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Explosive astrophysical transients at cosmological distances can be used to place precision tests of the
basic assumptions of relativity theory, such as Lorentz invariance, the photon zero-mass hypothesis,
and the weak equivalence principle (WEP). Signatures of Lorentz invariance violations (LIV) include
vacuum dispersion and vacuum birefringence. Sensitive searches for LIV using astrophysical sources
such as gamma-ray bursts, active galactic nuclei, and pulsars are discussed. The most direct conse-
quence of a nonzero photon rest mass is a frequency dependence in the velocity of light propagating in
vacuum. A detailed representation of how to obtain a combined severe limit on the photon mass using
fast radio bursts at different redshifts through the dispersion method is presented. The accuracy of
the WEP has been well tested based on the Shapiro time delay of astrophysical messengers traveling
through a gravitational field. Some caveats of Shapiro delay tests are discussed. In this article, we
review and update the status of astrophysical tests of fundamental physics.
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1 Introduction

Einstein’s theory of special and general relativity is a ma-
jor pillar of modern physics, with a wide application in as-
trophysics. It is, therefore, of great scientific significance
to test the validity of the basic assumptions of relativity
theory, such as Lorentz invariance, the photon zero-mass
hypothesis, and the weak equivalence principle (WEP).
When the terrestrial conditions eventually impose some
limitations, the extreme features of astrophysical phenom-
ena afford the ideal testbeds for obtaining higher precision
tests of the fundamental laws of physics.

Lorentz invariance, which is the fundamental symme-
try of Einstein’s special relativity, says that the relevant
physical laws of a non-accelerating physical system are
invariant under Lorentz transformation. However, devia-
tions from Lorentz invariance at a natural energy scale
are suggested in many quantum gravity (QG) theories
seeking to unify general relativity and quantum mechan-
ics, such as loop quantum gravity [1, 2], double special
relativity [3–6], and superstring theory [7]. This nat-
ural scale, referred to as the “QG energy scale” EQG,
is generally supposed to be around the Planck energy
EPl =

√
h̄c5/G ≃ 1.22 × 1019 GeV [7–13]. The dedi-

cated experimental tests of Lorentz invariance may there-
fore help to clear the path to a grand unified theory. A
compilation of various recent experimental tests may be
found in Ref. [14]. Although any violations of Lorentz
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symmetry are predicted to be tiny at observable energies
≪ EPl, they can accumulate to measurable levels over
large distances. Therefore, astrophysical measurements
involving long baselines can provide sensitive probes of
Lorentz invariance violation (LIV). In the photon sector,
the potential signatures of LIV include vacuum disper-
sion and vacuum birefringence [15]. Vacuum dispersion
would produce an energy-dependent speed of light that in
turn would translate into differences in the arrival time of
photons with different energies traveling over cosmological
distances. Lorentz invariance can therefore be tested using
astrophysical time-of-flight measurements (e.g., Refs. [15–
35]). Similarly, the effect of vacuum birefringence would
accumulate over astrophysical distances resulting in a de-
tectable rotation of the polarization vector of linearly po-
larized emission as a function of energy. Thus, Lorentz
invariance can also be probed with astrophysical polariza-
tion measurements (e.g., Refs. [36–55]). Typically, polar-
ization measurements place more stringent constraints on
LIV. This can be understood by the fact that polarization
measurements are more sensitive than time-of-flight mea-
surements by a factor ∝ 1/E, where E is the energy of
the photon [20]. However, numerous predicted Lorentz-
violating signals have no vacuum birefringence, so con-
straints from time-of-flight measurements are indispens-
able in an extensive search for nonbirefringent effects.

The postulate that all electromagnetic waves travel in
vacuum at the constant speed c is one of the foundations
of Maxwell’s electromagnetism and Einstein’s special rel-
ativity. The constancy of light speed implies that the
quantum of light, or photon, should be massless. The va-
lidity of this postulate can therefore be tested by search-
ing for a rest mass of the photon. However, none of
the experiments so far could confirm that the photon
rest mass is absolutely zero. Based on the uncertainty
principle, when using the age of the universe (T ∼ 1010

yr), there is an ultimate upper limit on the photon rest
mass, i.e., mγ ≤ h̄/Tc2 ≈ 10−69 kg [56, 57]. The best
one can hope to do is to set ever tighter limits on mγ

and push the experimental results even closer to the ulti-
mate upper limit. In theory, a nonzero photon rest mass
can be accommodated into electromagnetism through the
Proca equations. Using them, some possible visible ef-
fects associated with a massive photon have been care-
fully studied, which open the door to useful approaches
for terrestrial experiments or astrophysical observations
aimed at placing upper limits on the photon rest mass
(see Refs. [56–60] for reviews). To date, the experimental
methods for constraining mγ include the frequency depen-
dence of the speed of light (mγ ≤ 5.1× 10−51 kg) [61–72],
Coulomb’s inverse square law (mγ ≤ 1.6× 10−50 kg) [73],
Amp�ere’s law (mγ ≤ (8.4 ± 0.8) × 10−49 kg) [74], tor-
sion balance (mγ ≤ 1.2× 10−54 kg) [75–78], gravitational
deflection of electromagnetic waves (mγ ≤ 10−43 kg)
[79, 80], Jupiter’s magnetic field (mγ ≤ 8 × 10−52 kg)
[81], magnetohydrodynamic phenomena of the solar wind

(mγ ≤ 1.4× 10−49 − 3.4× 10−51 kg) [82–84], cosmic mag-
netic fields (mγ ≤ 10−62 kg) [85–87], supermassive black-
hole spin (mγ ≤ 10−56 − 10−58 kg) [88], spindown of a
white-dwarf pulsar (mγ ≤ (6.3−9.6)×10−53 kg) [89], and
so on. Among these methods, the most direct and robust
one is to detect a possible frequency dependence in the
velocity of light. In this article, we will review the photon
mass limits from the dispersion of electromagnetic waves
of astrophysical sources.

Einstein’s WEP states that any freely falling, uncharged
test body will follow a trajectory, independent of its in-
ternal structure and composition [90, 91]. It is the ba-
sic ingredient of general relativity and other metric the-
ories of gravity. The most famous tests of the WEP are
the Eötvös-type experiments, which compare the accelera-
tions of two laboratory-sized objects consisted of different
composition in a known gravitational field (see Ref. [91] for
a review). For laboratory-sized objects with macroscale
masses, the accuracy of the WEP can be tested in a
Newtonian context. However, the motion of test parti-
cles (like photons or neutrinos) in a gravitational field is
not precisely described by Newtonian dynamics. As such,
the parameterized post-Newtonian (PPN) formalism has
been developed to describe exactly their motion. Each
theory of gravitation satisfying the WEP is specified by
a set of PPN parameters. The WEP can then also be
tested by massless (or negligible rest-mass) particles in
the context of the PPN formalism and any possible de-
viation from WEP is characterized by the PPN param-
eter, γ, of a particular gravity theory. Here γ reflects
the level of space curved by unit rest mass [90, 91]. In
general relativity, γ is predicted to be strictly 1. The
determination of the absolute γ value has reached high
precision. The light deflection measurements through
very-long-baseline radio interferometry yielded an agree-
ment with general relativity to 0.01 percent, i.e., γ − 1 =
(−0.8±1.2)×10−4 [92, 93]. The radar time-delay measure-
ment from the Cassini spacecraft obtained a more strin-
gent constraint γ−1 = (2.1±2.3)×10−5 [94]. Regardless
of the absolute value of γ, all metric theories of gravity
incorporating the WEP predict that different species of
messenger particles (photons, neutrinos, and gravitational
waves (GWs)), or the same species of particles but with
different internal properties (e.g, energies or polarization
states), traveling through the same gravitational fields,
must follow identical trajectories and undergo the same
γ-dependent Shapiro delay [95]. To test the WEP, there-
fore, the issue is not whether the value of γ is very nearly
unity, but whether it is the same for all test particles. The
Shapiro time delay of test particles emitted from the same
astrophysical sources has been widely applied to constrain
a possible violation of the WEP through the relative dif-
ferential variations of the γ values (e.g., [96–102]).

In this review, we summarize the current status on as-
trophysical tests of fundamental physics and attempt to
chart the future of the subject. In Section 2, we review
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two common astrophysical approaches to testing the LIV
effects. Section 3 is dedicated to discuss astrophysical
bounds on the photon rest mass through the measurement
of the frequency dependence of the speed of light. In Sec-
tion 4, we focus on tests of the WEP through the Shapiro
(gravitational) time delay effect. Finally, a summary and
future prospect are presented in Section 5.

2 Astrophysical tests of LIV

Various QG theories that extend beyond the standard
model predict violations of Lorentz invariance at energies
approaching the Planck scale [7–13]. The existence of LIV
can produces an energy-dependent vacuum dispersion of
light, which leads to time delays between promptly emit-
ted photons with different energies, as well as an energy-
dependent rotation of the polarization plane of linearly
polarized photons resulting from vacuum birefringence. In
this section, we first review the recent achievements in sen-
sitivity of vacuum dispersion time-of-flight measurements.
Then the progress on LIV limits from astrophysical polar-
ization measurements is discussed.

