

Although conventional astrophysical source effects, which currently are far from being
understood, might be the dominant reason for the delayed photon arrivals as observed in
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Fermi GRBs, the data from Fermi and/or other photon-dedicated telescopes can be readily
adopted to test LV models. Even the most generic models naturally predicting such shifts
in the travel times of (ultrarelativistic) cosmic particles given the conjecture that space-time,
probed at a small enough scale, could appear complicated—something akin in complexity
to a turbulent froth that John Wheeler [33,34] dubbed space—time foam. If space—time itself,
like all matter and energy, indeed undergoes quantum fluctuation (on time scales ~1/ Mp;,
with Mp; ~ 1.22 x 10" GeV being the Planck mass), our common perception of relativistic,
continuous space-times, like Lorentz invariance, may be sacrificed on the altar of QG. There
is an energy-dependent variation in the speed of an energetic photon or neutrino in vacuo,
0 := (v —c)/c[35-37], leading to flight-time differences [38] between energetic particle (of
energy E) and the low-energy light which travels at the light speed of SR, ¢ (hereafter, we
use natural units, where ¢ = /i = 1). On rather general grounds [39],

n
(E) = —nTHSn (Ein) , E<Ewpu 1)
where s, = +1 (—1), the sign factor, refers to the subluminal (5§ < 0) (superluminal (6 > 0))
scenario, while Eyy , is the LV energy scale, the scale at which nth-order LV sets in, expected
to be of the order of the Planck energy (Ep;) and to be determined experimentally. Modified
dispersion relations (MDRs), implied by Equation (1), compared to the one in the normal
vacuum, E? = p? + m? for a particle of mass m, have two major classes of consequences
that can be tested in astrophysical contexts:

(i) Energy-dependent lag in the propagation of massless (or almost massless) signal from
a cosmically remote source to Earth, as mentioned;

(if) Birefringence (i.e., different speeds among helicities) and MDR-modified (or novel)
threshold reactions based on the assumption of standard energy—momentum conser-
vations (owing to a lack of any particular prior knowledge).

The second constitutes an independent portion of the entire effort on constraining Lorentz
violation, providing some of the tightest restrictions for models of new physics, a topic that
we cover in this review.

Due to the high precision of observations, many Lorentz tests were motivated, yielding
fruitful results and the potentiality that certain QG scenarios could account for all or part of
the available phenomenologies raised a vibrant interest. It is known that any LV model able
to reproduce the measured time delays of several GRB photons while admitting an effective
field theory (EFT) formulation is in tension with other astrophysical measurements [40] (see
also [41-45]). However, following [46] and the recent suggestion in [47,48], a QG framework
beyond local EFTs capable of accommodating data on time-of-flight of cosmic photons (and
neutrinos) while successfully circumventing other observational restrictions does exist and
has a string/D(irichlet)-brane theory origin. In particular in [39,49,50], it is not only im-
plied that the theory could possibly be in accordance with either a CPT-violating neutrino
propagation suggested from previous analyses of [13-17] or a necessarily subluminous
one, a possibility recently enhanced by a new study [51] using revised data [52], but shown
that it might also explain, in case of breaking CPT between neutrinos (v’s) and antineu-
trinos (7’s), the quasi-stability against superluminal 7-decays in the corresponding string
vacuum. In this review, we present a summary for these findings and prospects for probing
microscopic space-time symmetries dictated by such models.

In Section 2, we follow the historical path, mentioning some of the early results of
space-time fluctuations from QG analysts. For the purposes of the review, in Section 3, we
focus on instances in string theory where Lorentz symmetry may be broken. In particular,
we explain how such LV may arise in a generic noncritical (Liouville) inspired context of
strings [53,54], while in Section 4 we discuss an example of the latter, that is the above-
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mentioned D-brane approach to foamy space-time, whose nontrivial properties are of the
type that is compatible with stringy gauge symmetries and thus primarily affect the propa-
gation of photons and neutrinos. The discussion includes three different scenarios which
are known to induce distinguishable consequences for particle kinematics. By adopting the
phenomenological approach to LV, c.f. (1), in Section 5 we summarize current observational
hints of LV energy-dependent time lags for cosmic photons and neutrinos; in Section 6, we
briefly review some complementary constraints due to the lack of signatures of other LV
effects in astrophysical data. Finally, Section 7 states our conclusions.

It should be stressed that the review is conducted from a personal perspective and
is by no means complete. We do hope, however, that it captures some essential features
of this rapidly expanding field with some recent progress. In this respect, we include
several latest results from the surprising discoveries of LHAASO [55,56] on PeV-energy
photons [57-59] and on the extraordinary, brightest of all time GRB 221009A [60-62], whose
sensitivities to certain types of LV reach or even surpass Planck-scale sensitivity under
some circumstances [63—67] although, on the other side [68-73], they appear to support
some kind of LV effects. We put emphasis on the connections of these experimental results
to the aforementioned D-brane/string scenarios and attempt to answer the question as
to whether there is the possibility of attributing the current LV phenomenologies, at least
partly, to the (stringy) QG effects such models entail.

2. Space-Time Symmetry and Quantum Gravity

Through more than a century of experimental tests with high precision, Einstein’s (clas-
sical) theories of relativity that entail Lorentz invariance, at least locally, now seem to stand
fully verified. However, as one of the most ambitious goals of modern physics, the quest
for a quantum theory of gravity led to suspicion that there could be a failure of this sym-
metry. Indeed, analysts of quantum gravity expect that the fabric of space-time should
fluctuate over distance scales inversely proportional to the Planck scale, Mp. It was on
this conceptual basis that the conventional special-relativistic relation between momentum
and energy might be modified, reflecting a breakdown of Lorentz symmetry [1-3,18,37].
It is tempting to move one step forward and consider the possibility that the discrete
symmetry of the space-time continuum, like the combination of parity, charge conjugation,
and time-reversal, may not be a true feature of QG. Although CPT symmetry arises from
some of the basic constituents of local, point-particle quantum field theory (QFT), still in
the QG realm, the concept of a local effective QF T Lagrangian may break down.

Although the goal of defining a theory capable of incorporating quantum theory
and GR remains unattainable, various ways of tackling certain aspects of the problem
have been suggested, including canonical gravity [33], Liouville noncritical strings [53,54],
and D-branes [74-76]. Within the latter framework, discussed in greater detail later on,
the situation resembles that of a quantum-decoherent motion of matter in open dynamical
systems interacting with environment [77,78]. There are other fascinating schemes for QG;
to mention a few, asymptotically safe gravity, causal sets, modified, and nonlocal gravities.
Admittedly, not all proposals are at variance with standard space-time symmetries. For ex-
ample in causal sets [79], contrary to what was often thought, a fundamental space-time
discreteness needs not contradict Lorentz symmetry.

Nonetheless, specific hints of Lorentz violation have come from tentative calculations
in the two approaches to quantum gravity proper that perhaps have attracted more atten-
tion, that is, the loop-variable approach (formerly termed canonical QG) and (super)string
theory/cosmology:

* It has been established that in attempting to quantize Einstein’s theory of GR,
in the familiar framework of local four-dimensional field theories and (nontrivial,
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topological) extensions thereof, i.e., using a canonical formalism like the loop pro-
gramme [80] where the states of the theory are described by functions of “spin net-
works”, a “polymer-like” discrete structure of space-time emerges. In the semiclassical
regime of such theories, the gravitational degrees of freedom are in a “weavy state”
|@) [81], characterized by a length scale £, >> lp| (here, {p is the Planck length) such
that, although macroscopically the (emergent) space-time looks Minkowski, novel
features emerge at scales smaller than the ¢, where loop QG effects set in:

(@|gu|@) = 11w + O(Up1/ Lw). )

Equations of motion for the propagating particles [82-85] are modified in a Lorentz-
noninvariant way in states that become clear upon rewriting (2), on dimensional
grounds, as (@|g,v|@) = v + O(LoE), with E being the energy of the particle probe.
Such effects then lead to nontrivial MDRs, similar in nature to the one (1) postulated in
the generic phenomenological approach. However, the explicit form of such dispersion
relations depends heavily on the details of the model. In models of [82,85], superlu-
minal propagation of matter probes is allowed, implying birefringence effects, while
it may happen [86] that such superluminal signals of light are eliminated for some
reasonable choices of the model parameters, in which case only subluminal photons
are present. But for neutrinos, a dependence on their helicities is implied. It has been
noted that, in this latter scenario of loop gravity, there would be compatibility [86]
with the hints of LV time lag discussed later on in this paper.

An analogous effect may be anticipated in string theory and string cosmology, where
gravity is included from the outset, particularly when one considers the nonperturba-
tive formulation of strings, which is known as M-theory. This involves solitonic states
such as D-branes [74,76], including “D-particle” (i.e., DO-brane) defects in space-time.
We first note that the vacuum considered in conventional, “old” string theory, living in
a critical dimension of (flat) target space—time, exhibits essentially no Lorentz violation.
In such a case, there is a basic symmetry, dubbed conformal invariance, which allows
a consistent path-integral formulation of the c-model describing the motion of strings
from a first quantization viewpoint [87,88] and which restricts the background fields to
their target-space classical equations of motion, thereby offering an important link be-
tween consistent worldsheet quantum geometry with target-space dynamics. It is this
symmetry that guarantees Lorentz invariance in critical dimensions of space-times
and the standard dispersion relations for stringy excitations.

However, critical strings and the corresponding conformal field theories (CFTs) de-
scribe only fixed backgrounds, g« (i.e., equilibrium situations, in light of the conformal
o-model actions Sy[g+], whose central charge, C, has the critical value c*), thus inade-
quate for the needs of investigating stochastic space-time foam backgrounds (if one
adopts the point of view that they exist), recoil effects of stringy D-brane solitons,
and in general situations that involve a change in the background (field) over which
the string propagates. Perhaps two approaches invoked to tackle the issue represent
string field theory, a proposal of second quantization of string theory, which remains
poorly understood to this day, on the one hand and the noncritical (Liouville) string
theory on the other.

%  String Noncriticality [89-92]

Formally, space-time foam situations of our interest, involving singular quantum
fluctuations at microscopic scales, imply out-of-equilibrium processes, associated
in a (perturbative) first-quantized string to nonconformal couplings/background-
fields, g'. The noncriticality nature of quantum-foam vacua refers to the fact that
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there are central charge deficits, Q% « C[g] — c*. In such a case, the corresponding
o-model requires “dressing” with the Liouville mode ¢, a fully fledged dynami-
cal field, whose presence is essential in restoring the lost conformal invariance.
Although this is achieved at the cost of having an extra target-space dimension,
which is timelike if the string is supercritical, i.e., Q2 > 0[93-96], ¢ may be viewed
as a local (irreversible) renormalization group (RG) scale y and hence its world-
sheet zero mode is identified with target time ¢ [53]. The condition implying the
recovery of conformal symmetry for the dressed g/ (¢ — t) reads

¢+ Q(t)g" = —sgn(C[g,t] — c*)B (g(¢)) + ..., (3)

where ... stand for corrections that are of importance if one moves further away
from equilibrium, the dot denotes temporal (Liouville) derivative, and B! are the
relevant RG B-functions or the so-called Weyl anomaly coefficients, proportional
to the off-shell variations of a target-space effective action S for the string theory

at hand [97]:
1 0Seft

I _ ol

[g(m)], (4)

where G/ is the inverse of the Zamolodchikov metric [98] in the space of string
“theories” (backgrounds) {g'}. The latter, the off-shell B-functions, vanish if
stringy o-models are at their conformal (fixed) points in ¢! space, thereby corre-
sponding to the usual critical equilibrium string. From the cosmological point
of view, equations of the form (3) characterize Liouville nonequilibrium Q-
cosmologies [99,100] replacing the standard Einstein equations.

We describe in the next section how Lorentz invariance properties of the string vacuum
may be broken in this framework in the sense of leading to nontrivial refractive indices,
or MDRs, for photons in vacuo. To our knowledge, this was the first instance where
such effects were explored in concrete models of QG. Later, the above loop and many
other approaches to MDRs were put forward for a variety of reasons we do not
mention here.

Clearly, quantum gravity is still a programme far from completion, and it seems to
be a field like no other before, an area without much experimental guidance [101]. How-
ever, as we indicate below, likely “relic” effects of QG-motivated space-time symmetry
violations [1,41-45] propagate down to a low-energy (relative to the Planck energy) regime,
where they can be probed. In a sense, they have already provided us a valuable opportu-
nity to experimentally falsify the predictions of the underlying new physics, particularly
QG theories, proposed so far. For this reason, these observational consequences that LV
may induce serve as what is often termed “windows on quantum gravity”. Indeed, even
small corrections, in principle, have a chance to be magnified into measurable quantities,
especially when one deals with the extreme environments, like situations encountered in
astroparticle physics. In this respect, they have led already to a rich phenomenology of
LV [37] that is the focus of the present paper. It is for the same reason that much activity in
this line is under way [102]. It will hopefully redirect the study of QG on a healthier track
once we learn to recognize physically relevant facts about such effects.

3. Models of String-Driven Lorentz Noninvariance

A theory of quantum gravity must describe physics at Planck length, ¢p; ~ 1073% m.
At such small scales, space-time, as mentioned before, might be discrete, noncommuta-
tive [103], etc. Therefore, the form of Lorentz invariance might be different from the familiar
one in the low-energy domain (for instance, it might be nonlinearly realized at such scales).
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As we noted, in principle, to solve the problem of (non)renormalizability of the gravity,
one may follow two different ways introduced in the previous section: either abandon
perturbative techniques leading to the construction of loop QG, or introduce nonlocality,
and/or supersymmetry, as applied to superstrings. Actually, the simplest way to construct
renormalizable gravity theory is based on introducing higher derivatives; however, to avoid
arising ghosts, one has to introduce the Hofava—-Lifshitz theory [104-107]. It constitutes
an explicit realization of modified gravity as an UV-complete QFT of gravity, paying a
price of arising an anisotropic scaling of time-space, t — A*t, x — Ax; thus, the Lorentz
symmetry is broken by the presence of critical exponent z but restored as z flows to unity
at low energies.

