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Abstract Violations of both the weak equivalence principle

(WEP) and Lorentz invariance can produce vacuum bire-

fringence, which leads to an energy-dependent rotation of

the polarization vector of linearly polarized emission from

a given astrophysical source. However, the search for the

birefringent effect has been hindered by our ignorance con-

cerning the intrinsic polarization angle in different energy

bands. Considering the contributions to the observed linear

polarization angle from both the intrinsic polarization angle

and the rotation angles induced by violations of the WEP

and Lorentz invariance, and assuming the intrinsic polariza-

tion angle is an unknown constant, we simultaneously ob-

tain robust bounds on possible deviations from the WEP

and Lorentz invariance, by directly fitting the multiwave-

length polarimetric data of the optical afterglows of gamma-

ray burst (GRB) 020813 and GRB 021004. Here we show

that at the 3σ confidence level, the difference of the pa-

rameterized post-Newtonian parameter γ values character-

izing the departure from the WEP is constrained to be ∆γ =
(

−4.5+10.0
−16.0

)

×10−24 and the birefringent parameter η quan-

tifying the broken degree of Lorentz invariance is limited to

be η =
(

6.5+15.0
−14.0

)

× 10−7. These are the first simultaneous

verifications of the WEP and Lorentz invariance in the pho-

ton sector. More stringent limits can be expected as the anal-

ysis presented here is applied to future multiwavelength po-

larization observations in the prompt gamma-ray emission

of GRBs.
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1 Introduction

The weak equivalence principle (WEP) is a fundamental

postulate of general relativity as well as of many other met-

ric theories of gravity. One statement of the WEP is that the

trajectory of any freely falling, uncharged test body does not

depend on its internal structure and composition [1, 2]. It im-

plies that different species of messenger particles (e.g., pho-

tons, neutrinos, or gravitational waves), or the same species

of particles but with different internal structures (e.g, ener-

gies or polarization states), if radiated simultaneously from

the same astrophysical source and passing through the same

gravitational field, should arrive at our Earth at the same

time. The WEP test can therefore be performed by com-

paring the arrival-time differences between correlated par-

ticles from the same astrophysical source (e.g., [3–29]). Ad-

ditionally, if the WEP is invalid then arrival times of pho-

tons with right- and left-handed circular polarizations should

differ slightly, leading to a frequency-dependent rotation of

the polarization plane of a linearly polarized light. Thus, po-

larimetric observations of astrophysical sources can also be

used to test the WEP [30–32]. Currently, the best upper limit

on a deviation from the WEP has been obtained from the

gamma-ray polarization measurement of gamma-ray burst

(GRB) 061122 [31]. The WEP passes this extraordinarily

stringent test with an accuracy of O(10−33).

Lorentz invariance is a foundational symmetry of Ein-

stein’s theory of relativity. However, many quantum gravity

theories seeking to unify quantum mechanics and general

relativity predict that Lorentz invariance may be broken at

the Planck energy scale EPl ≃ 1.22×1019 GeV [33–40]. As

a consequence of Lorentz invariance violation (LIV), the po-

larization vector of linearly polarized photons would make

an energy-dependent rotation, also known as vacuum bire-

fringence. Lorentz invariance can therefore be tested with

astrophysical polarization measurements (e.g., [41–60]). The

http://arxiv.org/abs/2006.11528v1
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presence of linear polarization in the prompt gamma-ray

emission of GRBs sets the strictest upper limit to date on the

birefringent parameter, namely η < O(10−16) [54–57, 60]

(see also [61, 62] and summary constraints for LIV therein).

In general, it is hard to know the intrinsic polarization

angles for photons with different energies from a given source.

If one possesses this information, a rotation angle of the

polarization plane, which induced by astrophysical effects

(e.g., the WEP violation or LIV), could be directly extracted

by measuring the difference between the known intrinsic

polarization angle and the observed polarization angle for

photons at a certain energy. Even in the absence of such

knowledge, however, birefringent effects can still be con-

strained for sources at arbitrary redshifts. The reason is as

follows [54]. It is believed that if the rotation angle (de-

noted by ∆φ ) differs by more than π/2 over an energy range

[E1, E2], then the net polarization of the signal would be sub-

stantially depleted and could not be as high as the observed

level. That is, the detection of high polarization means that

the relative rotation angle |∆φ(E2)−∆φ(E1)| should not be

too large. Therefore, some upper limits on violations of the

WEP and Lorentz invariance can be obtained under the as-

sumption that |∆φ(E2)−∆φ(E1)| is smaller than π/2. How-

ever, through the detailed analyses for the evolution of GRB

polarization arising from violations of the WEP and Lorentz

invariance, Lin et al. [57] and Wei & Wu [31] proved that

more than 60% of the initial polarization can be conserved

even if |∆φ(E2)−∆φ(E1)| is as large as π/2. This is con-

flict with the intuition that |∆φ(E2)−∆φ(E1)| could not be

larger than π/2 when high polarization is detected. Hence,

it is inappropriate to simply use π/2 as the upper limit of

|∆φ(E2)−∆φ(E1)| to constrain deviations from the WEP

and Lorentz invariance. Furthermore, even though some up-

per limits of the violations were found to be extremely small

[30, 31, 54–57, 60], the outcomes of these limits are lack of

significantly statistical robustness.