2.1 Vacuum dispersion from LIV

2.1.1 General formulae

Several QG theories proposed to describe quantum space-
time, predict the granularity of space and time. For ex-
ample, string theory that remove the point-like nature of
the particles by introducing to each of them a (mono)-
dimensional extension: the string (see, e.g., Smolin [103]
for reviews). Loop quantum gravity that question the
continuousness and smoothness of spacetime quantizing
it into discrete energy levels like those observed in the
classical quantum-mechanical systems to construct a com-
plex geometric structure called spin networks (see, e.g.,
Rovelli [104] for reviews). In both proposed theories
emerge a minimal length for physical space (and time),
although with different and somewhat opposite theoret-
ical approaches [105]. The minimal spatial and tempo-
ral scales associated to the quantization are in terms of
standard units: lP ∼

√
h̄G/c3 ∼ 10−33 cm and tP ∼√

h̄G/c5 ∼ 10−43 s for the Planck length and time, re-
spectively. A significant class of QG theories predict that
the propagation of photons through this discrete space-
time might exhibit a non-trivial dispersion relation in vac-
uum [16], corresponding to the possible violation or break
of the Lorentz invariance via an energy-dependent speed
of light. In vacuum, the LIV-induced modifications to the
dispersion relation of photons can be described using a
Taylor series expansion:

E2 ≃ p2c2

[
1−

∞∑
n=1

s±

(
E

EQG,n

)n
]
, (1)

where p is the photon momentum, EQG is the hypothetical
energy scale at which QG effects would become significant,
and s± = ±1 is a theory-dependent factor. For E ≪
EQG, the sum is dominated by the lowest-order term in the
series. Considering only the lowest-order dominant term,
the photon group velocity can therefore be expressed by

v(E) =
∂E

∂p
≈ c

[
1− s±

n+ 1

2

(
E

EQG,n

)n]
, (2)

where n = 1 and n = 2 correspond to the linear and
quadratic LIV, respectively. The coefficient s± = +1
(s± = −1) stands for a decrease (increase) in the photon
speed along with increasing photon energy (also refers to
the “subluminal” and “superluminal” scenarios).

Because of the energy dependence of v(E), two photons
with different observer-frame energies (Eh > El) emit-
ted simultaneously from the same astrophysical source at
redshift z would arrive at the observer at different times.
Taking account of the cosmological expansion, we derive
the expression of the LIV-induced time delay [19]:

∆tLIV = th − tl

= s±
1+n

2H0

En
h−En

l

En
QG,n

∫ z

0

(1+z′)ndz′√
Ωm(1+z′)3 +ΩΛ

, (3)

where th and tl, respectively, denote the arrival times of
the high-energy and low-energy photons, H0 is the Hubble
constant, and Ωm and ΩΛ are the matter energy density
and the vacuum energy density (parameters of the flat
ΛCDM model). Since the adopted energy range generally
spans several orders of magnitude, one can approximate
(En

h−En
l ) ≈ En

h . Adopting z = 20 as a firm upper limit for
the redshift of any source, we find the LIV-induced time
delay is |∆tLIV| ≤ 0.5(Eh GeV/ζ) s for the linear (n = 1)
LIV case and |∆tLIV| ≤ 5.2× 10−19(Eh GeV/ζ)

2 s for the
quadratic (n = 2) LIV case, where Eh GeV = Eh/(1 GeV)
and ζ = EQG/EPl. These indicate that first order (n = 1)
effects would lead to potentially observable delays, while
second order (n = 2) effects are so tiny that it would be
impossible to observe them with this time-of-flight tech-
nique.

2.1.2 Present results

Eq. (3) shows that the LIV-induced time delay increases
with the energy of the photons and the distance of the
source. A short timescale of the signal variability easily
provides a reference time to measure the time delay. The
higher the photon energy, the longer the source distance,
and the shorter the time delay, the more stringent lim-
its on the QG energy scale one can reach. Exploiting the
rapid variations of gamma-ray emissions from astrophys-
ical sources at large distances to constrain LIV was first
proposed by Amelino-Camelia et al. [16]. At present, tests
of LIV have been made using the observations of gamma-
ray bursts (GRBs), active galactic nuclei (AGNs), and
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pulsars.

• Gamma-ray bursts
GRBs are among the most distant gamma-ray sources
and their signals vary on subsecond timescales. As such,
GRBs are identified as promising sources for LIV studies.
There have been many searches for LIV through studies
on the time-of-flight measurements of GRBs. Some of
the pre-Fermi studies are those by Ellis et al. [107] us-
ing BATSE GRBs; by Boggs et al. [108] using RHESSI
observations of GRB 021206; by Ellis et al. [18, 106] us-
ing BATSE, HETE-2, and Swift GRBs; by Rodríguez-
Martínez et al. [109] using Konus-Wind and Swift obser-
vations of GRB 051221A; by Bolmont et al. [110] using
HETE-2 GRBs; and by Lamon et al. [111] using INTE-
GRAL GRBs. Because of the unprecedented sensitivity
for detecting the prompt high-energy GRB emission (up
to tens of GeV) by the Fermi Large Area Telescope (LAT),
more stringent constraints on LIV have been obtained us-
ing Fermi observations. These constraints include those
by the Fermi Collaboration using GRBs 080916C [21] and
090510 [22]; by Xiao & Ma [112] using GRB 090510; and
by Refs. [23–25, 28, 32, 113–117] using multiple Fermi
GRBs. Particularly, Abdo et al. [22] used the highest en-
ergy (31 GeV) photon of the short GRB 090510 detected
by Fermi/LAT to constrain the linear LIV energy scale
(EQG,1). The burst has a redshift z = 0.903. This 31 GeV
photon was detected 0.829 s after the Fermi Gamma-Ray
Burst Monitor (GBM) trigger. If the 31 GeV photon was
emitted at the beginning of the first GBM pulse, one has
∆tLIV < 859 ms, which gives the most conservative con-
straint EQG,1 > 1.19EPl. If the 31 GeV photon is as-
sociated with the contemporaneous < 1 MeV spike, one
has ∆tLIV < 10 ms, which gives the least conservative
constraint EQG,1 > 102EPl. We can see that the lin-
ear LIV models requiring EQG,1 ≤ EPl are disfavored
by these results. Subsequently, Vasileiou et al. [25] used

three statistical techniques to constrain the total degree
of dispersion in the data of four LAT-detected GRBs. For
the subluminal case, their most stringent limits are de-
rived from GRB 090510 and are EQG,1 > 7.6EPl and
EQG,2 > 1.3 × 1011 GeV for linear and quadratic LIV,
respectively. These limits improve previous constraints
by a factor of ∼ 2. Recently, the Major Atmospheric
Gamma Imaging Cherenkov (MAGIC) telescopes first de-
tected GRB 190114C in the sub-TeV energy domain (i.e.,
0.2–1 TeV), recording the highest energy photons ever ob-
served from a GRB [118]. Using conservative assump-
tions on the possible intrinsic spectral and temporal emis-
sion properties, the MAGIC Collaboration searched for
an energy dependence in the arrival time of the most
energetic photons and presented competitive limits on
the quadratic leading-order LIV-induced vacuum disper-
sion [33]. The resulting constraints from GRB 190114C
are EQG,2 > 6.3× 1010 GeV and EQG,2 > 5.6× 1010 GeV
for the subluminal and superluminal cases, respectively.

By using the arrival-time differences between high-
energy and low-energy photons (the so-called spectral
lags) from GRBs, Lorentz invariance has been tested with
unprecedented accuracy. Such time-of-flight tests, how-
ever, are subject to a bias related to a possible intrinsic
time lag introduced from the unknown emission mecha-
nism of the sources, which would enhance or cancel-out
the delay caused by the LIV effects. That is, the method
of the arrival-time difference is tempered by our ignorance
concerning potential source-intrinsic effects. The first at-
tempt to mitigate the intrinsic time lag problem was pro-
posed by Ellis et al. [18, 106, 107], who suggested work-
ing on a large sample of GRBs with different redshifts.
For each GRB, Ellis et al. [18] looked for the spectral
lag in the light curves recorded in the chosen observer-
frame energy bands 115–320 and 25–55 keV. To account
for the poorly known intrinsic time lag, they fitted the
observed spectral lags of 35 GRBs with the inclusion of a

Fig. 1 (a) The rescaled time lags between two selected observer-frame energy bands from the full set of 35 GRBs with
known redshifts observed until 2006 by BATSE (closed circles), HETE-2 (open circles) and Swift (triangles). (b) The likelihood
function for the slope parameter aLV. Reproduced from Ref. [106].
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constant bsf specified in the rest frame of the source. The
observed arrival time delays thus have two contributions
∆tobs = ∆tLIV + bsf(1 + z), reflecting the possible LIV
effects and source-intrinsic effects [18]. Rescaling ∆tobs
by a factor (1 + z), then one has a simple linear fitting
function
∆tobs
1 + z

= aLVK + bsf, (4)

where

K =
1

1 + z

∫ z

0

(1 + z′)dz′
h(z′)

(5)

is a function of redshift which depends on the cosmo-
logical model, the slope aLV = ∆E/(H0EQG) is related
to the QG energy scale, and the intercept bsf denotes
the possible unknown intrinsic time lag. In the stan-
dard flat ΛCDM model, the dimensionless expansion rate
h(z) is expressed as h(z) =

√
Ωm(1 + z)3 +ΩΛ. Note

that the linear LIV (n = 1) in the subluminal case
(s± = +1) was considered in this work. Within a frame
work of the concordance ΛCDM model, a linear fit to
the rescaled time lags extracted from 35 light curve pairs
is shown in Fig. 1(a). The best-fit line corresponds to
∆tobs
1+z = (0.0068 ± 0.0067)K − (0.0065 ± 0.0046) and the

likelihood function for the slope parameter aLV is pre-
sented in Fig. 1(b). The 95% confidence-level lower limit
on the linear LIV energy scale derived from the likelihood
function of aLV is EQG ≥ 1.4 × 1016 GeV [106]. Going
beyond the ΛCDM cosmology, Refs. [119, 120] extended
this analysis to different cosmological models and showed
that the result is insensitive to the adopted background
cosmology. Subsequently, some cosmology-independent
approaches were applied to probe the possible LIV ef-
fects [121, 122].