As in Hofava-Lifshitz theories treating Lorentz invariance as an essentially low-energy
phenomenon, in general, we do adopt the point of view that Lorentz symmetry is still a
good symmetry of any isolated QFT model on the flat space-time, and that its potential
violations come from either placing the system in a “medium” or heat bath (finite tempera-
ture) or coupling it to certain models of quantum gravity discussed above, which could
also behave like a (stochastic) medium, with nontrivial macroscopic consequences for the
propagation of matter probes in such backgrounds. This results in modified dispersion rela-
tions and other nontrivial “optical” properties, as in the case of semiclassical backgrounds
of loop gravity formalism [82-86] mentioned above.

Nonetheless, this sort of modification has been argued [108-113] as well to characterize
flat-space theories in some models in which the Planck “length” is considered a real length.
As such, it should be transformed under the usual Lorentz boosts. The requirement that
the Planck length becomes, along with the speed of light, observer-independent, leads quite
naturally to modified “Lorentz transformations” and also to particle MDRs. This approach,
dubbed “doubly” special relativity (DSR) [108-110], is a representative of the theories
denominated as new relativities with deformed kinematics; the others include the very
special relativity of Cohen and Glashow [114]. In these cases, Finsler geometry [115] often
makes its appearance [116-119] (see [120] for a recent review in this respect), and the same
situation also characterizes, as we discuss, the space-time (D-particle) foam of string/brane
theory (c.f. Section 4). DSR should be distinguished from the other approaches mentioned
so far, where the Planck scale is associated to a “coupling constant” of the theory, being thus
observer-independent by definition. This is clearly the case of Einstein’s gravity where Mp;
is related to the universal gravitational Newton’s constant and in (critical and noncritical)
superstrings, where the Planck length is related to the characteristic string scale of the
theory, M, which is also independent of inertial observers.

For our purposes in this review, we end at this point this brief but necessary digression
of alternative theoretical models entailing non-Lorentz-invariant properties. Now let us
return to the case of strings.

¢ Lorentz violation occurs spontaneously, thus free from worldsheet conformal anomalies
in (nonsupersymmetric, open) string field theory [121-124], which implies nontrivial vac-
uum expectation values for certain tensorial quantities as the perturbative string vacua
are unstable. These are acceptable, in principle, string backgrounds, from a landscape
viewpoint. A target-space EFT to consider phenomenology of such models is the renor-
malizable part [125,126] of the so-called standard-model extension (SME) [127-132]. This
latter framework is a systematic approach to incorporate general terms that violate Lorentz
invariance at the action level by contracting operators of SM fields with controlling co-
efficients to preserve coordinate invariance (diffeomorphism invariance, when gravity
is incorporated [127], in which case the coefficients would be dynamical). Although the
phenomenology of possible LV from an EFT like this has been studied in the early days
using the Coleman-Glashow proposal [4], this model is at most an illustrative scenario and
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cannot be taken as an “exact” theory due to the requirement of physical-event consistency;
see, e.g., [3].

Constructing nonrenormalizable (called nonminimal SME) operators allows the in-
clusion of MDRs that entail Planck-mass suppression [128,129]. In cases where the
theory is rotationally symmetric, as commonly assumed, the leading-order (i.e., mass
dimension-5) terms that consist of the modified quantum electrodynamics (QED) with
explicit Lorentz violation also break CPT symmetry. In flat space, it is implemented by
introducing a Lorentz-noninvariant timelike 4-vector, #* which describes the preferred
frame, generated by QG, being associated with the vector (tensor) condensate in the
context of strings, for example

¢ . T 2
—muﬂFyauv(u.a)FV“ + m¢¢(ﬂLPL+77RPR><”'a) ¥ (5)
Here, ¢, g 1 are dimensionless SME coefficients, being phenomenological and of O(1),
PLr = 1/2(1 F 9°) are left and right projection operators, and F/* = %s"”“ﬁFaﬁ is the
dual electromagnetic field strength. Equation (5) yields contributions of O(E/Mp) to
the dispersion relations of the photon [107,128]

2 2 g 2
and for a fermion, such as the electron (with the suffixes + referring to helicity which
can be shown to be a good quantum number in the presence of the LV terms (5) [133]),

EZ
2 22
Efpy =p" +m; +RrL Moy Ipl, (7)

where (E, p) is the 4-momentum of the particle or (w, k) for a photon (with k the wave
vector and w its frequency), m. is the electron rest mass. For the antifermion, it can
be shown by Dirac’s “hole interpretation” arguments that the same dispersion holds
with 77z, = —14 r, where 7 and g denote, respectively, antifermion and fermion [43,133].
We note that both superluminal (+) and subluminal (—) photon propagation as well as
the resulting characteristic birefringence effect are characterized by the same coefficient
¢. This is crucially important when setting bounds to these CPT-odd LV couplings from
photon decay (see Section 6).

A rather different picture has emerged within (the difficulties of) this rich formulation
in Liouville (noncritical) string theory [53], mentioned previously, whose development
was partly motivated by intuition concerning the “quantum gravity vacuum” that is
rather close to the one traditionally suggested by Wheeler [33,34] and subsequently
adopted by Hawking [77]. They pioneered the idea that space-time at Planckian scales
might acquire a foamy structure, which may thus behave like a dispersive “medium”.
Evidence has been found in this approach [134] as we now come to discuss, supporting
the validity of MDRs (refractive indices, etc.), with the modification going linearly
with the string length, {s = 1/ M;.

This approach tackles background independence issues based on a (perturbative) first-
quantized framework, in such a way that it describes consistently background changes
in string theory. As mentioned, one should thus deal with o-models away from their
conformal (fixed) points on the string-theory space. The noncriticality (departure
from equilibrium) of the string may be provided in concrete models for space-time
foam by a recoiling (fluctuating) D-particle background [135-138] playing the role of
stochastic quantum-gravity foam. These examples are explored in the next section,
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while at present it is instructive to see how this may lead to MDRs which stem from
spontaneous Lorentz symmetry breaking within the generic Liouville strings [53] where
the vertex operators deform the o-model (on the worldsheet X)) as

S = 50+g1/2vg(X). 8)

Here, X* are target-space coordinates/c-model fields, and V; are the vertex operators,
corresponding to gl . In stringy models of interest to us here, gl = {GHV' D, Ay,.. 3,
i.e., itis a set of target-space background fields.

The noncriticality of the deformation is expressed by nontriviality of the RG B-function
of ¢!, c.f. (4): BI(g) = dg'/dInu # 0, where y, appearing above, is a local worldsheet
scale, whose role, as mentioned before, may be played by the Liouville mode ¢ in light
of the dynamical identification of the latter with the target time. Perturbation theory
requires that one lies close to fixed point, which implies that one should work with B!
expandable in power series in the couplings g'. Quadratic order is sufficient for our
purposes here, and to this order, the g-function reads ! = (A; —2)g! + C}Kg] g+,
where no sum is implied in the first term, A; — 2 is the anomalous scaling dimension,
and C}K are operator product expansion (OPE) coefficients. The theory is thus in need
of gravitational (Liouville) dressing [89-92] in order to restore conformal symmetry
and hence the consistency of the worldsheet theory [87,88].

For matter fields with central charge C;, > c* (i.e., supercritical [93-95]), the Liouville
field ¢ plays the role of an extra time coordinate in target space, as becomes evident
from the dressed matter theory described by the following formulae:

1
Smatter—LiouVille = SO + A2 [gl(4)) Vg - R(z) ng - (aQD)Z} ’ (9)
4rtlz Jy
o T o
g'(9) = g'e" + G g g pet, (10)
af +a;Q = —(A;—2), for supercritical strings, (11)

where g!(¢) are the dressed couplings and «; is the gravitational anomalous dimen-
sion. As mentioned above and demonstrated explicitly in certain toy models [139], one
may identify the Liouville mode with time. Via noting the Liouville (time) dependence
of Equation (10), one finds that one of the physical effects of such an identification
is a modification of the time-dependence of the dressed g!. For the case in the back-
grounds of interest, i.e., of an almost flat space-time with small QG corrections, one
may rewrite this relation as [134]

gl () ~ g (r)ellrrannlt, (12)

where Ax; depends on the OPE coefficients, C}K, which encode the noncritical interac-
tions of string probes with the “environment” of Planckian string states. For massless
low-energy string modes,

2
ay ~ k|, Aaj ~ %c}KgK = O(Eﬂ), (13)
where the last equality originates in the OPE, which, for open strings, is of order
?s|k|. This is confirmed explicitly in the 2d string black-hole example [53,96] and also
characterizes D-particle “foamy situations” [140-147] where, as we discuss below,
there is minimal suppression of the effects by a single power of the QG mass M (say,
Planck mass Mpj, although this can be different from M;, which is a free parameter in
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string scenarios regarding our world as a membrane hypersurface [76] (“brane-world”;
for a review, see [148])). From (12), one has wave dispersions and MDRs for massless
string excitations:

Ik|(w) =k~ (1 - wlsor)w, (14)

which implies violation of Lorentz symmetry (however, the reader should bear in
mind that in the present approach, this violation is spontaneous in the sense that the
full string theory may be critical, and the noncriticality is only a result of restricting
oneself in an effective low-energy theory ((foamy) ground state not respecting the
symmetry)). The latter should not come as a surprise given the off-equilibrium nature
of noncritical string which resembles an open system in which string matter propagates
in a “stochastic” dissipative way, c.f. (3) [149].

The coefficient g1, and its sign are to be determined in specific models of quantum foam
elaborated in the next section, involving stringy interactions of low-energy matter with
the recoiling D-particle defects as the main cause of departure from criticality (confor-
mality of the associated o-model background). These models have interesting features,
including the subluminal propagation of photons in the corresponding QG medium,
that could accommodate [47] most of the exclusion limits as well as the potential hint
of LV from astrophysical data [13-32] (c.f. Section 5).

4. Lorentz and CPT in String/Brane-World Inspired D(efect)-Foam

We discuss below a model for stringy space—time foam (or better a class of such models)
initially inspired from the above-exposited Liouville formalism in the modern framework of
the D-brane approach to QG [74,75]. Such models have been dubbed stringy/D-brany defect
foam [39,46-50,150-157] or D-foam for short, consisting of a bulk “punctured” with localized
space-time D-particle defects. The latter are either allowed background configurations as
in (supersymmetric) type IIA or IA [158] (a T dual of type I) string theory or arise effectively
from suitable compactifications of higher-dimensional branes (e.g., 3-branes wrapped up in
appropriate compact spaces in the context of IIB strings [157]). The presence of these defects
which string matter probes might be scattered by implies nontrivial optical properties for
the QG vacuum in the sense of particle-energy-dependent indices of refraction. Such
effects may be relevant for LV searches from high-energy astrophysics discussed later on.
Below, we briefly review the main results.

The cosmological framework of the approach is based on appropriate stacks of parallel
brane-worlds [148], some of which are moving in a higher-dimensional bulk space where a
finite density gas (medium) of defects is distributed. Supersymmetry dictates the number of
parallel D-branes allowed to appear in each stack but does not restrict the concentration of
defects in the bulk. In the limit of static branes and D-particles, this configuration constitutes an
appropriate supersymmetric ground state of this brane theory [153], while bulk motions of the
branes result in nonzero “vacuum” (or, rather, “excitation”) energy and hence the breaking of
target-space supersymmetry. Our observable Universe is represented allegedly by one of these
roaming branes, compactified to three spatial dimensions (D3-brane). As it sweeps through
the bulk, the randomly traversing D-particle defects appear as an effective “quantum foam”,
c.f. D-foam, from the brane observer viewpoint. Below, we consider it to be present in string
theories of phenomenological interest as in type I/IIA framework [153-155] since, even if it is
not allowed to exist, there can be effective D-“particles” as mentioned above, constructed out of
wrapped-up type-1IB 3-branes [157].

Within such microscopic I/IIA D-particle models, the defects break Poincaré invari-
ance, and their recoil following scattering off the matter strings violates Lorentz invariance
locally. As a result of charge conservation, charged (open) stringy matter excitations cannot
interact with these DO-brane defects, which are truly pointlike and electrically neutral.
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Only charge neutral particles are interacting predominantly (only gravitationally) with the
foam (due to the weakly interacting character of the defect). Cosmologically, therefore, it
is photons and neutrinos that “feel” mostly the effects of special QG configurations that
modify their in vacuo propagation. It is this nonuniversality that implies the violation of
the equivalence principle, in the sense that different relativistic particle species break Lorentz
symmetry with varying amounts [159-161]. Especially charged leptons such as electrons
would propagate in a Lorentz-invariant way, in contrast to photons [162].