In this work, we propose that an intrinsic polarization an-

gle can be extracted and a more robust bound on a deviation

from the WEP or from Lorentz invariance can be derived

as well, by directly fitting the multiwavelength polarization

observations of astrophysical sources. More importantly, the

analysis of the multiwavelength polarimetric data also al-

lows us to simultaneously test the WEP and Lorentz invari-

ance, when we consider that the rotation angle is caused by

violations of both the WEP and Lorentz invariance.

2 Tests of the Weak Equivalence Principle

Adopting the parameterized post-Newtonian (PPN) formal-

ism, the time interval required for test particles to travel

across a given distance would be longer in the presence of a

gravitational potential U(r) by

tgra =−1+ γ

c3

∫ ro

re

U(r)dr , (1)

where γ is one of the PPN parameters (γ reflects the level of

space curved by unit rest mass) and the integration is along

the propagation path from the emitting source re to the ob-

server ro. This effect is known as Shapiro time delay [63]. It

is important to note that all metric theories of gravity satis-

fying the WEP predict that any two test particles traveling in

the same gravitational field must follow the same trajectory

and undergo the identical Shapiro delay. In other words, as

long as the WEP is valid, all metric theories predict that the

measured value of γ should be the same for all test particles

[1, 2]. The accuracy of the WEP can therefore be character-

ized by placing constraints on the differences of the γ values

for different particles.

Linearly polarized light is a superposition of two monochro-

matic waves with opposite circular polarizations (labeled

with r and l). If the WEP is broken, different γ values might

be measured with right- and left-handed circularly polarized

photons, leading to the slight arrival-time difference of these

two circular components. The arrival-time lag is then given

by

∆ tgra =

∣

∣

∣

∣

∆γ

c3

∫ ro

re

U(r)dr

∣

∣

∣

∣

, (2)

where ∆γ = γr − γl corresponds to the difference of the γ

values for different circular polarization states. To compute

∆ tgra with Equation (2), we have to figure out the gravita-

tional potential U(r). For a cosmic source, U(r) should have

contributions from the gravitational potentials of the Milky

Way UMW(r), the intergalactic space UIG(r), and the source

host galaxy Uhost(r). Since the potential models of UIG(r)

and Uhost(r) are poorly understood, for the purposes of ob-

taining conservative limits, we here just consider the Milky

Way gravitational potential. Adopting a Keplerian potential1

U(r) =−GM/r for the Milky Way, we thus have [4, 17]

∆ tgra = ∆γ
GMG

c3
× (3)

ln







[

d+
(

d2 − b2
)1/2

][

rG + sn

(

r2
G − b2

)1/2
]

b2







,

where MG ≃ 6×1011M⊙ is the mass of the Milky Way [64],

d is approximated as the distance from the source to our

Earth, b represents the impact parameter of the light paths

relative to our Galactic center, and rG = 8.3 kpc denotes the

1Although the potential model of the Milky Way is still not well

known, ref. [3] examined two popular potential models (i.e., the Ke-

plerian potential and the isothermal potential) and suggested that the

adoption of a different model for UMW(r) has only a minimal influence

on the WEP tests.
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distance of our Galactic center. Here we use sn =+1 or sn =

−1 to correspond to the cases where the source is located

along the Galactic center or anti-Galactic center. The impact

parameter b can be estimated as

b = rG

√

1− (sinδs sinδG + cosδs cosδG cos(βs −βG))2 ,(4)

where βs and δs are the right ascension and declination of

the source in the equatorial coordinate system and (βG =

17h45m40.04s, δG = −29◦00
′
28.1

′′
) represent the coordi-

nates of the Galactic center [65].

As mentioned above, a possible violation of the WEP

can lead to the slight arrival-time difference of photons with

right- and left-handed circular polarizations. In this case, the

polarization vector of a linearly polarized light will rotate

during the propagation. The rotation angle induced by the

WEP violation is expressed as [30, 31]

∆φWEP (E) = ∆ tgra
2πc

λ
= ∆ tgra

E

h̄
, (5)

where E is the observed photon energy.