It should be noted that there are two limitations in the
treatment of Ellis et al. [18]. First, they extracted spectral
lags in the light curves between two fixed observer-frame
energy bands. However, because different GRBs have dif-
ferent redshift measurements, these two energy bands cor-
respond to a different pair of energy bands in the source
frame [123], thus potentially causing an artificial energy
dependence to the extracted spectral lag and/or a system-
atic uncertainty to the search for LIV lags.1) Ukwatta et
al. [123] found that there is a large scatter in the corre-
lation between observer-frame lags and source-frame lags
for the same GRB sample, indicating that the observer-
frame lag does not faithfully represent the source-frame
lag. The first limitation of Ellis et al. [18] treatment can

1)Due to the redshift dependence of cosmological sources, observer
frame quantities can be quite different than source frame ones. In
principle, there is a similar problem associated with the energy
dependence of the observer-frame quantities for vacuum birefrin-
gence or WEP bounds (more on this below) when analyzing a large
sample of cosmological sources with different redshifts. However,
note that if we work on the observer-frame quantities of individual
cosmological sources, there is no such a problem.

be resolved by selecting two appropriate energy bands
fixed in the rest frame and calculating the time lag for
two projected observer-frame energy bands by the relation
Eobserver = Esource/(1 + z). Bernardini et al. [124] stud-
ied the source-frame spectral lags of 56 GRBs detected
by Swift/Burst Alert Telescope (BAT). For each GRB,
they extracted light curves for two observer-frame energy
bands corresponding to the fixed energy bands in the
source frame, i.e., 100–150 and 200–250 keV. These two
particular source-frame energy bands were selected to en-
sure that the projected observer-frame energy bands (i.e.,
[100–150]/(1 + z) and [200–250]/(1 + z) keV) are within
the detectable energy range of the BAT instrument (see
Fig 2). For each extracted light-curve pairs, they used the
discrete cross-correlation function to calculate the spectral
lag. Note that the energy difference between the median-
values of the two source-frame energy bands is fixed at
100 keV, whereas in the observer frame, the energy differ-
ence varies depending on the redshift of each burst. This
is in contrast to the spectral lag extractions achieved in
the observer frame, where the energy difference is treated
as a constant [123]. Wei & Wu [31] first took advantage of
the source-frame spectral lags of 56 Swift GRBs presented
in Bernardini et al. [124] to investigate the LIV effects.
For the subluminal case, the arrival-time difference of two
photons with observer-frame energy difference ∆E that
induced by the linear LIV reads

∆tLIV =
∆E

H0EQG

∫ z

0

(1 + z′)dz′
h(z′)

=
∆E′/(1 + z)

H0EQG

∫ z

0

(1 + z′)dz′
h(z′)

, (6)

where ∆E′ = 100 keV is the rest-frame energy difference.
Similar to Ellis et al. [18], one can formulate the intrinsic
time lag problem in terms of linear regression:
∆tsrc
1 + z

= a′LVK
′ + bsf, (7)

where ∆tsrc is the extracted spectral lag for the source-
frame energy bands 100–150 and 200–250 keV,

K ′ =
1

(1 + z)2

∫ z

0

(1 + z′)dz′
h(z′)

(8)

is a dimensionless redshift function, and a′LV =
∆E′/(H0EQG) is the slope in K ′. Using the sample of
56 GRBs with known redshifts, Wei & Wu [31] obtained
robust limits on the slope a′LV and the intercept bsf by
fitting their source-frame spectral lag data. The 95%
confidence-level lower limit on the QG energy scale de-
rived from a′LV is EQG ≥ 2.0 × 1014 GeV [31]. This is a
step forward in the study of LIV effects, since all previous
investigations used spectral lags extracted in the observer
frame only.

The second limitation of Ellis et al. [18] treatment is
that an unknown constant was supposed to be the intrin-
sic time delay in the linear fitting function [see Eq. (4)],
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which is tantamount to suggesting that all GRBs have the
same intrinsic time lag. However, since the time durations
of GRBs span nearly six orders of magnitude, it is not
possible that high-energy photons radiated from different
GRBs (or from the same burst) have the same intrinsic
time lag relative to the radiation time of low-energy pho-
tons [125]. As an improvement, Zhang & Ma [28] fitted
the data of the high-energy photons from GRBs on sev-
eral straight lines with the same slope as 1/En

QG,n but
with different intercepts (i.e., different intrinsic emission
times; see also Refs. [114–116]). However, photons from
different GRBs fall on the same line, which still implies
that the intrinsic time lags between the high-energy pho-
tons and the low-energy (trigger) photons are much the
same for these GRBs. Chang et al. [23] made use of the
magnetic jet model to estimate the intrinsic emission time
delay between high- and low-energy photons from GRBs.
However, the magnetic jet model depends on some specific
theoretical parameters, and thus introduces uncertainties
on the LIV results. In 2017, Wei et al. [29] first proposed
that GRB 160625B, the burst having a well-defined tran-
sition from positive to negative spectral lags (see Fig. 3),
provides a good opportunity not only to disentangle the
intrinsic time lag problem but also to put new constraints
on LIV. The spectral lag is conventionally defined positive
when high-energy photons arrive earlier than low-energy
photons, while a negative lag corresponds to a delayed
arrival of high-energy photons. As discussed above, the
LIV-induced time delay ∆tLIV is likely to be accompanied
by a potential intrinsic energy-dependent time lag ∆tint
due to unknown properties of the source. Therefore, the
observed time lag between two different energy bands of
a GRB should consist of two parts,

∆tobs = ∆tint +∆tLIV. (9)

Since the observed time lags of most GRBs have a positive
energy dependence (e.g., Refs. [126, 127]), Wei et al. [29]

approximated the observer-frame relation of the intrinsic
time lag and the energy E as a power law with positive
dependence,

∆tint(E) = τ

[(
E

keV

)α

−
(

E0

keV

)α]
s, (10)

where τ > 0 and α > 0, and where E0 = 11.34 keV is the
median value of the lowest reference energy band (10–12
keV). We emphasize that the intrinsic positive time lag
implies an earlier arrival time for the higher energy pho-
tons. Also, when the subluminal case (s± = +1) is con-
sidered, high-energy photons would arrive on Earth after
low-energy ones, implying a negative spectral lag due to
the LIV effects. As the Lorentz-violating term becomes
dominant at higher energy scales, the positive correlation
between the time lag and the energy would gradually trend
in an opposite way. The combined contributions from the
intrinsic time lag and the LIV-induced time lag can there-
fore produce the observed lag behavior with a turnover
from positive to negative lags [29]. By fitting the spec-
tral lag behavior of GRB 160625B, Wei et al. [29, 30]
obtained both a reasonable formulation of the intrinsic
energy-dependent time lag and comparatively robust lim-
its on the QG energy scale and the coefficients of the Stan-
dard Model Extension. The 1σ confidence-level lower lim-
its are EQG,1 > 0.5×1016 GeV and EQG,2 > 1.4×107 GeV
for linear and quadratic LIV, respectively. The spectral
lag data of GRB 160625B does not have the current best
sensitivity to LIV constraints, but the analysis method,
when applied to future bright short GRBs with similar
spectral-lag transitions, may result in more stringent con-
straints on LIV.

• Active galactic nuclei
Thanks to their fast flux variations (hours to years), cos-
mological distances, and very high energy (VHE, E ≥
100 GeV) gamma-rays, TeV flares of AGNs have also

Fig. 2 Fixed energy bands in the GRB source frame are transformed to various energy bands in the observer frame, depending
on the redshift. Reproduced from Ref. [123].
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been viewed as very effective probes for searching for
the LIV-induced vacuum dispersions. It is worth point-
ing out that testing LIV with both GRBs and flaring
AGNs is of great fundamental interest. GRBs can be de-
tected at very large distances (up to z ∼ 8), but with
very limited high-energy (E > tens of GeV) photons.
On the contrary, AGN flares can be well observed with
large statistics of photons up to a few tens of TeV. But
due to extinction of high-energy photons by extragalac-
tic background light, TeV detections are limited to those
sources with relatively low redshifts z ≤ 0.5. Hence, GRBs
and flaring AGNs are mutually complementary in testing
LIV, and they allow to test different redshift and energy
ranges. There have been some resulting constraints on
LIV using TeV observations of bright AGN flares, includ-
ing the Whipple analysis of the flare of Mrk 421 [34], the
MAGIC and H.E.S.S. analyses of the flares of Mrk 501
[128–130], and the H.E.S.S. analysis of the flare of PKS
2155-304 [131, 132]. The current best limit for the linear
case considering a subluminal LIV effect obtained with
AGNs is from the H.E.S.S. analysis of the PKS 2155-304
flare data, namely EQG,1 > 2.1× 1018 GeV [132]. For the
quadratic LIV, the best limits derived from AGNs have
been set by H.E.S.S.’s observation of the TeV flare of Mrk
501. The reported limits are EQG,2 > 8.5 × 1010 GeV
(EQG,2 > 7.3× 1010 GeV) for the subluminal (superlumi-
nal) case [130].

• Pulsars
A third class of astrophysical sources used for the time-
of-flight tests on gamma-rays are pulsars. When it comes
to testing the quadratic LIV term, having a VHE emis-
sion will compensate for a short of distance. Gamma-
ray pulsars, albeit being detected many orders of mag-
nitude closer than GRBs or AGNs, have the advantage
of precisely periodic flux variation, as well as the fact

Fig. 3 Energy dependence of the observed time lag ∆tobs be-
tween the lowest-energy band and any other high-energy bands
of GRB 160625B. The solid and dashed curves correspond to
the best-fit linear (n = 1) and quadratic (n = 2) LIV models,
respectively. Reproduced from Ref. [29].

that they are the only stable candidate astrophysical
sources for such time-of-flight studies. Sensitivity to LIV
can therefore be improved by simply observing longer.
Additionally, since the timing of the pulsar is carefully
studied throughout the electromagnetic spectrum, energy-
dependent time delays induced by propagation effects can
be more easily distinguished from intrinsic delays. First
limits on LIV using gamma-ray radiation from the galactic
Crab pulsar were obtained from the observation of the En-
ergetic Gamma-Ray Experiment Telescope (EGRET) on-
board the Compton Gamma-Ray Observatory (CGRO) at
energies above 2 GeV [35], and improved by the VERITAS
data above 120 GeV [133, 134]. Recently, the MAGIC
collaboration presented the best limits derived from pul-
sars by studying the Crab pulsar emission observed up to
TeV energies, yielding EQG,1 > 5.5× 1017 GeV (EQG,1 >
4.5× 1017 GeV) for a linear, and EQG,2 > 5.9× 1010 GeV
(EQG,2 > 5.3 × 1010 GeV) for a quadratic LIV, for the
subluminal (superluminal) case, respectively [135].