Topologically nontrivial interactions between these defects with open strings, anchored
on the brane Universe and representing neutral matter, involve temporary capture/splitting
and subsequent reemission of the particles by the defects. Intermediate strings are created
during capture [153,163] which is represented from a worldsheet point of view as an impulse.
Local distortions of the neighboring space—time due to the recoil of massive defects can be
calculated perturbatively, for weakly coupled strings, using logarithmic CFTs [143,145,164].
The relevant ¢! = V; (i = 1,2,3, as we are interested in recoil components along our 3-brane)
so that the pertinent vertex operator reads

Vimp = /a el + UX")O (X)X (15)

where Y; is a collective spatial coordinate of the D-particle and O is a regularized operator:

Ot = X0) = — /m 49 giat withe — 0F (16)
27T J-o q — i€

Above, X is the target-space time coordinate, obeying Neumann boundary conditions
while X, the spatial coordinates on the brane, satisfy Dirichlet boundary conditions. The no-
tation d;, denotes normal derivative on the worldsheet. By U/; we denote the recoil rela-
tivistic 3-velocity of the brane-confining D-particle of mass Ms/gs =: Mp (where g < 1
is the (weak) string coupling): U; = v, V;, with 1, = (1 — V?)~1/2, the corresponding
Lorentz factor, but for a heavy, nonrelativistic DO-brane where V; is small it is well approxi-
mated by the ordinary velocity as given by

M _ Ak, = 7Dk, (17)
s
The (dimensionless) variables { appearing above are related to the fraction of momentum
Ak; that is transferred at a collision with a D-particle, provided the recoil process conserves
momentum, as demonstrated rigorously in [142-144], following the closure of a worldsheet
logarithmic algebra.

The impulse operator in Equation (15) has anomalous scaling dimension —&?/2. Tts
presence drives the stringy o-model supercritical and thus Liouville dressing is required [89-92].
This latter procedure results in the recoil velocity part of Deformation (15) being replaced by the
worldsheet bulk operator [135-137]:

Viulk 2 —SZVI'/ eaL(Pt@g(t)aﬁ(])a/gXi, (18)
X

where f = 1,2 is a worldsheet index, «; is the Liouville anomalous dimension, which
is, to leading order in ¢ (c.f. (11)), a; ~ ¢ whilst the central charge surplus, Q> > 0,
is of order ¢*. Upon identifying the zero modes of the Liouville with the target time
in (18) [147], using the representation @;(X?) ~ ®(t)e *, where 8(t) is the ordinary

Heaviside step function and considering relatively large times t >> 0 after the scattering
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event e2t9(t) ~ 1, one obtains an off-diagonal deformation hyy of the target-space geometry
Suv = Nuv + hyy [136,165] with 0i components

goi = hoi (X", Vi) ~ EVitd(H)e >, (19)

For times of order of the duration At of the impact (collision) X% ~ At ~ 1/¢, the order of
magnitude of gy; is [166]
g0 (X%, V) ~ V. (20)

This expresses the back-reaction effects of the recoiling heavy fluctuating D-particle defect(s)
on the surrounding space-time. Note that the distortion of target space is by definition local,
and applies only in the neighborhood of the defect for the perturbative o-model formalism
used here to derive such an effect (20).

The outgoing scattered matter string then “sees” the distorted space—time (20) in which
the Lorentz breaking effects are proportional to V;, as the D-particle recoils when struck by
the incident particle. The important feature that the recoil-induced geometry perturbations
depend on the energy content or momentum of the probe (Finsler type [115]) does not
arise in other LV approaches to quantum space-time and is important in the formulation of
microscopic models of D-foam. In general, the associated effects depend on the density of
D-particles encountered by the string state and we represent such foam-averaged effects via
((- - -))p, which denotes both statistical averages over populations of defects [153] as well as
target-space quantum fluctuations [136,137] coming from the resummation over worldsheet
genera [143,145]. These at present are not treated systematically, and so we revisit here,
for concreteness and relevance to our discussion below, three different proposals, in partic-
ular their predictions for the nonstandard optical properties for the brane, i.e., refractive
indices of (observable) matter localized on the brane-world.

(1) Gravity-Induced Dispersion in the Anisotropically Recoiling Foam

In an early development of the approach [153], metric perturbations caused by differ-
ent D-particles “sum” up all together such that, from the (macroscopic) point of view of
an observer confined to our brane-world (as real observers are regarded in this picture),
aback-reacted effect due to the foam, viewed as a whole, occurs on average ((V;))p # 0,
implying that there is anisotropy in the direction of the average recoil velocity of the
defect, oriented along that of the propagating incident string. For gauge degrees of
freedom, say, photons, the dynamics of recoil excitations has a Born-Infeld (BI) form of
nonlinear “electrodynamics” [141-146] requiring an average deceleration of the particle
by the foam, (k- V))p = —((k|V|))p < 0. Subluminal (group) velocities, suppressed
minimally by a single power of M;/gs [47,48,153],

k
Cgr =1 - 285%/'1 1= |0(mpw/Mp)l, (D)o = {p >0, (21)
S
obtained after averaging over foam populations, arise from k,k,g"" = —E? + 2k'V;E +

k'k; = 0, for which the positive energy solution k’ = w > 0, connecting smoothly with
the case of foam-free vacuum (no recoil V; — 0), reads

w=kl(1+ WV -K)H2+k-V, (22)

where k = k/|k| (prior to averaging over populations of D-particles). We assume that
the relation v = dE/d|p| holds, although this is in dispute and at least one concrete
stringy example has been provided that it fails (see below), and, for simplicity, we also
assume isotropic foam that requires { () = (foralli =1,2,3in (17). In Equation (21),
we omit ((- - -))p in the notation for k; and w (since they all denote such averages); np



Symmetry 2025, 17, 974

12 of 47

@

is the effective (linear) density of defects on our brane, a microscopic free parameter in
the theory besides the D-particle mass. The effective mass scale that suppresses the
corresponding effect of LV refraction, 7 — 1 = O(E/ M), which notably is of the form
implied by (14) with ¢;, < 0, is [48]

M
Msogy = gl;gs, where O(1) 2 ¢p = 29s(p. (23)

It is thus arbitrarily free. Testing whether higher-energy photons are retarded relative
to lower-energy ones rather than advanced with astrophysical y-rays from, say, GRBs,
provides important constraints on the scale.

The D-particle Born-Infeld analysis of recoil has been extended to the case of photinos
in [152] via an appropriate supersymmetrization of the treatment. Further, we recently
observed [50] that upon averaging the result thereof (for a single scattering event) over
this anisotropic-recoil foam, involving a collection of D-particles (their concentration
is constant in time in models where uniform D-particle backgrounds are considered,
as we do here, for simplicity, although it could vary with the cosmological epoch [150];

the fact that the effective QG scales depend on the redshift z, Msog — Msog(z) ~
M;

gshp(z)

the (almost massless) neutrinos with the refractive indices being akin to that of the

further complicates the situation), we expect subluminal propagation also for

bosonic matter just discussed, without any chirality dependence:

k] >1, forbothv’sand 7’s, (24)

~1+
7 Msqcy

where the gravity foam mass of neutrinos, Msqg,, does not necessarily match, however,
that of photons in magnitude, despite their natural order O(Mp;). Indeed, we mention
that such foam effects need not obey the principle of equivalence in the sense of being
universal to all particle types [159,161].

Thus far, we learned that strings exhibit background independence within a perturba-
tive (noncritical) o-model formulation [142,165] where, via (17), the summation over
worldsheet genera elevates the recoil-V field into a quantum(-mechanical) operator:
(Vi)p = —i{pV;/ Mp [96,143]. Via this prescription for first quantization, it can be
shown that the B effective action is mapped to a local effective Lagrangian responsible
for the modified Dirac (Maxwell’s) equation for the neutrino (radiation) fields and the
respective MDRs (c.f. (24) and (21), above). This accordingly requires the momentum
of the particle met by a D-particle k < M;, assumed implicitly as we expanded (22) in
powers of V; which is small.

Uncertainty-Caused Delay from Stretched-String Formalism

Since the scale M; is arbitrary from a modern perspective and, for instance, in low-
scale string/brane (cosmology) models (with large extra-dimensions) [167,168], it can
be of O(10 TeV) (though it cannot be lower than this because if this were the case
we should have already seen fundamental strings experimentally), it is possible that
E ~ Mp and the effective low-energy field theory formulation would no longer be
valid for energies above this value [169]. In extending this prescription beyond such
a classical EFT so as to describe some aspects of the foam for arbitrary momenta,
in [155], a nonperturbative mechanism for the vacuum refraction-induced photon
delays was proposed based on the pertinent stringy uncertainty principles, particularly
the time—space uncertainties of the string [170],

AtAX > o (25)
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where a’ = 2 is the universal Regge slope. The microphysical modeling of the matter—
defect interaction in [150,155] shows that the intermediate string (and hence nonlocal)
state, formed in this process and stretched between the D-brane-world and the defect,
exhibits length oscillations as it stores the incident energy k¥ of the particle as potential
energy. The time spent (delay) for this string to grow to the maximal length and then
shrink back to zero size is

At ~KO/M? >0, (26)

which, as argued in [46,155], is a direct consequence of (25), describing the delay
caused in each collision of a photon (or neutrino) state with a D(-particle)-defect.
The situation may be thought of as the stringy/brany analogue of wave propagation in
conventional media, where the role of the electrons (modeled as harmonic oscillators)
is played here by space-time D-defects. (Contrary to that case, however, the string-
inspired refraction effect (c.f. (27) below) is proportional to the energy, while the
effective scale that suppresses the effect (26) is the QG (string) scale and not the
electron mass in the familiar local field theory description of the phenomenon in
solids.) The inclusion of recoil of the latter results in higher-order corrections of the
form At ~ Ea’ /(1 — |V|?), obtained by analogy of the case with that of open strings in
an external electric field [171-173]. Despite the noncommutativity of space—time from this
analogy, [X’,t] ~ V!, the uncertainty-related delays (26) are purely stringy effects and
cannot be captured by noncommutative local effective field theories which suffer from
noncausal effects. Such delays, being independent of helicities (i.e., no birefringence in
photon propagation), respect causality.

It was shown next in [50,155,174] that the overall delay experienced by a particle
interacting nontrivially with a foam that has a linear density of defects np /+/a’ via the
above-mentioned splitting is proportional to Enp/s. This corresponds to an effectively
LV index of refraction in vacuo:

0 < (E) — 1~ npa'Eop [% <1, 27)
S

where op is the matter-D-defect scattering cross-section. As argued in [50], such effects
characterize not only photons but neutrinos (antineutrinos) (or Majorana neutrinos
of both chiralities) in this foam. The new feature here is that the capture/reemission
process is described within the language of critical string theory [155]. Novelties which
have important consequences for phenomenology, as we mention later on, in this case
include the following [46,174]:

%  Thedisentanglement of the linear-in-energy time lag (26) from MDRs, given that the
model of [155] does not entail any modification of the local dispersion relations of
particles (for which the averaged Finsler dispersion corrections are proportional
to ViV* [50],

EZ
212~ O(+ kzggm). (28)
S

with the r.d.s. being quadratically suppressed by the string (mass) scale if recoil
of the defect is isotropic, ((V;))p = 0; this case may thus be thought of as imply-
ing an example of a possible failure of the velocity—energy relation, mentioned
previously, in the contexts of QG);

%  The destabilization of the vacuum [169] when the D-defect recoil velocity approaches
the relativistic velocity of light, |V|?> = O(1), as can be attained in low-scale string
models [167], in which it is possible that the particle energy k ~ M;/gs. In such
cases, At — +oo implies that particles of such energies would be destabilized (ab-
sorbed) when scattering off the D-particle, which strongly curves the surrounding
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space-time and behaves as a result like a black hole, capturing permanently the
incident particle.

(38) A Stochastic, Isotropic Foam with CPT-Violating Neutrinos

At this point, we remark that in isotropic-recoil string foam situations where ((V;))p = 0,
Lorentz invariance may be conserved on average, and it is lost only via consider-
ing recoil velocity fluctuations among statistical ensembles of defects, namely foam
types [39,49] where one assumes Gaussian stochastically fluctuating configurations
taking (’s in (17) as random variables via moments [175]:

(@p=0,  (ZV7)p = ()78 £ 0, @)

i.e., even powers of V; yield nonzero population averages. In an isotropic foam case,
as we assume here, 92, := ((({ (0)2))p|i—1,2,3 along all spatial directions. The variance,
DZD, is free, albeit small (and naturally up to O(1)), to be determined phenomenologi-
cally, as it is a function of the density of the foam, np.

The key features of the proposal in [39,49] that discriminate it from the above scenarios
include that the neutrino in vacuo propagation, due to the stochastic effects of the foam,
becomes entangled with the particle/antiparticle nature of neutrinos. We mention that
the restoration of Lorentz invariance, due to the foam-background stochasticity (29),
is a desirable feature [163] for a (string) model. In this case, although the symmetry
violations expressed via the back-reacted metric (20) are washed out statistically and
isotropy and rotational invariance are preserved, the kinematical aspects of scatterings
of (anti)neutrinos of mass m, with D-defects are at play, via [176],

E—F + <<%MDV2>>D Y., (30)
k=K' +Mp(V))p =¥k, (31)

where %Vz is the kinetic energy of a defect and (E’, k') is the averaged 4-momentum
of the reemitted particle. In (30), . . . denote corrections that are negligible in the case of
nonrelativistic recoil, and E, obtained from k,k,g"" = —m% (from which, however, the
negative E solution should be kept now), stands for the average energy for neutrino
species. Then, the outgoing (average) energy, E’, yields asymmetrically MDRs between
neutrinos and antineutrinos [39,49]:

2 2
E ~ |Em| — 0%2;\(/17, forv’s; E =~ |Ey]| —1—0292}\(472), for 7’s, (32)
where we define Ey = £1/k? + m? as the Minkowski energy of an indefinite signature.
Superluminality of antineutrinos is then established, as evidenced from their velocities,
ie., 6 = 0E/d|k| — 1 ~ |k|/ Msqcy, where the suppression scale Msqgy == Ms/ (95gs),
whilst for neutrinos 6 ~ —d%4|k|/Mp < 0 and hence the neutrino propagation is
CPT-violating.