The most important constraints obtained so far with
vacuum dispersion time-of-flight measurements of various
astrophysical sources are summarized in Table 1. The
most stringent lower limits to date on the linear and
quadratic LIV energy scales were set by the observation
of GRB 090510 with Fermi/LAT. The values for the sub-
luminal (superluminal) case are EQG,1 > 9.3 × 1019 GeV
(EQG,1 > 1.3 × 1020 GeV) and EQG,2 > 1.3 × 1011 GeV
(EQG,2 > 9.4×1010 GeV) [25]. Clearly, these vacuum dis-
persion studies using gamma rays in the GeV–TeV range
offer us at present with the best opportunity to search
for Planck-scale modifications of the dispersion relation.
Unfortunately, while they provide meaningful bounds for
the linear (n = 1) modification, they are much weaker for
deviations that arise at the quadratic (n = 2) order.

2.2 Vacuum birefringence from LIV

2.2.1 General formulae

In QG theories that invoke LIV, the Charge–Parity–Time
(CPT) theorem, i.e., the invariance of the laws of physics
under charge conjugation, parity transformation, and time
reversal, no longer holds. Note that the fact CPT does
not hold does not imply that it should be violated. In
the absence of Lorentz invariance, the CPT invariance, if
needed, should be imposed as an additional assumption.
In the effective field theory approach [136], the Lorentz-
and CPT-violating dispersion relation for photon propa-
gation can be parameterized as

E2
± = p2c2 ± 2η

Epl
p3c3, (11)

where ± represents the left- or right-handed circular po-
larization states of the photon, and η is a dimensionless
parameter that needs to be constrained. In LIV but CPT
invariant theories, the parameter η exactly vanishes. In
this sense, such tests might be less general than the ones
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Table 1 A selection of lower limits on EQG,n for linear (n = 1) and quadratic (n = 2) LIV for the subluminal (s± = +1)
and superluminal (s± = −1) cases. These limits were obtained from vacuum dispersion time-of-flight measurements of various
astrophysical sources.

Source(s) Instrument Technique EQG,1 (GeV) EQG,2 (GeV) Refs.
s± = +1 s± = −1 s± = +1 s± = −1

9 GRBsa BATSE+OSSE Wavelets 6.9× 1015 — 2.9× 106 — [107]
GRB 021206b RHESSI Peak times at different energies 1.8× 1017 — — — [108]
35 GRBsc BATSE+HETE-2 Wavelets 1.4× 1016 — — — [18, 106]

+Swift
GRB 051221A Konus-Wind+Swift Peak times of the light curves 6.6× 1016 — 6.2× 106 — [109]

in different energy bands
15 GRBs HETE-2 Wavelets 2.0× 1015 — — — [110]
11 GRBs INTEGRAL Likelihood 3.2× 1011 — — — [111]
GRB 080916C Fermi GBM+LAT Associating a 13.2 GeV photon with 1.3× 1018 — — — [21]

the trigger time
GRB 090510 Fermi GBM+LAT Associating a 31 GeV photon with 1.5× 1019 — — — [22]

the start of the first GBM pulse
Fermi/LAT PairView+Likelihood 9.3× 1019 1.3× 1020 1.3× 1011 9.4× 1010 [25]

+Sharpness-Maximization Method
GRB 160625B Fermi/GBM Spectral lag transition 0.5× 1016 — 1.4× 107 — [29]
56 GRBs Swift Rest-frame spectral lags 2.0× 1014 — — — [31]
GRB 190114C MAGIC Likelihood 5.8× 1018 5.5× 1018 6.3× 1010 5.6× 1010 [33]
Mrk 421 Whipple Binning 4.0× 1016 — — — [34]
Mrk 501 MAGIC Energy cost function 2.1× 1017 — 2.6× 1010 — [128]

Likelihood 3.0× 1017 — 5.7× 1010 — [129]
H.E.S.S. Likelihood 3.6× 1017 2.6× 1017 8.5× 1010 7.3× 1010 [130]

PKS 2155-304 H.E.S.S. Modified cross correlation function 7.2× 1017 — 1.4× 109 — [131]
Likelihood 2.1× 1018 — 6.4× 1010 — [132]

Crab pulsar CGRO/EGRET Pulse arrival times 1.8× 1015 — — — [35]
in different energy bands

VERITAS Likelihood 3.0× 1017 — 7.0× 109 — [133]
Dispersion Cancellation 1.9× 1017 1.7× 1017 — — [134]

MAGIC Likelihood 5.5× 1017 4.5× 1017 5.9× 1010 5.3× 1010 [135]
aLimits obtained not taking into account the factor (1 + z) in the intergrand of Eq. (3).
bThe pseudo redshift was estimated from the spectral and temporal properties of GRB 021206.
cThe Limits of Ellis et al. [18] were corrected in Ellis et al. [106] taking into account the factor (1 + z) in the intergrand of Eq. (3).

based on vacuum dispersion. The linear polarization can
be decomposed into left- and right-handed circular polar-
ization states. For η ̸= 0, photons with opposite circular
polarizations have slightly different group velocities, which
leads to a rotation of the polarization vector of a linearly
polarized wave. This effect is known as vacuum birefrin-
gence. The rotation angle propagating from the source at
redshift z to the observer can be derived as [47, 49]

∆ϕLIV(E) ≃ η
E2F (z)

h̄EplH0
, (12)

where E is the observed photon energy, and

F (z) =

∫ z

0

(1 + z′)dz′√
Ωm (1 + z′)

3
+ΩΛ

. (13)

Generally speaking, it is impossible to know the in-
trinsic polarization angles in the emission of photons of

different energies from a given source. If one had this
information, evidence for vacuum birefringence (i.e., an
energy-dependent rotation of the polarization plane) can
be examined by measuring differences between the known
intrinsic polarization angle and the observed polarization
angles at different energies. However, even without such
knowledge, the birefringent effect can still be constrained
for polarized sources at arbitrary cosmological distances,
because the differential rotation acting on the polarization
angle as a function of energy would add opposite oriented
polarization vectors, effectively erasing most, if not all, of
the observed polarization signal. Therefore, the detection
of the polarization signal can put an upper bound on such
a possible violation.
2.2.2 Present constraints

Observations of linear polarization from distant sources
have been widely used to place upper limits on the bire-
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fringent parameter η. The vacuum birefringence con-
straints arise from the fact if the rotation angle (Eq. 12)
differs by more than π/2 over an energy range (E1 <
E < E2), then the net polarization of the signal would
be severely suppressed and well below any observed value.
Hence, the measurement of polarization in a given en-
ergy band implies that the differential rotation angle
|∆ϕ(E2)−∆ϕ(E1)| should not be larger than π/2.

Previously, Gleiser & Kozameh [38] set an upper bound
of η < 10−4 by analyzing the linearly polarized ultravi-
olet light from the distant radio galaxy 3C 256. Much
more stringent limits, η < 10−14, have been obtained by
using the linear polarization detection in the gamma-ray
emission of GRB 021206 [43, 44]. However, the origi-
nally reported detection of high polarization from GRB
021206 [137] has been refuted by the re-analyses of the
same data [138, 139]. Maccione et al. [140] used the hard
X-ray polarization measurement of the Crab Nebula to get
a constraint of η < 9 × 10−10. Laurent et al. [147] used
a report of polarized soft gamma-ray emission from GRB
041219A to derive a stronger limit of η < 1.1× 10−14 (see
also Ref. [48]). But again, this claimed polarization detec-
tion [141–143] has been disputed (see the explanations in
Ref. [49]). That is, the previous reports of the gamma-ray
polarimetry for GRB 041219A are controversial and, thus,
the arguments for the limits on η given by Refs. [47, 48]
are still open to questions.

Contrary to those disputed reports, the evidences of
linearly polarized gamma-ray emission detected by the
gamma-ray burst polarimeter (GAP) onboard the Inter-
planetary Kite-craft Accelerated by Radiation Of the Sun
(IKAROS) are convincing, and thus these detections can
be used to set more reliable limits on the birefringent pa-
rameter [49]. IKAROS/GAP detected gamma-ray polar-
izations of three GRBs with high significance levels, with
a linear polarization degree of Π = 27 ± 11% for GRB
100826A [144], Π = 70 ± 22% for GRB 110301A, and
Π = 84+16

−28% for GRB 110721A [145]. The detection sig-
nificance are 2.9σ, 3.7σ, and 3.3σ, respectively. Toma et
al. [49] set the upper limit of the differential rotation angle
|∆ϕ(E2)−∆ϕ(E1)| to be π/2, and obtained a severe upper
limit on η in the order of O(10−15) from the reliable po-
larimetric data of these three GRBs. However, the GRBs
had no direct redshift measurement, they used a redshift
estimate based on an empirical luminosity relation. Uti-
lizing the real redshift measurement (z = 1.33) together
with the polarization data of GRB 061122, Götz et al. [50]
obtained a stricter limit (η < 3.4 × 10−16) on a possible
LIV. Götz et al. [51] used the most distant polarized burst
(up to z = 2.739), GRB 140206A, to obtain the deepest
limit to date (η < 1.0× 10−16) on the possibility of LIV.

It is worth noting that most of previous polarization
constraints were derived under the assumption that the
differential rotation angle |∆ϕ(E2) − ∆ϕ(E1)| is smaller
than π/2. However, Lin et al. [52] gave a detailed analy-
sis on the evolution of GRB polarization arising from the

vacuum birefringent effect, and showed that a considerable
amount of the initial polarization degree (depending both
on the photon energy band and the photon spectrum) can
be conserved even if |∆ϕ(E2) − ∆ϕ(E1)| is approaching
to π/2. This is incompatible with the common belief
that |∆ϕ(E2) − ∆ϕ(E1)| should not be too large when
high polarization is detected. Therefore, Lin et al. [52]
suggested that it is unsuitable to constrain the birefrin-
gent effect by simply setting π/2 as the upper limit of
|∆ϕ(E2)−∆ϕ(E1)|. Lin et al. [52] applied their formulae
for the polarization evolution to some true GRB events,
and obtained the most stringent upper limit to date on
the birefringent parameter from the polarimetric data of
GRB 061122, i.e., η < 0.5 × 10−16. Following the analy-
sis method presented in Ref. [52] and utilizing the recent
measurements of gamma-ray linear polarization of GRBs,
Wei [55] updated constraints on a possible LIV through
the vacuum birefringent effect, and thereby improving pre-
vious results by factors ranging from two to ten.