We remark at this stage that the in vacuo dispersion for 7’s in (32) is obtained, E (k) :=
—E’ > 0, on the assumption that the antifermions have negative energies following the
“hole theory” of Dirac. These considerations can only apply to fermions as opposed to
bosons. The speed of energetic photons is slower than lower-energy ones due to their
bosonic property in this scenario. The corresponding MDR is thus identical in form to
the first expression of Equation (32) [162].

For our purposes, in this work, it is also important to remark that for the explicit
models discussed [39,49], the formalism of local effective Lagrangians breaks down
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in the sense that [156], during interactions, total energies of the observable particles
are not in general conserved, in contrast to the case of propagation. For this reason,
caution should be exercised in testing such models using the result derived from most
phenomenological studies, where energy conservation is usually assumed implicitly.
It is based upon this assumption that several anomalous processes, such as v — vee™
or v — vv¥, which would render the superluminal (anti)neutrinos unstable [177] (c.f.
some discussion in Section 6), were used to limit neutrino superluminality. However,
in such 4-particle interactions which may be factorized as products of 3-particle vertices
mediated by the exchange of an intermediate particle excitation with a momentum p,
the energy is lost in the presence of the fluctuating (in target-space) D-particle foam by
an amount of ~ (¢;/Mp)p?, where 0 < ¢ and # 02D in general controls the intensity
of the loss in the reaction. The analysis in [39,49] shows that the presence of such
losses modifies the relevant energy thresholds Ey, as

1/3
Eg =~ [4;713#} , forv — vee”, (33)
s (DD - 491)
1/3
Ep ~ [9m3#} , forv — vy, (34)
s (OD - 291)

for the reactions to occur, which stems from kinematics, in such a way that the
otherwise stringent bounds imposed from observations of ultra-high energy (UHE)
astrophysical neutrinos (E 2 100 TeV) are evaded. Indeed, as we can see, for example,
from (33), the process is forbidden in vacuum if 9, < 4¢; or effectively inhibited if
¢1 ~ (0p/2)% in case 0%, > 4¢. Hence, in the present model, generically, superluminal
antineutrinos do not suffer from the problem of (in)stability.

We conclude the theoretical part of the present review by recalling that the light
propagating in space-time D-foam entails a linearly frequency/energy-dependent refractive
index that is always subluminal, resulting in a negative variation in the light speed with
particle energy and hence a delay in the propagation of higher-energy photon over a
distance L in vacuo compared to softer ones:

AfPfoam 1 5(k0) ~ inDL, (35)
Ms

although the origin of such lags differs among D-particle models. The possibility of birefrin-
gence, namely a difference between the velocities of light with different polarizations (see
below for details) does not arise in this approach. The effect for neutrino propagation could
be foam-model dependent, since energetic neutrinos (antineutrinos) may propagate either
subluminally [50,152,155] or in a way breaking CPT. In this latter case [39,49], superluminal
antineutrinos are “protected” by the induced energy nonconservation as they interact in the
stochastic D-foam quantum-fluctuating backgrounds [175]. D-foam is also flavor blind [178],
evading tight limits from oscillation physics [179] that would be applied in LV models with
flavor (i.e., neutrino-species)-dependent modifications to neutrino dispersions. As becomes
clear in the next sections, these features render the whole approach quite attractive when
confronted with various LV tests in high-energy astrophysics.

5. Searches for Energy-Dependent Time-of-Flight Lags

In attempt to encapsulate QG phenomenology, energy-dependent propagation velocity
of relativistic particles of the form introduced at the beginning of our work (c.f. (1)) has a
broad scope to bound LV and in general violation of fundamental symmetries due to exotic
effect of the microscopic fabric of space-time. As we can see, despite being quite different,
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a plethora of Lorentz- and /or CPT-violating frameworks for QG agree in predicting such a
speed variation [19,20,41-45,107,180]. This implies, in general contexts of LV, modifications
on the in vacuo dispersions for the particles; however, again, we emphasize that it may
not be so concerning a particular QG proposal, as is, for instance, the case of the stretched-
string D-foam [46,50,150,155]. In such a case, the causal delays of the photons (neutrinos)
emerging after capture by the defect, scaling linearly with the particle energy, are purely
stringy effects, associated with time-space uncertainties and not directly with MDRs, whose
corrections, for the most physically intriguing case of no average recoil, (V;))p = 0, are
quadratically suppressed by the string scale, c.f. (28).

Nonetheless, in the presence of LV effects, photons and/or high-energy neutrinos (with
negligible masses m, < 1 eV [181]) with different energies should spend slightly different
time of flight to reach the observer, regardless of whether the variation (1) can be interpreted
as a traceable result of MDRs. This plays an indispensable role in the search of LV signa-
tures in astroparticles because of the high energies and the gigantic propagation distances.
The technique, known as time-of-flight (TOF) test, as was first suggested in [35,134] (and
in [36]), has been extensively studied in the literature ([107,166,180,182-187], to men-
tion a few). Various observations of the sharp energetic signals from distant sources,
such as GRBs (as registered by the Fermi satellite [5,6,184] and other ground-based
telescopes [188,189]), pulsars [190], and active galactic nuclei (AGNSs) or blazars [191-196],
have already achieved the required sensitivity to the propagation effect induced by QG.

Over the past decade or so, dedicated exploration of a possible signature of anomalous
light-speed variation has been carried out using the time lags in the arrival of cosmic y-rays
coming from GRBs [13,14,18-32] and AGNs [196]. It is such kind of studies as well as
an analogous statistical signal [11-17,197] in the propagation of cosmic neutrinos that we
restrict our attention to for the purposes of this review. We try to see what these results
imply for the QG models of stringy (D-particle) space-time foam discussed above and how
the latter compare with other LV field theories available to date.

For massless particles such as photons and approximately energetic astroparticles (neu-
trinos, in particular |k|, E > m, and |k| ~ E), from an astrophysical source (say, a GRB) at
redshift z, the time difference due to (1) can be written upon taking into account the cosmic

expansion as [38,182]
Ku(AE, 2)

n 7
ELV n

Aty (E, z) = (14 2)sy (36)
where n = 1 corresponds to linear dependence of the particle energy (the case of particular
interest to us here), AE" is the energy difference between particles of high energies E; and
those with low energies E;, AE" = E; — E}' measured in the observer reference frame, and

14+n AE" 1+5)

Kn(BE,z2) = —5— 1+ZH0/ RVCTER ey

(37)

is the (nth-order) LV factor, where Hj is the present Hubble parameter and )5, (), are the
cosmological parameters evaluated today. In this type of study, E; (of order O(1-100 keV))
is negligible, as it is significantly smaller than Ej, which lies in the range of GeV to multi-TeV
for cosmic photons and up to PeV for neutrinos; hence, in (36), AE ~ Ej,. The authors
of [38] first derived the formula in the ACDM model, and it was further verified in Finsler
space—times where MDR is introduced consistently [118,119]. Although the analysis is
insensitive to cosmology [198,199], there are cosmological-model-independent approaches
also; see, for instance, [200-202].

In [166,182], the authors reported early studies for this type of test, prior to the launch
of the high-precision Fermi y-ray Space Telescope (FGST). Later, in [180], as we now come to
introduce, a robust strategy to conduct collective analysis over the photon data from differ-
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ent observations was developed. The Large Area Telescope (LAT) on board the FGST [203]
discovered that high-energy photons arrived O(0.1-10 s) later relative to the low-energy
ones [5,6], which might present potential evidence for subluminal LV expected by the
above D-particle space-time foam models. However, the determination of the possible
LV-induced time lag from observational data is not a trivial task. Apart from conventional
astrophysical explanation of such effects (i.e., the matter in the Universe may also cause
dispersion effects and associated delays in the propagation of light [204]), photons are in
general not radiated simultaneously at the source. So, there is an intrinsic source-induced
lag Atint which is not known due to our imperfect knowledge of the radiation mechanism
of GRBs. It has been suggested, though, in [19,180] that the contributions from source
effects can be disentangled from that of QG effects, if one can achieve a statistical survey,
combining data from multiple GRB sources at different redshifts. The basic idea is that
the LV time delay (36) which is a gravitational medium effect as in the string D-foam mod-
els (c.f. (35), above) accumulates with the propagation distance but intrinsic time difference
does not. So, the observed arrival time lag of the particle is Atyps = Aty + (1 + 2)Ating,
that is, what one can obtain from data, Aty = t, — t;, where tn(ry is the arrival time of the
high (low) energy event. Since Atj; is unknown, in the analysis, it is useful to reexpress
this formula as

AtObS ICn
—obs — A .
1 P int + Sn ELV,n (38)

The suffixes n in the above formulae are omitted in the case of the linear form correction to
the particle velocity, i.e., the n = 1 case, that is the situation largely favored by the current
data (see below).

As we can see from (38), if the energy-dependent speed variation of GRB photons
really existed, there would be a linear correlation between Atqps/ (1 +2z) = Y and IC,,.
Photons with same intrinsic emission time would fall onto a same line in the V-K,, plot,
and then one could extract the value of Eyy /s, from the slope of that line and determine
Atint of them as the V-intercept. Initially, as in the seminal work [180] of this area, At was
taken as a constant, Atjn¢(const.) [13,14,19-28], whilst we note that it appears essential to
invoke a more general form for intrinsic lags [30-32] with, say, a dependence on the photon
energy in GRB source frame [29]. We come back later on this point.

The situation changes significantly when one extends this type of LV study to neutrinos,
because unlike photons, neutrinos can escape from dense astrophysical environments. UHE
cosmic neutrinos can then reach the Earth, serving as an ideal portal to reveal the tiny
QG effects (if the latter exist) [10,36,183]. Indeed, the energies of extragalactic neutrinos
detected by IceCube neutrino observatory range from several TeVs to a few PeVs, so
the time delay or advance of PeV neutrinos can be up to a few months. Although to
this day, for the UHE neutrino events [7-9] observed, the collaboration announces no
significant connection with GRBs in a short temporal window (of a few hundred seconds),
from the above consideration, the authors of [11] first associated IceCube 60-500 TeV
“shower” events in an expanded time range of 3 days with GRB candidates based on the
best correlation together with direction and time criteria [11-15].

With the above-described strategy of analysis, a positive signal that may be compatible
with LV was exposed in time-of-flight photon delays and from the probable associations of
IceCube neutrinos with GRBs [13-32,196]:

. Light-Speed Variation from GRB/AGN Photons?

The time of flight of GRB y-rays is the clearest test to search for the minuscule effects of
LV of the photon sector as GRBs are intense flashes within milliseconds due to collapsing
massive stars at distant parts of the Universe. Thus, the most convincing results are
provided. In [19,20], high-energy photons of multi-GeV energies from different GRBs of



Symmetry 2025, 17, 974

18 of 47

the Fermi telescope were analyzed collectively, and the later work [21,22] used the first
main peak in the low-energy light curve rather than the trigger time of the Gamma-ray
Burst Monitor (GBM) [205] on board the FGST as the low-energy characteristic time, t;.
Via testing arrival time differences between energetic photons with the corresponding
low-energy photon emissions for Fermi-LAT GRBs with known redshifts, it was found
with surprise that eight events from five long bursts fall on an inclined line (which we
refer as the mainline afterward in later studies) in the V-K,,—; plot, and this regularity
revealed for the time lags between photons of different energies gained strong support
from the 51.9 GeV event of GRB 160509A that falls exactly on the same mainline [22].
This regularity indicates a linearly suppressed light-speed variation which is subluminal,
s = +1, and of the following form (it has been demonstrated explicitly [21] that
compared to quadratic-order correction of the light speed, the linear LV scenario is
more favored by data with stronger regularities):

04(E) =1—E/Epy,, with Ery, ~ 3 x 107 GeV, (39)

i.e., of the type expected in D-foam models [47]. Some progress has been made
in [23-28] on testing the effect carefully from analysis of high-energy photons (in the
GeV and TeV range) observed by Fermi and other instruments, such as the Major
Atmospheric Gamma-ray Imaging Cerenkov (MAGIC) telescope and LHAASO. Tt
is worth noticing that this estimate on Eyy,, is comparable to plenty of bounds set
by similar TOF studies of GRB y-ray data [180,182,184,206-209]. AGNs [191-193,196]
and pulsars [210,211] were also utilized to detect in vacuo light-speed dispersion with
this method, and the results are consistent with (39), including the constraint [212]
from recent observations of y-rays up to 20 TeV from the Vela pulsar [213].

In fact, just about a year before the Fermi measurements, in July 2006, the High-Energy
Stereoscopic System (H.E.S.S.) observed a time lag ~20 s [194] between energy bands
of 200-800 GeV and > 800 GeV during a flare of the blazar PKS 2155-304, leading to a
slighter tighter lower bound for Eyy., which seems incompatible with Equation (39).
However, as argued in the later study [196], it is possible to accommodate the findings
of H.E.S.S. with the light-speed variation from GRB photons, provided that the latter
can be trusted. It was also shown that the O(1 min) delays of the TeV photons of AGN
Markarian (Mrk) 501 [192,214] at the MAGIC can be fitted with the same LV scenario
as the early observation of Mrk 421, for which no distinct lag was found between light
curves of different energy bands [19,191]. (In contrast to GRB photon lag tests, these
studies were carried out based upon the assumption Atj,; = 0 as the time is not yet
ripe for a joint analysis of AGNs with similar features but different redshifts to reveal
the source effects due to the scarcity of data available [155,183]).

We also notice, of course, the discrepancies in the limits to Ejy,, in several other stud-
ies compared to the above findings. The primary factor contributing to the conflicts lies
in the additional premises about the intrinsic timing for photons of different energies
that these studies commonly make as they only study individual y-rays from a single
source. It is in this way that trans-Planckian lower limits on the scale are inferred from,
for instance, the O(0.1 s) delays of the ~31 GeV photon from the extremely short-burst
GRB 090510 [107,215-218], observed by Fermi [6], and /or the MAGIC 1.07 TeV event of
GRB 190114C [188,189]. In contrast, there is no such assumption in a statistical approach
to TOF, with Ati; derived solely from data fitting.

The global fits of 14 multi-GeV photons from 8 Fermi GRBs directly point to negative
Y-intercepts (see Figure 2 of [22]) and for the mainline photons Aty = —10.7 s, thereby
implying that, at sources, energetic photons are emitted prior to softer ones. The short
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GRB 090510 event falls in this case on a parallel line lower than the mainline indicating
the same Eyy,, as (39). Such a prediction on the preburst stage for emission of high-energy
photons (before the prompt phase of GRBs) has been further examined in [16,25-27,29]
with favorable signals, supporting the cooling nature of GRBs. In one of these recent
works [29], the authors reanalyze the same dataset of Fermi by incorporating a possible
source energy-Eg,-dependent term for intrinsic time delay of photons,

Atipg = “Eh,sr + Atim(const.), Eh,sr = (1 + Z)Eh, (40)

where « is a proportional factor. We discard contributions from low-energy photons
for reasons mentioned before, and they also imply consistent results with the previous
works [21,22]. Still, as the whole analysis yielding such encouraging outcomes remains
preliminary at present, evidently, we have to see whether they withstand, as more
data are accrued. Fortunately, the operation of LHAASO that has already kicked off a
new era in y-ray astronomy due to their discovery of PeV photons [57] can help in
this purpose. Lately, very-high-energy (VHE) -ray emission (E 2 100 GeV) beyond
10 TeV from a GRB was measured.

% LHAASO Observations of GRB 221009A [60-62]

LHAASOQ is a new-generation air shower detector array in China aiming to study
the Universe at VHEs/UHEs in cosmic and vy-rays [55,56]. It includes a surface
Water Cerenkov Detector Array (WCDA), a Kilometer Square Array (KM2A),
and a Wide Field-of-view Cerenkov Telescope Array (WFCTA), covering a to-
tal area of 1.36 km?. On 9 October 2022, LHAASO observed the unprecedent-
edly bright GRB 221009A (z ~ 0.15). After the GBM trigger [219,220], WCDA
captured over 64,000 events in the 0.2-7 TeV energy range [61] while KM2A
registered [62] more than 140 events with energies above 3 TeV, recording the
highest photon statistics in the TeV band ever from a GRB. The greatest GRB
photon energy ever observed is about 99.3 GeV with Fermi-LAT [221,222] and
about 251 TeV by Carpet-2 [223]. LHAASO initially reported photons up to
18 TeV [60] while later refined analysis in [62] reduced the value to roughly
12.2 TeV. Named brightest-of-all-time (BOAT), this GRB was also registered by
other space missions [224-238] and ground-based detectors like Carpet-3, which
lately reports even higher energy (~300 TeV) [239]. These characteristics render
this signal a unique opportunity to detect LV in the photon sector.

By adopting the newly proposed model for intrinsic timing (40) in order to take
proper account of the complex behaviors of GRB source effects, the very recent
studies [30-32] analyze three exceptional events—the MAGIC 1.07 TeV event of
GRB 190114C, the FGST 99.3 GeV photon, and LHAASO 12.2 TeV photon of BOAT—
alongside the prior Fermi-LAT data with a Bayesian parameter estimation method [29].
Intriguingly, the results support the same physical scenario for photons covering an
energy band from a few tens of GeVs up to a dozen of TeVs with a, Atjyny < 0 and
Epryv, ~ 3 x 107 GeV. The direct evidence in support of the preburst stage of BOAT
is presented in [240]. It is this feature that elucidates why these observations differ
from those stringent limits in the literature [241-243]. As shown in [31], the functional
form of Aty (40) is selected by data devoid of any biased assumptions. If one is
tempted to have higher-order terms, say, Atin; = Atin(const.) + aEg + BE2 + vES,,
or a redshift dependence of the factors, like a(z) = a + a1 (z — z) + ap(z — 2)? (where z
is the average redshift of all 17 events), the fits show explicitly that 8,y — 0, a1, a2 ~ 0,
respectively. It is remarkable that the null-hypothesis of dispersion-free vacuum (i.e.,
the constant light-speed, v, = 1) is rejected at a significance level of 3.1 ¢ [31]. Evi-
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dently, these findings indicate, therefore, for photons traveling through cosmic space
the presence of light-speed modifications of the type expected [47] to be encountered in
models of QG-induced space-time foam, coming from brane/string theory [39,48-50].
Neutrino-Speed Variation from IceCube Events?

This strategy has been applied to not only GRB photons but also GRB-neutrinos [11-17]
(and the combination of the two [13]). By “GRB-neutrinos” here we mean candidate
GRB neutrinos, suggested via such kind of analyses, from the plausible associations of
IceCube neutrino events with GRBs. IceCube has observed plenty of UHE neutrinos
of energies beyond 30 TeV, including a couple of PeV events [7-9,244]. While GRBs are
considered one class of potential sources of these cosmic neutrinos (as in the fireball
model of GRBs [245], for instance), the collaboration only reported correlations of
GRBs with neutrinos of lower energies around 1 TeV (we term them “near-TeV” events)
in a close time window, mentioned previously, deducing that they are compatible with
the atmospheric backgrounds [246-248].

In [13], the authors made the breakthrough to identify coincident detections of neutri-
nos and photons from the same GRB via expanding the temporal window between
the neutrinos and associated GRBs to a few days. This is reasonable provided the
time differences due to LV corrections could be extended by the ultra-high energies
and the cosmologically large propagation distances of neutrinos in a quantum space—
time. For the nine shower neutrinos with energies from 60 TeV to 500 TeV, at the
IceCube, they revealed [11-13] roughly compatible speed variation features as ex-
posed in analyses of GRB photons from associating these neutrinos with several GRBs.
It was soon noticed that four IceCube PeV neutrinos (three shower events [7-9] plus a
“track” event [244]) are associated with GRBs within a time range of three months [15].
These four PeV-scale neutrinos (with energies up to the highest at 2.6 PeV) fall on the
same straight line for the events in the multi-TeV range, implying a linearly energy-
dependent speed variation of GRB-neutrinos:

v,(E) =1F E/ELy,, with Ey, ~ 6.4 x 1017 GeV, (41)

The estimate of the scale Eyy, for cosmic neutrinos is consistent with other TOF bounds
available today, coming from, say, neutrino pulses from supernovae [185,249] or other
energetic events from IceCube, e.g., [186]. (We note that the limit of Eyy, > 0.01Ep;
therein was derived from the association [250] between one of the PeV events (#35)
with the blazar PKS B1424-418. But even if the event came from this blazar instead of
the GRB suggested in [15], their result is still compatible with the value of (41).) Itis
also compatible with those limits [187,251,252] from multimessenger observations of
blazar TXS 0506+056 coincident with a 290 TeV tracklike neutrino [253,254].

Rather intriguingly, contrary to the GRB photons, there are both “late” (Aty,s > 0) and
“early” (Atyps < 0) neutrinos, also referred to as time delay, At;y > 0 (c.f. s = +1),
and advance Aty < 0 (s = —1) events for TeV and PeV scale neutrinos (for near-TeV
events [16], it is not the case, as their observed lags are competitive in magnitude to
intrinsic ones) as the intrinsic lag Atjn (of order O(1 h) determined by data) is too
short to make a difference compared to LV time lags (a few days to months). This can
be explained by different propagation properties between neutrinos and antineutrinos
provided the IceCube detector cannot tell the chiralities for the neutrinos (except for
Glashow resonance [255] events, like the one lately registered [256]). Then, either
neutrinos or antineutrinos are superluminal, and the other ones are subluminal,
indicating CPT violation of the neutrino sector or an asymmetry between matter
and antimatter [197]. Nonetheless, we still need to seek additional support for such
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findings. It was soon shown that 12 near-TeV northern hemisphere track events
from IceCube fall on the same line [16], and that another 3 or more multi-TeV track
neutrinos (above 30 TeV) can also be associated with GRBs under the same Lorentz
violation scenario [17].

We lately noted [50], however, that all these track events being probably GRB neutrinos
with retarded travel times (i.e., delay events) might point to a stronger signature for the
subluminal aspect of cosmic neutrino LV if compared to the 60 TeV to 2 PeV regularity,
just revisited (41) [11-15]. In fact, IceCube collaboration recently performed significant
revision of the directional information of the neutrinos [52], and a reanalysis [51] of the
recalibrated data of events 260 TeV investigated whether (and, if so, how) this affects
the above LV/CPTYV features in cosmic neutrinos. It was found that, for events subject
to propagation time delays, the signal is even stronger than deduced with the previous
incorrect estimates of the directions, while there seems less encouragement for the QG
effects speeding up neutrinos (or antineutrinos) (given the whopping probability of
accidentally finding that feature).

Savvy readers may recognize that this scenario is consistent with the stringy space—
time foam models where neutrinos/antineutrinos can only be slowed down [50,152,155],
as discussed in the previous section. However, in our opinion, support from the presently
available data for early neutrinos undergoing acceleration by the effects of LV has yet
not completely evaporated, not even models able to fit such a picture, especially the QG
backgrounds of stochastic D-foam [39,49] which, as we have seen, entail CPT-violating
vacuum refraction effects for neutrinos. It has been found [197] that interpreting these
time advance events with the CPT-odd feature of the linear LV modification within EFT
framework faces difficulties because such superluminal neutrinos quickly lose energy
via, say, v — vee™. In contrast, such an issue does not arise in our stochastic D-particle
foam model where, as already mentioned, violations of the energy conservation during
such processes enable the practically stable propagation of these (anti)neutrinos, hence
the evasion of the stringent constraints (in Section 6). This is an advantage of the brane
D-foam approach, where consistent QG descriptions for the findings of neutrino-speed
variation in [13-17] can be developed [49,50].

Evidence in favor of the preburst stage of GRBs has also been found from such
neutrino analyses. For instance, in [16], an intrinsic time difference which, again, is
negative and about —300 s, was obtained alongside (41) from data fits. Combined
with LV studies on GRB photons [14,19-32], the results suggest a physical scenario of
intrinsic properties that may be in support of the GRB fireball model [245]: about a
few hundred seconds before the outburst of low-energy electromagnetic signals at the
source, a pre-neutrino burst first happens, and because of the big time lags or leads
for the velocity variation of UHE neutrinos, we can observe them even a few months
later or before the arrival of y-ray signals; then, high-energy photons come out prior
to the subsequent prompt low-energy photons, but they travel slower than the latter
due to light-speed variation. So some of them can be observed after low-energy lights,
as in Fermi GRBs [5,6], while others should arrive before the trigger if the preburst
stage exists, as is indeed the case in the LHAASO observation of BOAT [240].
Despite finding intriguing preliminary indications of QG as advocated here, we have
to stress that the results should be treated with care, since they still rely on very limited
data. There is no reason to jump to any conclusions, also because at current stage, none
of these “GRB-neutrinos” have been ascertained as being neutrinos from GRBs: some
of the neutrino—GRB associations can occur just accidentally (without any linear LV
effect). But if such associations become numerous enough, as new data are available,
it would, evidently, be meaningful. Most recently, the KM3NeT detectors observed
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the highest-energy cosmic neutrino ever registered [257,258]. And when associated
with a GRB suggested by the authors of [259], this 220 PeV neutrino provides a bound
for the subluminal LV scale: Ery, ~ (4 —10) x 107 GeV, which is compatible with the
priorly determined value in (41). There still remain other potential (GRB) sources [260],
with Epy, varying up to an order of magnitude around O(10'7 GeV). We expect that
more refined multimessenger analyses to be developed in the future may allow to
further check the revealed regularity.

Whether or not these preliminary statistical signatures of LV imprints on the propaga-
tion of particles withstand further experimental tests, analyses revisited here are signaling
the start of a more mature phase of QG phenomenology. Particularly, during the last few
decades of fundamental physics, results even more encouraging than these have gradually
faded away, and we are therefore well prepared to see these cosmic photons and neutrinos
have that fate or, if any of the features here contemplated find greater support, as more
data are accrued. Nonetheless, findings of a strong correlation between energy and time of
arrival (36) (where n = 1)—a correlation of just the type expected in the aforementioned D-
particle space-time foam models (c.f. (35)) due to induced index of refraction in vacuo—have
motivated possible interpretations of the effects by such models [39,47-50]. However, if the
latter have a chance of being true, they must respect all other complementary astrophysical
constraints for LV available to date. As we mentioned earlier, it seems that at present, only
this kind of string theory models of quantum foam, where only photons and neutrinos are
susceptible to foam effects, could stand up to this chance.

A positive signal of LV in photon travel-time lags at the scale of a few 107 GeV would
defy birefringence constraints, to be briefly reviewed in the next section, at least in the
SME framework (5), but this never poses a dilemma if it can be attributed to (subluminal)
photon propagation in D-brane foam, which leads to the absence of birefringence [46—48].
Then, for a uniform D-foam density, at least for late epochs of the Universe’s history, say,
z <10 (the GRB farthest from us, z ~ 8), an order of magnitude

M
—— _ ~ 10 GeV, np(z < 10) ~ const., 42)

8s1p(2)
determined for the effective QG mass, by comparison with the above findings of the energy-
dependent speed variations of GRB photons and neutrinos, is sufficient to make the D-foam
explanation of such latter effects viable. On the other hand, with this estimate, such models
can also accommodate the rather impressive results both for the CPTV neutrino scenario
and for the subluminal neutrino picture with enhanced signals [51] in the corrected IceCube
data [49,50].