If both the intrinsic polarization angle ϕ0 and the ro-
tation angle induced by the birefringent effect ∆ϕLIV(E)
are considered here, the observed linear polarization angle
at a certain E from a source should be

ϕobs = ϕ0 +∆ϕLIV (E) . (14)

Assuming that all photons in the observed energy band-
pass are emitted with the same (unknown) intrinsic polar-
ization angle, we then expect to observe the birefringent
effect as an energy-dependent linear polarization vector.
To constrain the birefringent parameter η, Fan et al. [45]
looked for a similar energy-dependent trend in the mul-
tiwavelength polarization observations of the optical af-
terglows of GRB 020813 and GRB 021004. By fitting
the spectropolarimetric data of these two GRBs, Fan et
al. [45] obtained constraints on both ϕ0 and η (see Fig. 4).
At the 3σ confidence level, the combined limit on η from
two GRBs is −2× 10−7 < η < 1.4× 10−7. It is clear from
Eq. (12) that the higher energy band of the polarization
observation and the larger distance of the polarized source,
the greater sensitivity to small values of η. As expected,
the optical polarization data of GRB afterglow obtained
a less stringent constraint on η [45].

2.2.3 Comparison with time-of-flight limits

Table 2 presents a summary of the corresponding lim-
its on LIV from the polarization measurements of astro-
physical sources. The hitherto most stringent constraints
on the birefringent parameter, η < O(10−16), have been
obtained by the detections of linear polarization in the
prompt gamma-ray emission of GRBs [50–52, 55].

By comparing Eqs. (1) and (11), we can derive the con-
version from η to the Limit on the linear LIV energy scale,
i.e., EQG,1 =

Epl
2η . With the data presented in Tables 1

and 2, it is easy to compare the recent achievements in
sensitivity of time-of-flight measurements versus polariza-
tion measurements. For the subluminal case, the time-of-
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flight analysis of multi-GeV photons from GRB 090510A
detected by Fermi/LAT yielded the strictest limit on the
linear LIV energy scale, EQG,1 > 9.3 × 1019 GeV, which
corresponds to η < 0.07 [25]. Obviously, this time-of-
flight constraint is many orders of magnitude weaker than
the best polarization constraint. However, time-of-flight
constraints are essential in a broad-based search for non-
birefringent Lorentz-violating effects.

3 Astrophysical bounds on the photon mass

3.1 Dispersion from a nonzero photon mass

For a nonzero photon rest mass (mγ ̸= 0), the energy of
the photon can be written as

E =
√
p2c2 +m2

γc
4. (15)

Then the massive photon group velocity υ in vacuum is no
longer a constant c, but depends on the photon frequency
ν. That is,

υ =
∂E

∂p
= c

√
1−

m2
γc

4

E2
≈ c

(
1− 1

2

m2
γc

4

h2ν2

)
, (16)

where the last approximation is valid when mγ ≪ hν/c2 ≃
7 × 10−42

(
ν

GHz
)

kg. Eq. (16) implies that the lower fre-

quency, the slower the photon travels in vacuum. Two
massive photons with different frequencies (νl < νh), if
emitted simultaneously from a same source, would be re-
ceived at different times by the observer. For a cosmic
source, the arrival time difference due to a nonzero pho-
ton mass is given by

∆tmγ
=

m2
γc

4

2h2H0

(
ν−2
l − ν−2

h

)
Hγ(z), (17)

where Hγ(z) is a dimensionless function of the source red-
shift z,

Hγ(z) =

∫ z

0

(1 + z′)−2dz′√
Ωm(1 + z′)3 +ΩΛ

. (18)

It is obvious from Eq. (17) that observations of shorter
time structures at lower frequencies from sources at cos-
mological distances are particularly powerful for con-
straining the photon mass. In contrast, observations of
high-energy photons from cosmological sources are better
suited for probing LIV [16].

The observed time delays between different energy
bands from astrophysical sources have been used to con-
strain the photon mass. For instance, Lovell et al. [61]
analysed the delay between the optical and radio emission
from flare stars and concluded that the relative velocity of
light and radio waves was constrained to be 4× 10−7 over

Fig. 4 Fit to the multiwavelength polarimetric data of the optical afterglows of GRB 020813 and GRB 021004. Left panels:
Linear fits of the observed linear polarization angles versus quantities of frequency squared. Right panels: 1–3σ confidence levels
in the ϕ0–η plane. Reproduced from Ref. [45].
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Table 2 A selection of limits on the vacuum birefringent parameter η from the linear polarization measurements of astro-
physical sources.

Author (year) Source Polarimeter Energy banda Π η Refs.

Gleiser and Kozameh (2001) 3C 256 Spectropolarimeter Ultraviolet 16.4± 2.2% < 10−4 [38]
Mitrofanov (2003) GRB 021206c RHESSI 150–2000 keV 80± 20%b < 10−14 [43]
Jacobson et al. (2004) GRB 021206d RHESSI 150–2000 keV 80± 20%b < 0.5× 10−14 [44]
Fan et al. (2007) GRB 020813 LRISp 3500–8800 Å 1.8%–2.4% (−2.0–1.4)×10−7 [45]

GRB 021004 VLT 3500–8600 Å 1.88± 0.05% (−2.0–1.4)×10−7

Maccione et al. (2008) Crab Nebula INTEGRAL/SPI 100–1000 keV 46± 10% < 9× 10−10 [140]
Laurent et al. (2011) GRB 041219Ae INTEGRAL/IBIS 200–800 keV 43± 25%b < 1.1× 10−14 [47]
Stecker (2011) GRB 041219Af INTEGRAL/SPI 100–350 keV 96± 40%b < 2.4× 10−15 [48]
Toma et al. (2012) GRB 100826Af IKAROS/GAP 70–300 keV 27± 11% < 2.0× 10−14 [49]

GRB 110301Af IKAROS/GAP 70–300 keV 70± 22% < 1.0× 10−14

GRB 110721Af IKAROS/GAP 70–300 keV 84+16
−28% < 2.0× 10−15

Götz et al. (2013) GRB 061122 INTEGRAL/IBIS 250–800 keV > 60% < 3.4× 10−16 [50]
Götz et al. (2014) GRB 140206A INTEGRAL/IBIS 200–400 keV > 48% < 1.0× 10−16 [51]
Lin et al. (2016) GRB 061122 INTEGRAL/IBIS 250–800 keV > 60% < 0.5× 10−16 [52]

GRB 110721Af IKAROS/GAP 70–300 keV 84+16
−28% < 4.0× 10−16

Wei (2019) GRB 061122 INTEGRAL/IBIS 250–800 keV > 60% < 0.5× 10−16 [55]
GRB 100826Af IKAROS/GAP 70–300 keV 27± 11% 1.2+1.4

−0.7 × 10−14

GRB 110301Af IKAROS/GAP 70–300 keV 70± 22% 4.3+5.4
−2.3 × 10−15

GRB 110721A IKAROS/GAP 70–300 keV 84+16
−28% 5.1+4.0

−5.1 × 10−16

GRB 140206A INTEGRAL/IBIS 200–400 keV > 48% < 1.0× 10−16

GRB 160106Af AstroSat/CZTI 100–300 keV 68.5± 24% 3.4+1.4
−1.8 × 10−15

GRB 160131A AstroSat/CZTI 100–300 keV 94± 31% 1.2+2.0
−1.2 × 10−16

GRB 160325Af AstroSat/CZTI 100–300 keV 58.75± 23.5% 2.3+1.0
−0.9 × 10−15

GRB 160509A AstroSat/CZTI 100–300 keV 96± 40% 0.8+2.2
−0.8 × 10−16

GRB 160802Af AstroSat/CZTI 100–300 keV 85± 29% 2.0+1.7
−2.0 × 10−15

GRB 160821Af AstroSat/CZTI 100–300 keV 48.7± 14.6% 8.9+1.7
−1.7 × 10−15

GRB 160910Af AstroSat/CZTI 100–300 keV 93.7± 30.92% 4.7+7.6
−4.7 × 10−16

aThe energy band in which polarization is observed.
bThe claimed polarization detections have been refuted.
cThe distance of GRB 021206 was taken to be 1010 light years.
dThe distance of GRB 021206 was taken to be 0.5 Gpc.
eThe lower limit to the photometric redshift of GRB 041219A (z = 0.02) was adopted.
fThe redshifts of these GRBs were estimated by the empirical luminosity relation.

a wavelength range from 0.54 µm to 1.2 m, which implied
an upper limit on the photon mass of mγ ≤ 1.6×10−45 kg.
With the arrival time delay of optical pulses from the
Crab Nebula pulsar over a wavelength range of 0.35–
0.55 µm, Warner & Nather [62] set a stringent limit on
the possible frequency-dependence of the speed of light,
which led to an upper limit of mγ ≤ 5.2 × 10−44 kg.
By analyzing the arrival time delay between the radio af-
terglow and the prompt gamma-ray emission from GRB
980703, Schaefer [63] obtained a stricter upper limit of
mγ ≤ 4.2× 10−47 kg. Using GRB early-time radio detec-
tions as well as multi-band radio afterglow peaks, Zhang et
al. [64] improved the results of Schaefer [63] by nearly half
an order of magnitude. Although the optical emissions of
the Crab Nebula pulsar have been used to constrain the
photon mass, Wei et al. [65] showed that much more se-

vere limits on the photon mass can be obtained with radio
observations of pulsars in the Large and Small Magellanic
Clouds (LMC and SMC). The photon mass limits can be
as low as mγ ≤ 2.0 × 10−48 kg for the radio pulsar PSR
J0451-67 in the LMC and mγ ≤ 2.3 × 10−48 kg for PSR
J0045-7042 in the SMC [65]. Owing to their fine time
structures, low frequency emissions, and large cosmologi-
cal distances, extragalactic fast radio bursts (FRBs) have
been viewed as the most promising celestial laboratory so
far for testing the photon mass [66–69, 71, 72]. The first
attempts to constrain the photon mass using FRBs were
presented in Wu et al. [66] and Bonetti et al. [67]. Adopt-
ing the possible redshift z = 0.492 for FRB 150418, and
assuming the dispersive delay was caused by the nonzero
photon mass effect, Wu et al. [66] improved the limit of
the photon mass to be mγ ≤ 5.2×10−50 kg (see also [67]).
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However, the identification of a radio transient, which pro-
vided the redshift measurement to FRB 150418, was chal-
lenged with a common AGN variability [146, 147]. Now
this redshift measurement is generally thought to be un-
reliable [148]. Subsequently, Bonetti et al. [68] used the
confirmed redshift measurement of FRB 121102 to obtain
a similar result of mγ ≤ 3.9 × 10−50 kg. After correcting
for dispersive delay, Hessels et al. [149] found that the sub-
bursts of FRB 121102 still show a time-frequency down-
ward drifting pattern. The frequency-dependent time de-
lay between subbursts is much smaller than the dispersive
delay, resulting in a tighter upper limit on the photon
mass of mγ ≤ 5.1× 10−51 kg [71]. The current astrophys-
ical constraints on the photon rest mass derived through
the dispersion method are shown in Fig. 5. Most of these
results were based on a single source, in which the ob-
served time delay was assumed to be due to the nonzero
photon mass and the dispersion from the plasma effect
(see below) was ignored.