A key observation here is that different scenarios of LV yield different phenomeno-
logical predictions: while delays in the time of flight of ultrarelativistic particle could be
a common signature, other constraints, from modifications or appearance of thresholds
of reactions to birefringence constraints, do not apply in the same form. And many more
measurements at various cosmological distances (redshifts) are needed before we falsify
a model, such as the string D-foam scenario(s), for instance, espoused here. With new
data that Fermi, LHAASO, and IceCube, KM3NeT, or future Tropical Deep-sea Neutrino
Telescope (TRIDENT) [261] continue to report but are still to come, this will hopefully
become possible in the foreseeable future.

6. Complementary Tests with Astroparticles

The sensitivity of the purely kinematical time-of-flight observations to the Planck-scale
physics (42), at least for a linearly suppressed effect in high-energy astrophysics, calls for an
immediate confrontation with other sensitive probes of nontrivial optical properties of QG
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medium. Indeed, these latter measurements offer alternative (and independent) ways to
test Lorentz invariance and imply already very stringent constraints for specific types of LV,
as we now come to discuss, mainly focusing on observational limits in the photon-electron
of the QED and neutrino sectors. We are brief in our description of these complementary
astrophysical tests on QG-inspired MDRs to avoid large digression from our main point of
this review which is to discuss LV situations where string theory predictions can be falsified
by (astro)particle physics processes and experiments.

One of the most discussed linear-order LV modifications to photon dispersion relations,
for example, in EFT LV dimension-5 QED (5) or loop QG model of [82], entails a dependence
of light speed on photon polarization, i.e., birefringence, as the ground state of such theories
breaks reflexion symmetry (parity). The fact that group velocities of photons of the same
energy but opposite helicities, denoted by =+, differ slightly in such models,

0ye) = 1F w/Efy,, (43)

indicates that the polarization vector of a linearly polarized light (of frequency w) rotates
in the course of wave propagation over a cosmological distance through the angle [262,263]

IC(wz,z)

+
2Ef,,

|AOLy (w,z)| ~ (1+2z) , forn=1LV, (44)

where we plug in the LV-sign (or helicity) factor s = 1 and the scale Eicv describes the
broken degree of parity/CPT (not to be confused with Ery, which is related with either the
subluminal (s = +1) or superluminal (s = —1) scenario). Polarimetric observations of light,
from a plethora of astrophysical objects including the Crab Nebula [264] (e.g., [133,265-271];
for recent bounds, see Table 1 of [48], and for reviews, [41-45,272]) rule out this phenomenon
unless it occurs at a scale (way) beyond the Planck mass, Ef\M > (107-10'®) x Epj (or one
expects the order of suppression of the effect, n > 1).

An important comment arises at this stage concerning the meaning of a LV scale higher
than the Planck mass. First, we note that such results can be translated also into constraints
in the LV SME model (5), indicating ¢ far below its natural order O(1), which means that
extra suppression of the LV effects has to be invoked. Similarly, this may be considered a
strong indication that certain (n = 1 birefringent in this case) types of QG-inspired LV are
excluded on naturalness grounds, because there is no mechanism to account for Eyy >> Ep;
within these contexts. Nonetheless, we should mention that what one calls a natural scale
of QG is highly model-dependent and it depends, for instance, in string models of D-foam,
on a combination of model parameters (c.f. (42)); hence, any possible trans-Planckian values
of the scale, if required by future GRB arrival time test, can be easily satisfied with more
dilute foam populations.

Consequently, if quantized space-time is indeed causing energy-dependent corrections
to the speed of particles at the first order, birefringent LV scenarios with a helicity-dependent
speed of light (43) where both s = +1 and s = —1 are permissible will be strongly disfavored.
On the other hand, it is clear from our analysis (in Section 4 above) and that of [46-50], there
is no microscopic model dependence of the induced deformations of the light propagation
other than the subluminal nature of the D-foam-induced refractive index and the associated
lack of birefringence, namely the blindness of foam to photon helicities. This is an important
feature which allows the phenomenological findings of light-speed variation (39) to survive
naturally the stringent constraints obtained from vacuum LV birefringence tests as we
explained in closing the previous section.

An interesting phenomenology of threshold reactions has been introduced, besides the
above-cited TOF and birefringence studies if one adopts a phenomenological framework of
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LV, justifying the use of deformed particle dispersion relations. However, not all these tests
are similarly robust for the underlying QG physical framework because the cumulative
effects exclusively use the form of the energy-dependent speed variations (1), while testing
LV corrections in particle reactions would depend on the use of such MDRs and the usual
assumption of strict energy-momentum conservation. Such premises stem from the validity
of local EFT description of QG effects on particles with E < Ep;. Thus, the upshot of this is
the Hamiltonian dynamics, such that the velocity J7 (1) can be derived from the following
MDR (albeit not necessarily regarding particular QG (D-foam) model mentioned earlier):

E7 — p7 + (sEp*/Ery)z ~ m3, (45)

where the suffix Z denotes the particle types, 7 = vy, e or v/v. With the standard laws of
energy-momentum conservation, this can lead to peculiar (threshold) reactions beyond
SM, characterized by the following features [273,274]:

e Existing thresholds of reactions can shift and upper thresholds (i.e., maximal incoming
momenta below which the process is allowed to occur) can appear.

*  New, anomalous (normally forbidden) channels can happen.

e Threshold configurations still correspond to head-on collisions with parallel
outgoing particles.

There are three major classes of complementary astrophysical limits, coming from such
effects of the photon, electron, and neutrino, respectively, to be considered in any attempt
to interpret the speed variation (39), (41), or more general y-ray/neutrino astrophysics
results in terms of QG-induced anomalies in particle dispersion.

(1) Implications or Bounds from Energetic y-Ray Annihilation and Self-Decay

x* It has been well established that in SR, pair production, 7y, — ee™, plays a

crucial role in making our Universe opaque to energetic y-rays as these are anni-
hilated in this way by very-low-energy cosmic background lights (y;) such as the
ones of the IR extragalactic background light (EBL), or cosmic microwave back-
ground (CMB) radiation that populates the Universe today as a relic from the Big-
Bang era. Let us call wy, the (low) energy of the target photon <y;; then, the thresh-
old in SR for the annihilation occurs with the 7y-ray photon having energy,
E, = m? /wy ~ 411 TeV if the soft photon is from CMB [40,275] or about 261 GeV
for EBL absorption [69]. This results in an attenuation of the measured photon
flux at VHEs and UHEs, as such reactions prevent photons above these (lower)
thresholds from propagating vast distances in cosmic space.
In the presence of subluminal photon MDRs, like the ones used in the aforemen-
tioned QG interpretation of the effect (39), the threshold is in general altered,
such that CMB (or EBL) may be more transparent to high-energy -rays (com-
pared to the Lorentz-invariant case). Indeed, it has been found that the following
threshold, for the soft photon to absorb a high-energy y-ray [1,40,276] (the elec-
tron/positron LV effect is temporarily ignored in obtaining (46) from the threshold
theorem [273] since it is absent in D-foam models and indeed severely constrained
by experiments; see below):

2
_me 1/ Ey _
Wy (Ey) = £+ 4( ELW)E”’ for s, = +1, (46)

has a minimum, which can be attained at the critical energy E., o = (ZmSELVa/)l/ 3
then, that for E, > E, ¢, with the increase in y-ray energy wy 4, also increases.

As the number density of background lights decreases with energy, there are less
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soft photons to annihilate with energetic y-rays above E,, ¢;; therefore, a recovery
of the high-energy photon flux is expected. Detailed analysis by considering
instead the thresholds of high-energy photon, E, 4, exposes three distinct LV
phenomena from the kinematics (threshold) equation at the leading order [275]

4wy,  4m?
by = flk) =23 = 2L, fork >0, 47)
where /, = s,/Ery, and we assume their 4-momenta p, = (E,,0,0,k),

Py, = (wp,0,0,—wyp) where E, and k = |p,| obey (45), while any LV of soft
photon is neglected as w, < E,. With the fact that f(k) has only one zero
k = m?2 /wy, that is just the threshold of SR, while that the maximum of f occurs at
ker = 3m?/(2wy), where £, o = max f, one can sort out whether ¢, = f(k) hasa
solution, that is, a threshold, ky,, and whether ky, (if more than one) are lower or
upper ones leading to different threshold behaviors [275]:

Casea If {, > l,o = 16wy /(27m}), even a lower threshold does not ex-
ist, then subluminal photons with Epy, < E,;}r ~ 4.5 x 105 GeV,
e.g., (39), cannot be absorbed by background photons of energy wy, (here
taken as CMB photons as an illustration, with the mean energy
wp ~ 6.35 x 107% eV). As vy, — eet is kinematically forbidden, the op-
tical transparency of CMB to cosmic photons of high energies is expected.

Caseb If 0 < £y < {yc, an upper threshold k; [273,277] can develop for
which the process does not occur. Thus, when interacting with the
vy background, a subluminal photon can create an ee™ pair only if
Ey € [Ey(kg), E4(k7)], with the lower threshold kg, > m?2/wj. This
implies the reappearance of photons at energies above E (k- ).

Casec If /, <0, there is only one solution for (47), and this kt<h is smaller than
expected in SR and QED, namely a reduction in the lower threshold.
However, as photons are superluminal, the y-decay process dominates,
where it results in a cutoff and no photons are observable above the
decay threshold (c.f. (49), below), so we do not dwell much on this case.

For systematic studies on such threshold anomalies in, say, n > 1LV, see [273,274].
We note that such phenomena were first advanced to resolve the so-called “TeV-y
paradox” (c.f. for 20 TeV photons striking IR background lights, the experimental
indication of an excess in the spectra of Mrk 421 and Mrk 501) [277-281], and more
refined studies on LV impacts on EBL opacity were carried out with observations
of especially TeV blazars [282-287].

As of recent, an important part of the interest on this is due to the first measure-
ments of PeV cosmic photons by LHAASO [57]. While the fact that without LV
photons with energies above the threshold 411 TeV should be depleted during
their travel to Earth by striking the CMB radiation may be pointing to new physics
beyond SM [40,68], such PeV events originating in the nearby Cygnus can still be
observed upon taking into account the absorption lengths (free paths) of these
photons [275,288]. However, if multi-TeV and PeV photons can be associated
with extragalactic origins according to the strategy depicted in [70,275], they may
serve as convincing signals for the subluminal photon LV features as Case a and
Case b both indicate. To quantitively study the attenuation by EBL in the form of
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e~ ™, the optical depth 7, (E,, z) which quantifies the dimming of the spectrum
of the source at redshift z is introduced [69,282]:

z dt ! 1— He [
Ty(Ey 2) = / dj—- / dpg d@yn (@p, )07 (Ey, @, o), (48)
o “di/ 2 @p,th
where g = cos 6 with the angle 6 between two interacting photons 6 € [, 7],
Ny = on/owy is the EBL photon number density and @y 4 = wpm(Ey, 1o),
&y = (1+3)E, and 0, are the cross-sections of the process. For a flat Universe,
the differential of time is dt = [(1 + 3)Hov/Qm(1 +3)3 + Qa] 'dj. Recently,
threshold anomalies were widely used [69-73,289,290] to interpret possible ex-

cesses of VHE v-rays of GRB 221009A, which may pose a challenge to standard
physics as it requires more transparency in intergalactic space than traditionally
expected [62]. We notice that while for WCDA photons < 10 TeV [61], the sup-
pression due to EBLs still allows them to arrive on Earth, the 18 TeV photon,
as initially reported by KM2A [60], for which the flux is suppressed by at least
108 [69,70], signals an excess which is very likely to contradict the SR. The au-
thors of [73] showed that subluminal photon LV with Epy, < 0.1 x Epj provides a
viable explanation for this signal after correcting for EBL absorption [62] (Whether
that 18 TeV photon clashes with conventional physics [291] and necessitates the
LV effect [62,292] remains a matter of debate; however, taking at face value the
highest-energy Carpet event from GRB 221009A now at 300 TeV [239] would
unequivocally imply an evidence for anomalies) (alternatively, one may con-
sider an axion origin of this event (e.g., [292-294])). Despite uncertainties of
EBL models [72], we still find that this primary suggestion is consistent with the
aforementioned findings from GRB time lag studies, with Ery,, found via such
threshold anomaly analyses very near the reduced Planck mass of order 10'8 GeV,
which notably is the order of M; in traditional string theories.

While normally the process for a single photon to create an ee™ pair (spontaneous
decay) is forbidden by SR, it may be allowed by the presence of LV. Indeed, setting
wyp = 0in (47) yields a wild estimate of the threshold, consistent with that derived
from the threshold theorem [273]

2
4me ELV7

1/3
ki, ~ (— ) , for Ey > m,, (49)

Sy
which allows the process if s, = —1 (c.f. superluminal photons). It was
shown [295,296] that the rate raises like k2/ Ery, above threshold and is of the
order (10 ns)~! for a 10 TeV photon [42,43]. Hence, 7 — ee*t, once kinemat-
ically allowed, is quite efficient [274] and would lead to a sharp cutoff in the
spectrum of y-rays at UHEs beyond which no particle should reach Earth. This
justifies the use of the threshold values (49) to constrain superluminal LV in
photons, so the explicit limit from any observation of high-energy cosmic y-ray is
Evvy 2 E5/ (4m7).