3.2 Dispersion from the plasma effect

Due to the dispersive nature of plasma, radio waves with
lower frequencies would travel through the ionized median
slower than those with higher frequencies [150]. That is,
the group velocity of electromagnetic waves propagating
through a plasma has a frequency dependence, i.e.,

υp = c

[
1−

(νp
ν

)2]1/2
, (19)

where the plasma frequency νp = [nee
2/(4π2meϵ0)]

1/2

with ne the average electron number density along the
line of sight, e and me the charge and mass of an electron,

Fig. 5 Astrophysical limits on the photon rest mass through
the dispersion method, including the strict upper bounds from
flare stars [61], Crab nebula pulsar [62], GRB 980703 [63],
extragalactic radio pulsar [65], FRB 150418 [66, 67], FRB
121102 [68], FRB 121102 subbursts [71], and nine localized
FRBs [72].

respectively, and ϵ0 the permittivity of vacuum. The ar-
rival time delay between two wave packets with different
frequencies, which caused by the plasma effect, can then
be expressed as

∆tDM =

∫ dl
c

ν2p
2

(
ν−2
l − ν−2

h

)
=

e2

8π2meϵ0c

(
ν−2
l − ν−2

h

)
DMastro. (20)

Here the dispersion measure (DM) is defined as the in-
tegrated electron number density along the propagation
path, DMastro ≡

∫
nedl. In a cosmological context, the

measured DMastro by an earth observer is DMastro ≡∫
ne,z(1 + z)−1dl, where ne,z is the rest-frame number

density of free electrons [151]. For a cosmological source
at redshift z, we expect DMastro to separate into four com-
ponents:

DMastro = DMMW + DMMWhalo + DMIGM+
DMhost
1 + z

(21)

with DMMW the contribution from the Milky Way ionized
interstellar medium, DMMWhalo the contribution from the
Milky Way halo, DMIGM the contribution from the in-
tergalactic medium (IGM), and DMhost the contribution
from the host galaxy and source environment in the cos-
mological rest frame of the source. The measured value of
DMhost is smaller by a factor of (1 + z) [151].

It is evident from Eq. (20) that radio waves propagating
through a plasma are expected to arrive with a frequency-
dependent dispersion in time of the 1/ν2 behavior. How-
ever, a similar dispersion ∝ m2

γ/ν
2 [see Eq. (17)] could

also be caused by a nonzero photon mass. The dispersion
method used for constraining the photon mass is, there-
fore, hindered by the similar frequency dependences of
the dispersions arise from the plasma and nonzero photon
mass effects.

3.3 Combined limits on the photon mass

In order to diagnose an effect as radical as a finite pho-
ton mass, statistical and possible systematic uncertain-
ties must be carefully handled. One cannot rely solely
on a single source, for which it would be hard to dis-
tinguish the dispersions from the plasma and photon
mass. For this reason, Shao & Zhang [69] constructed
a Bayesian framework to derive a combined constraint of
mγ ≤ 8.7 × 10−51 kg from a sample of 21 FRBs (includ-
ing 20 FRBs without measured redshift, and one, FRB
121102, with a known redshift), where an uninformative
prior was used for the unknown redshift. Wei & Wu [70]
also developed a statistical approach to study this prob-
lem by analyzing a catalog of radio sources with measured
DMs. This technique has the advantage that it can both
give a combined limit of the photon mass and estimate an
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average DMastro contributed by the plasma effect. Using
the measured DMs from two statistical samples of extra-
galactic radio pulsars, Wei & Wu [70] placed combined
limits on the photon mass at 68% confidence level, i.e.,
mγ ≤ 1.5 × 10−48 kg for the sample of 22 LMC pulsars
and mγ ≤ 1.6 × 10−48 kg for the other sample of 5 SMC
pulsars.

Since the dispersions from the plasma and photon mass
have different redshift dependences, Refs. [67, 68, 150] sug-
gested that they could in principle be distinguished by a
statistical sample of FRBs at a range of different redshifts,
thereby improving the sensitivity to mγ . Recently, nine
FRBs with different redshift measurements (FRB 121102:
z = 0.19723 [148, 152, 153]; FRB 180916.J0158+65:
z = 0.0337 [154]; FRB 180924: z = 0.3214 [155]; FRB
181112: z = 0.4755 [156]; FRB 190523: z = 0.66 [157];
FRB 190102: z = 0.291; FRB 190608 z = 0.1178; FRB
190611: z = 0.378; FRB 190711: z = 0.522 [158]) have
been reported. Wei & Wu [72] applied the idea suggested
by Refs. [67, 68, 150] to these nine localized FRBs to give
a combined constraint on the photon mass. From obser-
vations, the radio signals of all FRBs exhibit an apparent
ν−2-dependent time delay, which is expected from both
the free electron content along the line of the sight and
nonzero mass effects on photon propagation [see Eqs. (17)
and (20) ]. Thus, Wei & Wu [72] attributed the observed
time delay to two terms:

∆tobs = ∆tDM +∆tmγ
. (22)

In practice, the observed DM of each FRB, DMobs, is di-
rectly determined by fitting the ν−2 behavior of its ob-
served time delay. This implies that both the line-of-sight
free electron density and a massive photon (if it exists)
determine the same DMobs, i.e.,

DMobs = DMastro + DMγ , (23)

where DMastro is given in Eq. (21) and DMγ denotes the
“effective DM” due to a nonzero photon mass [69],

DMγ ≡ 4π2meϵ0c
5

h2e2
Hγ(z)

H0
m2

γ . (24)

To investigate the possible DMγ , we need to figure
out different DM contributions in Eq. (21). For a lo-
calized FRB, the DMMW term can be well estimated
from a model of our Galactic electron distribution. The
DMMWhalo term is not well modeled, but is expected to
contribute about 50–80 pc·cm−3 [159]. Wei & Wu [72]
adopted DMMWhalo = 50 pc·cm−3. The DMhost term
is highly uncertain, due to the dependences on the type
of the FRB host galaxy, the relative orientations of the
galaxy disk and source, and the near-source plasma [160].
Wei & Wu [72] assumed that the rest-frame DMhost scales
with the star formation rate (SFR; see Ref. [161] for more
details), DMhost(z) = DMhost,0

√
SFR(z)/SFR(0), where

DMhost,0 represents the present value of DMhost(z = 0)

and SFR(z) = 0.0157+0.118z
1+(z/3.23)4.66 M⊙ yr−1·Mpc−3 is the em-

pirical form of the star formation history [162, 163]. In
the analysis of Wei & Wu [72], DMhost,0 was treated as a
free parameter. The IGM contribution to the DM of an
FRB at redshift z is related to the ionization fractions of
hydrogen and helium in the universe. Since both hydrogen
and helium are fully ionized at z < 3, one then has [151]

DMIGM(z) =
21cH0ΩbfIGM

64πGmp
He(z), (25)

where mp is the proton mass, Ωb = 0.0493 is the baryonic
matter energy density [164], fIGM ≃ 0.83 is the fraction
of baryon mass in the IGM [165], and He(z) is the dimen-
sionless redshift function,

He(z) =

∫ z

0

(1 + z′)dz′√
Ωm(1 + z′)3 +ΩΛ

. (26)

The two dimensionless quantities (He and Hγ) as a func-
tion of the redshift z are displayed in Fig. 6. One can see
from this plot that the IGM and a possible photon mass
contributions to DMs have different redshift dependences.
As already commented, Bonetti et al. [67, 68] indicated
that the different redshift dependences might not only be
able to break dispersion degeneracy but also improve the
sensitivity to mγ at the point when a few redshift measure-
ments of FRBs become available (see also Refs. [69, 150]).

With the redshift measurements of nine FRBs, Wei &
Wu [72] maximized the likelihood function,

L =
∏
i

1√
2πσtot,i

× exp
{
− [DMobs,i − DMastro,i − DMγ(mγ , zi)]

2

2σ2
tot,i

}
,

(27)

to derive a combined limit on the photon mass mγ . Here
the total variance on each FRB is given by

σ2
tot = σ2

obs + σ2
MW + σ2

MWhalo + σ2
int, (28)

Fig. 6 Dependence of functions Hγ(z) and He(z) on the
redshift z. Reproduced from Ref. [72].
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Table 3 Summary of astrophysical upper bounds on the photon rest mass as obtained by the dispersion method.

Author (Year) Source(s) Wavelength (energy or frequency) range mγ (kg) Refs.

Lovell et al. (1964) flare stats 0.54 µm–1.2 m 1.6× 10−45 [61]
Warner and Nather (1969) Crab Nebula pulsar 0.35–0.55 µm 5.2× 10−44 [62]
Schaefer (1999) GRB 980703 5.0× 109–1.2× 1020 Hz 4.2× 10−47 [63]
Zhang et al. (2016) GRB 050416A 8.46 GHz–15 keV 1.1× 10−47 [64]
Wei et al. (2017) Extragalactic radio pulsar ∼ 1.4 GHz 2.0× 10−48 [65]

(PSR J0451-67)
Extragalactic radio pulsar ∼ 1.4 GHz 2.3× 10−48

(PSR J0045-7042)
Wei and Wu (2018) 22 radio pulsars in the LMC ∼ 1.4 GHz 1.5× 10−48 [70]

5 radio pulsars in the SMC ∼ 1.4 GHz 1.6× 10−48

Wu et al. (2016) FRB 150418 1.2–1.5 GHz 5.2× 10−50 [66]
Bonetti et al. (2016) FRB 150418 1.2–1.5 GHz 3.2× 10−50 [67]
Bonetti et al. (2017) FRB 121102 1.1–1.7 GHz 3.9× 10−50 [68]
Shao and Zhang (2017) 21 FRBs (20 of them without ∼ GHz 8.7× 10−51 [69]

redshift measurement)
Xing et al. (2019) FRB 121102 subbursts 1.34–1.37 GHz 5.1× 10−51 [71]
Wei and Wu (2020) 9 localized FRBs ∼ GHz 7.1× 10−51 [72]

where σobs, σMW, and σMWhalo correspond to the uncer-
tainties of DMobs, DMMW, and DMMWhalo, respectively,
and σint represents the global intrinsic scatter that might
originate from the diversity of host galaxy contribution
and the large IGM fluctuation. The marginalized cumula-
tive posterior distribution of the photon mass mγ is shown
in Fig. 7. The 68% confidence-level upper limit on mγ

from nine localized FRBs is mγ ≤ 7.1 × 10−51 kg [72],
which is comparable with or represents a factor of 7 im-
provement over existing photon mass limits from the in-
dividual FRBs [66–68, 71].

Fig. 7 Cumulative posterior probability distribution on the
photon rest mass mγ derived from nine localized FRBs. The
excluded values for mγ at 68% and 95% confidence levels are
displayed with shadowed areas. Reproduced from Ref. [72].

Table 3 presents a summary of astrophysical upper
bounds on the photon mass mγ obtained through the dis-
persion method. As illustrated in Fig. 5 and Table 3, the
current best mγ limits were made by using the observa-
tions of FRB 121102 subbursts (mγ ≤ 5.1×10−51 kg) [71]
and nine localized FRBs (mγ ≤ 7.1× 10−51 kg) [72].

4 Astrophysical tests of the WEP

The WEP states that inertial and gravitational masses
are identical. An alternative statement is that the trajec-
tory of a freely falling, uncharged test body is independent
of its internal structure and composition. Astrophysical
observations provide a unique test of WEP by testing if
different massless particles experience gravity differently.
In this section, we present the field-standard test method
through the Shapiro time delay effect.

Particles which traverse a gravitational field would ex-
perience a time delay (named the Shapiro delay) due to
the warping of spacetime. Adopting the PPN formalism,
the γ-dependent Shapiro delay is given by [95]

tgra = −1 + γ

c3

∫ ro

re

U(r)dr, (29)

where re and ro denote the locations of the emitting source
and observer, respectively, and U(r) is the gravitational
potential along the propagation path. A possible violation
of the WEP implies that, if two particles follow the same
path through a gravitational potential, then they would
undergo different Shapiro delays. In this case, two test
particles emitted simultaneously from the source would
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reach our Earth with a arrival-time difference (see Fig. 8)

∆tgra =
∆γ

c3

∫ ro

re

U(r)dr, (30)

where ∆γ = |γ2 − γ1| represents the difference of the γ
values for different particles, which can be used as measure
of a possible deviation from the WEP.

To estimate the relative Shapiro delay ∆tgra with
Eq. (30), one needs to figure out the gravitational po-
tential U(r). For sources at cosmological distances, U(r)
should have contributions from the local gravitational po-
tential Ulocal(r), the intergalactic potential UIG(r), and
the host galaxy potential Uhost(r). Since the potential
function for UIG(r) and Uhost(r) is hard to model, for the
purposes of obtaining lower limits, it is reasonable to ex-
tend the local potential Ulocal(r) to the distance of the
source. In previous articles, the gravitational potential of
the Milky Way, Virgo Cluster, or the Laniakea superclus-
ter [166] has been adopted as the local potential, which
can be modeled as a Keplerian potential U(r) = −GM/r.
We thus have [96, 100]

∆tgra = ∆γ
GM

c3

× ln

[
d+
(
d2−b2

)1/2] [
rL+sn

(
r2L−b2

)1/2]
b2

,

(31)

where M is the mass of the gravitational field source, d
is the distance from the particle source to the center of
gravitational field, b is the impact parameter of the par-
ticle paths relative to the center, rL is the distance of
the center, and sn = +1 (or −1) corresponds to the case

Fig. 8 A cartoon picture shows how two photons, one at a
low frequency (νl) and another at a high frequency (νh), travel
in curved space-time from their origin in a distant extragalactic
transient until reaching our Earth. A lower-limit estimate of
the gravitational pull that the photons experience along their
way is given by the mass in the center of the Milky Way.

where the particle source is located in the same (or oppo-
site) direction with respect to the center of gravitational
field. For a particle source at the coordinates (R.A.=βs,
Dec.=δs), the impact parameter b can be estimated as

b = rG
√
1− (sin δs sin δL + cos δs cos δL cos(βs − βL))2,

(32)

where βL and δL represent the coordinates of the center
of gravitational field.

4.1 Arrival time tests of the WEP

If one assumes that the observed time delay (∆tobs) be-
tween messengers or within messengers is mainly con-
tributed by the relative Shapiro delay (∆tgra) and we know
that the intrinsic (astrophysical) time delay ∆tint > 0, a
conservative upper limit on the WEP violation could be
placed by1)

∆γ <∆tobs

(
GM

c3

)−1

× ln−1

[
d+
(
d2−b2

)1/2] [
rL+sn

(
r2L−b2

)1/2]
b2

.

(33)

The first multimessenger test of the WEP was be-
tween photons and neutrinos from supernova SN 1987A.
Logo [97] and Krauss & Tremaine [96] used the observed
time delay between photons and MeV neutrinos from SN
1987A to prove that the γ values for photons and neutri-
nos are identical to an accuracy of approximately 0.3–
0.5%. These constraints can be further improved us-
ing the likely associations of high-energy neutrinos with
the flaring blazars [168–171] or GRBs [172]. Besides the
neutrino-photon sectors, the coincident detections of GW
events with electromagnetic counterparts also provided
multimessenger tests of the WEP, extending the WEP
tests with GWs and photons [100, 173–180]. For example,
with the assumption that the arrival time delay between
GW170817 and GRB 170817A (∼ 1.7 s) from a binary
neutron star merger is mainly due to the gravitational po-
tential of the Milky Way outside a sphere of 100 kpc, Ab-
bott et al. [174] derived −2.6×10−7 ≤ γg−γγ ≤ 1.2×10−6.
A more severe constraint of |γg −γγ | < 0.9×10−10 can be
achieved for GW170817/GRB 170817A when the gravita-
tional potential of the Virgo Cluster is considered [177].

WEP tests have also been performed within the same
species of messenger particles (neutrinos, photons, or

1)Minazzoli et al. [167] discussed the shortcomings of standard
Shapiro delay-based tests of the WEP. Because such tests are
based on the estimation for different messenger particles of the
one-way propagation time between the emitting source and the
observer that is not an observable per se. As a consequence, Mi-
nazzoli et al. [167] suggested that such tests are extremely model
dependent and can not provide reliable quantitative limits on the
WEP violation.
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GWs) but with varying energies (e.g., [71, 96, 98–100, 181–
194]). In the neutrino sector, Longo [96] used the ob-
served delay between 7.5 MeV and 40 MeV neutrinos
from SN 1987A to set |γν(40 MeV) − γν(7.5 MeV)| <
1.6 × 10−6. Wei et al. [171] adopted the delay for
neutrinos ranging in energy from about 0.1 to 20 Tev
from the direction of the blazar TXS 0506+056 to ob-
tain |γν(20 TeV) − γν(0.1 TeV)| < 7.3 × 10−6. In the
photon sector, Gao et al. [98] (see also Sivaram [181])
suggested that one can use the time delays of photons
of different energies from cosmological transients to test
the WEP. They applied the similar approach to GRBs
and derived |γγ(eV) − γγ(MeV)| < 1.2 × 10−7 for GRB
080319B and |γγ(GeV)−γγ(MeV)| < 2.0× 10−8 for GRB
090510. Recently, such a test has also been applied to
different-energy photons in other transient sources, includ-
ing FRBs [71, 99, 185–187], TeV blazars [188], and the
Crab pulsar [189–192]. In the GW sector, Wu et al. [100]
suggested that one can treat the GW signals with differ-
ent frequencies as different gravitons to test the WEP.
They used the delay for the GW signals ranging in fre-
quency from about 35 to 150 Hz from GW150914 to set
|γg(35 Hz)− γg(150 Hz)| < 10−9 (see also [193]). Very re-
cently, Yang et al. [194] obtained new constraints of ∆γ
by using the GW data of binary black holes mergers in
the LIGO-Virgo catalogue GWTC-1. The best constraints
came from GW170104 and GW170823, i.e., ∆γ < 10−15.

Yu & Wang [195] and Minazzoli [196] proposed a new
multimessenger test of the WEP using strongly lensed cos-
mic transients. By measuring the time delays between
lensed images seen in different messengers, one can obtain
robust constraints on the differences of the γ values.

4.2 Polarization tests of the WEP

The fact that the trajectory of any freely falling test body
does not depend on its internal structure is one of the
consequences of the WEP. Since the polarization is viewed
as a basic component of the internal structure of photons,
Wu et al. [197] proposed that multiband electromagnetic
emissions exploiting different polarizations are an essential
tool for testing the accuracy of the WEP.