This phenomenon has been extensively studied in the contexts of general
MDRs and effective field theories pertaining to the SME (see, for instance,
in [42-45,297,298]). Earlier tests were reported via considering the stability of
~20 TeV photons from the Crab Nebula [297] and adopting later in [299,300]
the detection of events up to 50 TeV [301], while the advent of new data from
the High-Energy Gamma-Ray Astronomy (HEGRA) telescopes [302] and the
observations of the supernova remnant (SNR) RX J1713.7-3946 by H.E.S.S. [303]
allowed more restrictive limits [298,304,305] due to the nonobservation of the
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effect. A tighter result comes from <y-rays around 100 TeV detected by High-
Altitude Water Cerenkov (HAWC) telescopes [306] where, combining the Crab
and three other sources, the exclusion limit Eyy, > 2.22 x 10?2 GeV was inferred
at 20.
A significant improvement was presented very recently in [40,68] (and, e.g.,
in [63,64]) with the result that exceeds the sensitivity of the aforementioned
experiments to such superluminal LV photon features by 2 (1 — 4) orders of
magnitude. These studies take advantage of the breakthrough made by LHAASO
to detect the UHE y-ray emission of 12 Galactic PeVatrons [57]. A crude esti-
mate about the strongest limit one can obtain from this dataset was deduced as
Ery, > 2.7 x 10%* GeV [40] by inserting E, ~ 1.42 PeV of the extremely-high-
energy single event in (49), i.e.,

E, \3

Erv, 2 9.57 x 107 ev( - PeV) , fors, = —1, (50)

while later the collaboration article [63] complemented the study of [40], re-
porting similar (and more robust) results based on the lack of sharp spectrum
cutoffs in two of their sources. The most recent findings of LHAASO on the
highest-energy photon signal of energy ~2.5 PeV, ever observed by a human
from the Cygnus bubble [59] further tightened the above bound by a factor of
~ 5 [162]. Such results severely restrict LV theories allowing y-decays such as
dimension-5 (CPT-odd) LV operators (5) within the SME, where the induced pho-
ton MDR (6) is nothing but an analogy to the phenomenological relation (45) in the
context by the replacement (s /Ery,) + (F2¢/Mp). The resulting constraint,
& < O(107% —1077) [40,162], is, however, still about 10 orders of magnitude
weaker than the most stringent limit to date on this birefringent SME coefficient
¢ from polarimetry of GRBs [271]. As becomes clear from our discussion in
Section 3, the subluminal photons, which are also characterized by ¢ in the model,
thus suffer from same strong constraints that are several orders of magnitude
smaller than the value required to reproduce the GRB photon lags should the
effect (39) be attributed predominantly to photon propagation in a LV vacuum,
indicating the failure of the EFT approach to explain speed variation of cosmic
photons [40].

In our above discussion of photon decay, any LV effects for electrons (or positrons)
were neglected for both theoretical and observational considerations. We note,
for completeness, that in a phenomenological context, one may allow its presence
and see what constraint can be inferred from current data. In fact, if we set
Epy, = oo (c.f. assuming Lorentz invariant photons), then a direct test of sublu-
minal LV of the electron/positron sector rises from the search of y-decay, which
is kinematically permitted once E, > (8m%ELV€ / sg)l/ 3. 50 this threshold is mean-
ingful only if the outgoing charged fermions possess subluminal LV dispersions,
se = +1 [274,307]. The observed 2.5 PeV photon suggests, then, that the scale
should be higher than 10° Mp; [162] that is indeed very stringent. In case one as-
sumes LV present in both fermions and photons, i.e., having nonzero ¢, := s./ Ery.
and /., the constraint depends on both parameters, forming excluded regions in
parameter space. This was thoroughly carried out in [66,67] using 1.4 PeV as the
highest photon energy prior to the report of the 2.5 PeV event.

It should be emphasized that in the aforementioned analysis of threshold anomaly, we
assumed that energy—-momentum conservation law remains intact, despite the MDRs
for the photons. However, this may not be the case, as the local EFT formulation of the
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propagation effects (namely a low-energy representation of the QG-medium dispersive
effects with higher-derivative local operators in flat space-time Lagrangians) underlying
such a premise may break down. This is indeed the case of certain (stochastic) models
of D-foam mentioned earlier, where the fluctuations of the space-time or other defects
of gravitational nature play the role of an external environment, resulting in energy
violations in 7y, — ee™. So, whether threshold anomalies exist in such models is still
an open question. (A primary study of 1y — ee™ was carried out in [156], focusing on
an earlier treatment of a recoiling D-particle. Unfortunately, that class of model differs
from what we study here (in Section 4) (within which the behavior of the process
is up for debate), hence we cannot make direct use of those results.) Meanwhile,
for the stretched-string framework [150,155], it is clear that the kinematics of the
process is identical to that in conventional QED [174]. On the other hand, as light
propagation in string D-particle foam is necessarily subluminal, photons are stable (i.e.,
do not decay), obviating any potential problems from -decays. This allows for a
consistent interpretation of light-speed variation with those y-decay limits within
such models [47,48].

Synchrotron and Cerenkov Constraints to (Electron) LV Dispersions

At this point, we describe that, apart from any theoretical motivation from D-foam
models, in current astrophysical measurements there is also no encouragement for
the hypothesis of QG effects modifying the dispersion relations of charged leptons,
primarily electrons and positrons, which are the ones we consider below. Indeed,
for the subluminal type of LV corrections on their in vacuo dispersions mentioned
above, besides photon decay, these would affect the synchrotron radiation of dis-
tant galaxies, such as the Crab Nebula [159-161,308,309]. In fact, the most severe
of all known limits to electron/positron LV arise from observations of this object,
which is a SNR that was witnessed in 1054 A.D. and lies only about 1.9 kpc from
Earth. It is characterized by the energetic QED processes, exhibiting a well-studied
broad spectrum, with characteristic double peak of the synchro-self-Compton (SSC)
mechanism [310,311], i.e., the leptonic acceleration mechanism, whereby the same
electron (positron) responsible for synchrotron emission from the radio band of the Crab
also undergoes inverse-Compton (IC) scattering to produce high-energy y-rays above
1 GeV [65].
In both Lorentz symmetric and LV cases, electrons in magnetic field B at core regions of
the nebula(e) follow helical orbits transverse to the direction of B. The so-accelerated
electrons emit synchrotron radiation with a spectrum that sharply cuts off at a critical
frequency [160,308],
3

wcr(Ee) = %3\B|%?)r (51)
where e is the electric charge and 7, = (1 — v2(E,))~!/2, with v, the electron (group)
velocity. In standard relativistic physics, E. = yyi,; SO wer = (3/2)eB Eg / m? (where
B := |B|) grows with E, without bound. This is affected by LV [133,308]; for an
electron with s, = +1 (although we also have LV in the photon sector, the emitted
frequencies of the synchrotron radiation are much lower than the energy of the source
particles (electrons/positrons); effectively, LV for the synchrotron photons can be
ignored here [43]), it has a maximal attainable velocity strictly less than the low-energy
speed of light 6, ~ —(m2 /2E% + E./ELy.) < 0; hence, there is a maximum synchrotron
frequency it can produce, regardless of its energy [41,43-45,312]:

max We = —
M

eB / m, \—2/3 B
(Ewe) C, fors, = +1, (52)
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where C = 5°/6/ (9 \3@) ~~ 0.34 is a small constant. This maximal frequency is attained
atE, = (ZmEELVe / 5)1/ 3. The authors of [308], using the largest estimated value 0.6 mG
for B, jointly with the fact that the Crab synchrotron emission has been found to extend
at least up to energies of about 100 MeV, obtained from max we; > 0.1 GeV a stringent
constraint Ery, > 1.7 x 10%¢ GeV. While more refined analysis later in [309] weakened
itby (1 —2) orders of magnitude, now one has this more robust bound on the relevant
subluminal electron LV scale at 2¢.

If s, = —1 instead, the electron speed can exceed the constant speed of light, at which
point v, (E,) diverges. This corresponds to the threshold of the soft Cerenkov emis-
sion. In the presence of LV, the Cerenkov effect of leptons e — ev can occur in a
vacuum; above thresholds, the rate of the so-caused energy loss scales as E2 /Eyy,,
which implies that a 10 TeV electron would emit a significant fraction of its energy in
107 ns, short enough that constraints derived solely from threshold analysis alone
are again reliable [43,162]. As the rate of the electron decays via e — ey is orders of
magnitude greater than the IC scattering rate, any electron known to propagate (stably
and therefore appropriate for the production of VHE IC y-rays) in the Crab must lie
below the Cerenkov thresholds. This yields the so-called IC Cerenkov constraint. (The
competing synchrotron energy loss is irrelevant for this constraint. For B ~ 1 mG (as
in SNRs), the rate due to synchrotron emission is 40 orders of magnitude smaller than
that of e — ey [274].) If the emitted Cerenkov photon is soft enough so that its LV can
be neglected, -, reaches infinity at a finite energy, which amounts to v, ~ 1 [65], i.e.,

E, ~ (_ngLVe

1/3
= ) , for E, > m. (53)
e

So, indeed, it is meaningful only if s, = —1 and constraints on the possible superluminal
LV scale for electrons/positrons can be extracted via matching with observations.
The fact that electrons are stable against the soft Cerenkov effect at energies up to at
least 450 TeV inferred from the 450 TeV 7y-rays [313] arriving on Earth from the Crab
Nebula implies already an improvement of about two orders of magnitude [65] over
limits [133] from the previous energies in the range 50-80 TeV, which is necessary to
explain the earlier photon observations of up to 75 TeV [301,302]. Then, handling (53),
the result is Eyy, > ZEE’ / mg ~ 7 %108 GeV.

Very recently, LHAASO-KM2A announced [58] for the first time the Crab IC spectrum
past 1 PeV, and the highest photon energy registered was about 1.12 PeV. Detailed
studies on the SSC model show that the energy of the parent electron is around
2.3 PeV [58,65]. This allows us to report in [65], for the superluminal electron disper-
sions, the strongest constraint ever obtained, Eyy, > 9.4 X 10% GeV from the absence
of the soft Cerenkov threshold (53) up to such a high energy scale, i.e.,

Erve > 7.66 x 10% ev(%)g’, fors, = —1. (54)
This result improves previous IC Cerenkov constraints [133,274,307] by 10* times
and further restricts theories that entail such MDRs, such as the SME QED modified by
a dimension-5 LV term (5), where values of g1, > 10~7 are excluded as a result. There
is also the possibility that e — ev involves emission of a high-energy photon [274,314].
For a hard emitted photon, the Cerenkov threshold (in the absence of electron/positron
LV for simplicity that is also the case of particular relevance for us) occurs at
Eemn =~ (4m3Ery,/ 57)1/ 3, therefore, the lack of such hard Cerenkov effects implies
strict limits for the photon LV scale in the subluminal case (s, = +1), and the 2.3 PeV
long living electrons require this scale to be higher than 1.2 x 10%° GeV [66,67], which
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exceeds the sensitivity of GRB time lag studies (c.f. (39)) to such subluminal photon
LV properties by seven orders of magnitude.

It was also shown in [66,67] that if one takes into account MDRs for both photons and
electrons, the parameter space that is still permitted by LHAASQO 1.4 PeV photon [57]
and (indirectly observed) 2.3 PeV electron [58] lies in a narrow region in the proximity
of £, = £, > 0, which indicates that the LV scale of photons should be of comparable
orders of magnitude to that of electrons if the subluminal LV effects really act on them.
For subluminal LV electrons, as we have mentioned, there are strong constraints for the
relevant scale coming from synchrotron radiation studies, Ery, 2 10%* GeV (derived
at 20 [309]). So, from the result of [67], one may conclude that in the case of linear Mp;
suppression of the subluminal QG-induced LV for photons, of interest for exotic (QG)
interpretation of light-speed variation effect (39), scales with size Epy, ~ O(ELye) <
10%* GeV are ruled out. However, this is not the case [162], and the lack of comparison
with a meaningful QG theory represents a severe limitation of the analysis based on a
purely phenomenological approach to MDRs.

And we note at this point that such results only exclude the possibility that the find-
ings suggested from GRB photons are due to a LV effect that acts universally among
photons and electrons. However, these cannot exclude the anomalous photon prop-
agation with linear energy dependence in models where the Lorentz-violating QG
foam is transparent to electrons [65,159-161], as in the D-foam case. As shown in [162],
electrons emit 10 Cerenkov radiation, despite traveling faster than photons (of com-
parable energies), which experience vacuum refraction in this approach. Hence, if
the effect of subluminal light-speed variation could finally be attributed partly or
wholly to this type of stringy space-time foam, as put forward in [39,47-50], then
the IC (soft) Cerenkov bounds, as well as the impressive hard Cerenkov constraint
for photons considered in [66,67], are no longer applicable. The synchrotron radiation
measurements of the Crab Nebula are also consistent with such models, provided
from such observations one could basically rule out subluminal LV effect in electron
dispersion, while in D-foam scenarios, LV is exactly absent for charged particles. There-
fore, we are justified in assuming Lorentz invariance in the electron sector for our
discussion below.

Pair Creation and Constraints on Neutrino Velocities

To interpret the preliminary statistical finding that some of the high-energy neutrinos
observed by IceCube might be GRB neutrinos whose travel times are affected by LV
and therefore by microscopic properties of space—time (foam), especially the result
that appears to support a CPT-violating propagation for cosmic neutrinos [13,15-17],
one must deal with the apparent problem brought about by neutrino superluminality.
As we have seen, superluminal LV typically allows new particle decay processes
that are forbidden in the Lorentz-invariant case. Specifically, superluminal neutrinos
could exhibit distinct energy-loss channels [177], such as the Cerenkov radiation
v — v, neutrino splitting v — vv¥, and bremsstrahlung (i.e., pair creation/emission)
effect v — veet, but, as mentioned, this assertion relies on strict energy-momentum
conservation that is applicable in the framework of low-energy EFT of LV.