For a linearly polarized light, it is the combination of
two monochromatic waves with opposite circular polariza-
tions (labeled with “l” and “r”). If the WEP fails, then
the two circularly polarized beams travel through the same
gravitational field with different Shapiro delays. The rel-
ative Shapiro delay ∆tgra of these two beams is the same
as Eq. (30), except now ∆γ = |γl − γr| corresponds to the
difference of the γ values for the left- and right-handed
circular polarization states. Because of the arrival-time
difference between the two circular components, the po-
larization plane of a linearly polarized light would be sub-
ject to a rotation along the photons’ propagation path.
The rotation angle due to the WEP violation is given by
[101, 102]

∆ϕWEP (E) = ∆tgra
2πc

λ
= ∆tgra

E

h̄
, (34)

where E is the observed energy.
Since the initial angle of the linearly polarized light

is not available, the exact value of ∆ϕWEP is unknown.
Yet, we can set an upper limit for the differential ro-
tation angle |∆ϕ(E2) − ∆ϕ(E1)|, because the polariza-
tion signal would be erased as the path difference goes
beyond the coherence length. Therefore, the detection
of liner polarization indicates that |∆ϕ(E2) − ∆ϕ(E1)|
should not be too large. By considering the Shapiro delay
of the Milky Way’s gravitational potential, and setting
the upper limit of |∆ϕ(E2) − ∆ϕ(E1)| to be 2π, Yang
et al. [101] obtained an upper limit on the γ discrep-
ancy of ∆γ < 1.6 × 10−27 from the polarization mea-
surement of GRB 110721A.1) Through a detailed calcu-
lation on the evolution of GRB polarization arising from
the WEP violation, Wei & Wu [102] proved that the ini-
tial polarization signal is not significantly suppressed even
if |∆ϕ(E2) −∆ϕ(E1)| is larger than π/2. Applying their
formulae to the GRB polarimetric data, Wei & Wu [102]
placed the most stringent limits so far on a deviation from
the WEP for two cases: ∆γ < 0.8×10−33 for GRB 061122
and ∆γ < 1.3× 10−33 for GRB 110721A.

If the rotation angle induced by the WEP violation is
considered here, the observed linear polarization angle for
photons emitted at a certain energy E with an intrinsic
polarization angle ϕ0 should be

ϕobs = ϕ0 +∆ϕWEP (E) . (35)

Instead of requiring the argument that the rotation of
the polarization plane would severely reduce polarization
over a broad bandwidth, Wei & Wu [198] simply assumed
that ϕ0 is an unknown constant. One can then constrain
the WEP violation by measuring the energy-dependent
change of the polarization angle. Wei & Wu [198] showed
that it is possible to give constraints on both ∆γ and ϕ0

through direct fitting of the multiwavelength polarimetric
data of the optical afterglows of GRB 020813 and GRB
021004 (see Fig. 9). At the 3σ confidence level, the joint
constraint on ∆γ from two GRBs is −2.7×10−24 < ∆γ <
3.1× 10−25. Yi et al. [199, 200] applied the same method
to radio polarimetry data of the blazar 3C 279 and ex-
tragalactic radio sources, and obtained less stringent con-
straints on ∆γ.

Shapiro delay-based tests of the WEP are summarized
in Table 4 for comparison. When the test particles are
different messengers, the best multimessenger constraint
is ∆γ < 1.3×10−13 for keV photons and the TeV neutrino
from GRB 110521B [172]. When the test particles are
the same messengers but with different energies, the best

1)Similar LIV constraints have been obtained by astrophysical polar-
ization measurements [45, 49]. Here, the LIV effect was supposed
not to work simultaneously to accidentally enhance or cancel the
effect from the WEP violation.
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constraints are ∆γ < 2.5 × 10−16 for 1.344–1.374 GHz
photons from FRB 121102 subbursts [71] and ∆γ < 6.2×
10−16 for ∼ 100 Hz GW signals from GW170104 [194].
When the test particles are the same messengers but with
different polarization states, the best constraint is ∆γ <
0.8 × 10−33 for polarized gamma-ray photons from GRB
061122 [102].

5 Summary and future prospect

In this paper, we have reviewed the status of the high-
precision tests of fundamental physics with astrophysical
transients. A few solid conclusions and future prospect
can be summarized:

(i) Violations of Lorentz invariance can be tested by
seeking a frequency-dependent velocity resulting from vac-
uum dispersion and by searching for a change in polariza-
tion arising from vacuum birefringence.

For vacuum dispersion studies, in order to obtain tighter
limits on the LIV effects one should choose the waves of
higher frequencies that propagate over longer distances.
GRBs, with their short spectral lags, cosmological dis-
tances, and gamma-ray emissions, are the most powerful
probes so far for LIV constraints in the dispersive pho-
ton sector. In the past, emission from GRBs has been
observed only at energies below 100 GeV. Recently, VHE
photons above 100 GeV have been detected from GRB
190114C [118] and GRB 180720B [201], opening a new

window to study GRBs in sub-TeV gamma-rays. Such
detections are expected to become routine in the future
[202], especially with the operations of facilities such as the
international Cherenkov Telescope Array (CTA) and the
Large High Altitude Air Shower Observatory (LHAASO)
in China. Observations of extremely high-energy emission
from more GRBs will further improve constraints on LIV.
For vacuum birefringence studies, in order to tightly con-
strain the LIV effects one should choose those astrophysi-
cal sources with larger distances and polarization observa-
tions in a higher energy band. Thanks to their polarized
gamma-ray emissions and large cosmological distances,
GRBs are promising sources for seeking LIV-induced vac-
uum birefringence. As more and more GRB polarimeters
(such as POLAR-II, TSUBAME, NCT/COSI, GRAPE;
see McConnell [203] for a review) enter service, it is rea-
sonable to expect that the GRB polarimetric data will
be significantly enlarged. Limits on the vacuum birefrin-
gent effect can be further improved with larger number
of GRBs with higher energy polarimetry and higher red-
shifts.

(ii) The most direct and robust method for constrain-
ing the photon rest mass is to measure the frequency-
dependent dispersion of light.

Theoretically speaking, to obtain more stringent bounds
on the photon mass one should choose the waves of lower
frequencies that propagate over longer distances. Cosmo-
logical FRBs, with their short time durations, low fre-
quency emissions, and long propagation distances, are the

Fig. 9 Fit to the afterglow polarimetry data of GRB 020813 and GRB 021004. Left panels: Linear fits of the spectropolari-
metric data. Right panels: 1–3σ confidence levels in the ϕ0–∆γ plane. Reproduced from Ref. [198].
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most excellent astrophysical probes so far for constraining
the photon mass. However, the derivation of a photon
mass limit through the dispersion method is complicated
by the similar frequency dependences of the dispersions
due to the plasma and nonzero photon mass effects. If in
the future more FRB redshifts are measured, the differ-
ent redshift dependences of the plasma and photon mass
contributions to the DM can be used to break dispersion
degeneracy and to improve the sensitivity to the photon
mass [67–69, 72, 150]. It is encouraging that radio tele-
scopes, such as the Canadian Hydrogen Intensity Mapping
Experiment (CHIME) [154], the Australia Square Kilo-
meter Array Pathfinder (ASKAP) [155], and the Deep
Synoptic Array 10-dish prototype (DSA-10) [157], have
led to direct localizations of FRBs. The field will also
greatly benefit from the operations of facilities, such as the
Five Hundred Meter Aperture Spherical radio Telescope
(FAST), the DSA-2000, and the Square Kilometer Array
(SKA). The rapid progress in localizing FRBs will further
improve the constraints on the photon mass. In the fu-
ture, a swarm of nano-satellites orbiting the Moon will
open a new window at very low frequencies in the KHz–
MHz range [150]. These satellites are expected to function
as a distributed low frequency array far away from the
blocking ionosphere and terrestrial radio frequency inter-
ference, which will have stable conditions for observing the
cosmic signals. Such low frequency observations would of-
fer a more sensitive probe of any delays expected from a
nonzero photon mass.

(iii) Shapiro delay-based tests of the WEP have reached
high precision.

Pioneered by SN 1987A tests [96, 97], the Shapiro
delay experienced by an astrophysical messenger trav-
eling through a gravitational field has been intensively
employed to constrain possible violations of the WEP
(e.g., [98–102]). However, there are some uncertainties
and caveats involved in such tests. The large uncertainty
is from the estimation of the local gravitational poten-
tial U(r). The exact gravitational potential function is
not well known. More accurate models of the function
U(r) could improve the constraints on the WEP viola-
tion, but the improvement should be very limited. Most
often the Shapiro delay terms caused by the host galaxy
and the intergalactic gravitational potential are ignored.
In principle, these terms might be much larger than that
caused by the local gravitational potential. With the
better understanding of the potential functions for these
terms, the WEP tests might be improved by orders of
magnitude.As explained in Gao & Wald [204], Eq. (29) is
gauge dependent, i.e., depending on the coordinate choice
one can obtain both positive and negative values of the
Shapiro delay. Additionally, Eq. (29) implicitly assumes
that the trajectory is short enough that one can treat the
cosmological spacetime as Minkowski plus a linear per-
turbation. Minazzoli et al. [167] showed that this as-
sumption is well justified for sufficiently nearby sources

like GW170817, but not for sources at cosmological dis-
tances such as GRBs or FRBs with redshifts z ≥ 1. While
Nusser [186] has provided a formulation that, in principle,
can be applied to more distant sources, most of the pre-
viously cited works use the standard expression for the
Shapiro delay [Eq. (29)]. This is an additional source
of uncertainty involved in such WEP tests. The stan-
dard use of Eq. (29) also suffers from an assumption that
there exists a coordinate time such that the potential and
its derivative vanishes at infinity. Minazzoli et al. [167]
showed that such an assumption results in a spurious
divergence of the Shapiro delay for increasingly remote
sources. With the use of an adequate coordinate time,
Minazzoli et al. [167] found that the Shapiro delay is no
longer monotonic with the number of the sources of the
gravitational field. Hence, without further assumptions
and/or observational input, one can not obtain a conser-
vative lower limit on the Shapiro delay from a subset of the
gravitational sources based on Eq. (29). It might be possi-
ble to constrain the gravitational potential along the line
of sight using cosmological observations (e.g., of galaxy
peculiar velocities, as in Ref. [205]), and thus avoid the
need to use Eq. (29). Minazzoli et al. [167] suggested that
any further developments of this Shapiro delay-based test
should be inspired by a fundamental theory to avoid the
gauge dependence of the current expression of the test.
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