In the wake of IceCube cosmic-neutrino detections, stringent constraints on LV within
the neutrino sector have been imposed, since neutrinos of high energies would strug-
gle to propagate large distances to Earth if LV effects were allowing these peculiar
channels, particularly v — vee™, which dominates the neutrino-energy loss, to occur.
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For the pair emission, since the neutrino transforms almost into an ee™ pair, each with
1/2 energy of the original, the threshold is given by

E, \“V2  2m,
Eywn =~ 2me (* SVE) = ﬁ (55)
It is valid for generic models of (linear) LVs with s, = —1 (c.f. superluminal neutrinos).

From the decay width [177,315] which tells the free path of the neutrino, one can derive
constraints on d,, which is required to produce at least the propagated distance to the
source, as long as the process is permitted due to threshold effects (55). Observations
of 2 100 TeV diffuse neutrinos, as well as the very existence of (above) PeV neutrinos
provide already bounds as tight as [316-319] 6, < 10718 to ~5.6 x 10~ for a positive
5y. This corresponds to Epy, > (103 — 10°) Ep;, which seems to exclude any possibility
of superluminal neutrino propagation with linear Planck-scale suppression, as in (41).
Recent analyses [320,321] exploiting the KM3NeT 220 PeV neutrino event [257] further
improved the sensitivity to such superluminal Lorentz-violating neutrino velocities to
the level §, < O(10722 — 10~2%). The resulting constraint translated into a linear LV
scale is now stronger by as much as thirteen orders of magnitude than the finding (41)
inferred from IceCube-neutrino—GRB associations by the presence of LV, should the
candidate GRB-neutrinos from [13-17] and [11,12] be ascertained eventually as being
signals from the respective sources.

Although the detection of the UHE neutrino events leads to neutrino (meta)stability (or
long lifetime) which merely means that the relevant decay channels are not operational,
it does impose strong constraints for some field-theoretic models of LV [197,322]. And,
as shown in [197], the attempt to interpret the aforementioned CPTV neutrino-speed
variation with such models faces inevitable challenges due to the constraints. However,
the situation changes significantly if one reaches beyond the EFT approach. The above
results simply cannot be used to invalidate the superluminal LV (and CPTV) effects on
neutrino propagation, particularly when neutrinos (or antineutrinos) do not undergo
decay despite moving faster than the constant speed of light. That seems kind of
impossible, maybe counterintuitive, but in Section 4, we actually already encountered
an example of the latter, that of a stochastically recoiling D-foam and the associated
superluminal antineutrinos in the model [39,49].

For previous constraints that apply to antineutrinos for the CP-conjugated channels as
understood, the argument that the model evades such restrictions on J; (or Ery, for
dy > 0) by considerations of instability of the particles has its roots in the foam-induced
deformation of energy-momentum conservation, which leads to a modification of
the kinematics of the superluminal 7-decay process. Let us state again that in the
stochastic D-foam background, for §; deduced from (32), the process 7 — veet is
kinematically allowed provided that [39]

2 4
Er2 %, whered:= (13, (56)

VA 02,

or equivalently Ey > E; 4, = (4m2&,)'/3 from Equation (33); the new energy scale, &,
introduced here for 7 — vee™ is given by

Ervy
E. = , 57
* T 1—4¢Ewv/Mp 57)

where 65 ~ 02D Epw/Mp = Egm/ Eryy at threshold is used. We again observe that the
channel is open only if 9%, > 4¢;. If this were the case, one could envision a situation
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where 0p ~ 2,/¢; then, the threshold would be pushed to a very high energy scale
of, for instance, order PeV, so that ¥ — 7eet would never produce a depletion of PeV
antineutrino fluxes during their (superluminal) propagation.

Nonetheless, as discussed in [39,49], current observations can provide (merely, though)
bounds on a combined quantity of the fundamental parameters of the foam. For example,
the detection of the 2 PeV event, IceCube #35 [7-9], a time advance event (according
to the analysis [15]), and hence probably a superluminal antineutrino induced by
D-foam effects implies a limit (32, — 4¢;) < 8.4 x 1078 for 9p > 2,/g. While a more
refined analysis should extract the constraint from the interaction length ~ ', we
obtained this result based on consideration that the threshold (56) (or (33)) should be of
O(PeV) for observing events of such an energy. (Lacking, at present, a complete theory
of the matter-D-foam interactions, we did not consider the rate I' above threshold.
Nonetheless [39,49], to first order in 1/ Mp, the matrix element for any process agrees
with that of special-relativistic QFT, while the recoil effects of D-particles modify the
kinematics of the field-theoretic result.) Thus, if the neutrino-speed variation and the
consequent Lorentz/CPT violation for cosmic neutrinos as in [13-17] were due to this
type of foam, then the tight bounds so far cast by means of neutrino ee™ pair creation,
e.g., [316-321], are actually imposed on A or on the scale &, in the D-foam case; these
are naturally evaded if £, < 0 or easily satisfied in case of £, > 0 with an assignment
for the value of ¢; (which can vary independently of 9%, so that the above-mentioned
limit for (9%, — 4¢;) can be met). The previous analyses thus do not constrain the actual
CPT-violating neutrino LV scale Ery, which, in D-foam interpretation of the effect (41),
is related to Mp /0% and thus can only be limited via looking into energy-dependent
TOF lags of neutrinos and the corresponding y-rays, as in (42).

We note, finally, that the peculiarity of the foam in being transparent to charged particle
excitations (as a result of charge conservation requirements [159,161] discussed earlier)
precludes one from translating the aforementioned results for the electron/positron
sector into similar sensitivities to LV for neutrinos. Indeed, the different behavior of
neutrinos from charged leptons in D-particle string scenarios implies a background-
induced breaking of the SU(2) gauge symmetry of the SM. Otherwise, as illustrated
in [323] for (field theory) models where the ordinary SU(2);, gauge invariance is still
kept, the sizable Lorentz violation in neutrinos (41) would clash with the previous LV
bounds placed for electrons. For reasons just stated, D-foam models naturally avoid
such conflicts [39,49].

Before closing, we remark, for completeness, that UHE cosmic rays (UHECRs) can cast
tight constraints on LV (primarily within the hadronic sector) [129,274,324-334], as they
possess the highest energies ever observed. In fact, much activity in this area was ini-
tially spurred by the earlier observational indication from the Akeno Giant Air Shower
Array (AGASA) [335] that the Greisen—Zatsepin—Kuz'min (GZK) cutoff [336,337] might
be removed for UHECRs striking CMB photons. The lack of sources for the AGASA
post-GZK events 2 O(100 EeV) leads to the so-called “GZK paradox”, which may be
explained via exotic physics, including LV modification of the cutoff feature. How-
ever, the anomaly has disappeared subsequently due to improved sensitivity of experi-
ments, especially High-Resolution Fly’s Eye (HiRes) and Auger ones [338-340], to such
GZK (proton) features. The existence of the photomeson production through the mech-
anism p + yomp — AT — p+ ¥ or n + 717, in turn, severely constrains LV effects for
protons [130,334] and/or pions, e.g., [333]. In particular, LV threshold anomalies for m0-
production off the proton, similar to the photon—-photon annihilation discussed earlier in
the way that the kinematical threshold is modified, have been considered in [333] and
used, recently, in [334], to set a two-sided limit on the proton LV, using also the current
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observational lack of proton decay (p — p7). However, one cannot use such results to
set limits on D-particle string foam models, as in such cases neither the incident charged
high-energy proton p nor the pion whose constituents are also charged interacts with the
foam; the GZK effect is thus unaffected.

Similar stringent constraints from the nonobservation of a substantial fraction of UHE
photons from the ensuing pion decay 70 — 7 [326-329,341] (see also [342]) in the UHECR
flux above 10 EeV were also obtained. Again, these results can be naturally evaded [46,174],
in D-foam framework, at least as long as one sticks to the stretched-string formulation of the
foam [155], where the pertinent Lorentz-violating delays in photon propagation, associated
with stringy uncertainties, do not entail any modification of the local dispersion relations of
photons. Therefore, those analyses, starting from assuming the photon MDRs induced at
the level of a low-energy EFT formulation of QG-foam effects, are simply not applicable
in the string/D-defect foam case. In such models, moreover, it may happen [174] that as
we noted in Section 4, by embedding the D-particle foam into low-scale string (large extra-
dimension) framework [167,168] with low M; of order (10-100) EeV, i.e., the conventional
GZK-cutoff scale, there would be no photons with energies higher than this that could
not be completely absorbed by the defect. This serves as an explanation for their absence,
in accordance with the observed lack of GZK-induced photons, thus providing additional
reasons for evading the strong constraints of [341].

7. Conclusions

While presently the searches of potential violation of Lorentz and CPT invariance
all lead to inconclusive results, some of them have provided a clue of the existence of LV
for cosmic photons and neutrinos [13-32,196]. As we have seen, Lorentz violation might
play a role in the arrival delays of the more energetic photons emitted from GRBs and
AGNss, as detected by Fermi, MAGIC, LHAASO, etc. A light-speed variation, which is
subluminal and linearly depends on the photon energy, has been found from analyses
combining data available at current stage, with a LV scale approaching the Planck energy,
ELV'y ~ 3 X 1017
the IceCube neutrinos which are likely to be GRB neutrinos. The determined neutrino’s

GeV. This type of analysis also exposes an analogous effect for some of

LV scale, Eryy (c.f. (41)), is not the same as that of photons, but it has the same magnitude.
Previous observation shows that the neutrino speed can be both slower and faster than
the constant light speed, implying CPT violation in the neutrino sector, while the signal of
subluminal propagation was enhanced recently [51].

In this review, we discuss a class of Lorentz-violating quantum space-time foam
models inspired by (the modern version of) string theory, involving brane-world scenarios
as a consistent framework that can explain the above results, in a natural fashion, following
our recent studies in this regard [39,47-50]. The key point in the approach is the existence of
lower-dimensional background brane defects, whose topologically nontrivial interactions
with photons or at most electrically neutral particles and no charged ones, such as electrons,
to which the D-brane foam looks transparent, induce the nontrivial refractive indices of the
corresponding string vacuum. The latter are found proportional to the particle energy, thus
being minimally suppressed by the effective QG mass, which is a complex function of many
microscopic parameters in the model and is not simply given by the string mass scale, M;.
Other unique properties or requirements which are indeed respected by D-foam models so
that the findings (39), (41) can be attributed to propagation in such a foam medium without
clashing with other restrictions include (i) photon stability against self-decay, (ii) absence of
birefringence, and (iii) for certain stochastic foam, an energy violation that could prevent
superluminal antineutrinos from decaying away.
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The fact that viable interpretations of the energy-dependent speed variations of cosmic
photons and neutrinos are provided by string foam models within reasonable ranges of
the model parameters, consistently with all other stringent tests of Lorentz invariance (at
least within the currently available sets of astrophysical data), is rather encouraging, as it
provides one of the examples of experimentally finding signatures of QG. An unambigu-
ous particle energy to time-of-arrival correlation linearly suppressed in the Planck mass,
coupled with the observed lack of birefringence and many other LV reaction anoma-
lies at the same order, might constitute, in our opinion, “smoking-gun” evidence of the
models [39,46-50,150-157], as other tight constraints forbid such a construction in EFT [128].
Needless to say, all these findings need stronger confirmation by future experiments of
especially LHAASO, where photons from diverse sources will be observed. Still, if we are
fortunate, results that may be established from a plethora of further studies may offer us
opportunities to better defend the intriguing findings of the type endorsed here and to
restrict the classes of space-time theories. With all the progress to be made in the next
decade or two, Lorentz violation and the phenomenology of D-foam will be bound, hope-
fully, to enter a more mature phase, and more insightful understanding of the riddles of
our Universe can reasonably be hoped for in the not-so-distant future.
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Abbreviations

The following abbreviations are used in this manuscript:

AGASA  Akeno Giant Air Shower Array
AGN Active Galactic Nucleus

CFT Conformal Field Theory

CMB Cosmic Microwave Background
CPT Charge-Parity-Time

CPTV CPT Violation

EBL Extragalactic Background Light
EFT Effective Field Theory

FGST Fermi «y-ray Space Telescope
GBM Gamma-ray Burst Monitor

GR General Relativity

GRB Gamma-ray Burst

GZK Greisen—Zatsepin—-Kuz'min

HAWC  High Altitude Water Cerenkov
HEGRA High-Energy Gamma-Ray Astronomy
H.ESS. High-Energy Stereoscopic System
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HiRes High-Resolution Fly’s Eye

IC Inverse Compton

KM2A Kilometer Square Array

KM3NeT  Cubic Kilometre Neutrino Telescope
LAT Large-Area Telescope

ACDM Lambda (Cosmological-Constant) Cold Dark Matter
LHAASO Large High-Altitude Air Shower Observatory

LV Lorentz Violation

MAGIC Major Atmospheric Gamma-ray Imaging Cerenkov
MDR Modified Dispersion Relation

QED Quantum Electrodynamics

QG Quantum Gravity

SM Standard Model

SME Standard-Model eEtension

SNR Supernova Remnant

SR Special rRlativity

SSC Synchro-Self-Compton

TOF Time of Flight

TRIDENT  Tropical Deep-Sea Neutrino Telescope
UHE Ultra-High Energy

UHECR Ultra-High Energy Cosmic Ray

uv Ultraviolet

WCDA Water Cerenkov Detector Array
WECTA Wide Field-of-View Cerenkov Telescope Array
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