If the birefringent effect arising from the WEP violation

is considered here, the observed linear polarization angle

(φobs) for photons emitted with energy E from an astrophys-

ical source should consist of two terms

φobs = φ0 +∆φWEP (E) , (6)

where φ0 represents the intrinsic polarization angle. As φ0 is

unknown, the exact value of ∆φWEP is not available. Yet, an

upper limit on the γ discrepancy (∆γ) can be obtained by set-

ting the upper limit of the relative rotation angle |∆φWEP(E2)−
∆φWEP(E1)| to be π/2, which is based on the argument that

the observed polarization degree will be significantly sup-

pressed if |∆φWEP(E2)− ∆φWEP(E1)| > π/2 over an ob-

served energy range [E1, E2], regardless of the intrinsic po-

larization fraction at the corresponding rest-frame energy

range [30]. Instead of requiring the more complicated and

indirect argument, here we simply assume that all photons in

the observed bandpass are emitted with the same (unknown)

intrinsic polarization angle. In this case, we expect to ob-

serve the birefringent effect induced by the WEP violation

as an energy-dependent linear polarization vector. Such an

observation could confirm the existence of a birefringent ef-

fect and give a robust limit on the WEP violation. We look

for a similar energy-dependent trend in multiwavelength po-

larization observations of present astrophysical sources. One

can see from Equation (5) that much more stringent con-

straints on ∆γ can be obtained from the higher energy band

of polarization observations. Unfortunately, there are not ex-

isting multiwavelength polarization observations (i.e., more

than three wavelength bins) in the gamma-ray or X-ray en-

ergy band. We explore here the implications and limits that

can be set by multiwavelength linear polarization observa-

tions from the optical afterglows of GRB 020813 [66] and

GRB 021004 [67].

GRB 020813 was detected by the High Energy Tran-

sient Explore 2 (HETE2) on 13 August 2002, with coordi-

nates R.A.=19h46m38s and Dec.=−19◦35
′
16

′′
[68]. Its red-

shift has been measured to be z = 1.255 [66]. The multi-

wavelength [(4000, 5000, 6300, 7300, 8300)±500 Å] po-

larization measurements of the optical afterglow of GRB

020813 were carried out during 4.7–7.9 hr after the burst.

The observed linear polarization is in the range of 1.8%–

2.4% (see Table 2 of ref. [66]). At t ∼ 7.36 hr after the burst,

the observed polarization angles in five wavelength bins are

153◦± 1◦, 149◦± 1◦, 156◦± 1◦, 153◦± 1◦, and 149◦± 1◦,

respectively. At t ∼ 6.27 hr, the corresponding polarization

angles are 160◦± 1◦, 155◦± 1◦, 151◦± 1◦, 150◦± 1◦, and

151◦±2◦, respectively. At t ∼ 5.16 hr, the corresponding po-

larization angles are 161◦±1◦, 159◦±1◦, 158◦±1◦, 155◦±
1◦, and 155◦± 1◦, respectively. We allow a temporal varia-

tion of the polarization and consider only the relative po-

larization angle. In each wavelength bin, the time-averaged

polarization angle during three observational periods is cal-

culated through φ obs = ∑i φobs,i/3. The scatters in the shift

between φobs,i and φobs, i.e., σφi
= |φobs,i −φobs|, provide an

estimate of the error in φ obs, i.e., σφ = (∑i σ2
φi
)1/2/3. The

time-averaged polarization angle as a function of energy is

displayed in the upper-left panel of Figure 1. We fit the γ

discrepancy (∆γ), along with the intrinsic polarization angle

φ0, by maximizing the likelihood function:

L = ∏
i

1√
2π σtot,i

× exp

[

− (φobs,i −φth (Ei))
2

2σ2
tot,i

]

, (7)

where φth (Ei) = φ0 +∆φWEP (∆γ, Ei) and the variance

σ2
tot,i = σ2

φobs,i
+

(

∆φWEP

Ei

σEi

)2

(8)

is given in terms of the measurement error σφobs,i
in φobs,i

and the propagated error of σEi
. The 1–3σ confidence levels

in the ∆γ–φ0 plane are presented in the upper-right panel of

Figure 1. The best-fitting values are ∆γ = 0.81× 10−24 and

φ0 = 2.57 rad. Our constraints show that ∆γ is consistent

with 0 at the 2.5σ confidence level, implying that there is no

convincing evidence for the violation of the WEP. At the 3σ

confidence level, the limits on ∆γ are −1.6×10−25 < ∆γ <

2.7× 10−24.

GRB 021004 was detected by HETE2 on 4 October

2002, with coordinates R.A.=00h26m57s and Dec.=+18◦55
′
44

′′

[69]. Its redshift is z = 2.328 [70]. Here we directly take

the reduced spectropolarimetric observations for the opti-

cal counterpart to GRB 021004 that presented in ref. [67].

As illustrated in the lower-left panel of Figure 1, the ob-

served polarization angle has a negative dependence on the

energy, rather than a positive dependence. The parameter

constraints are shown in the lower-right panel of Figure 1.

We see here that the best-fit corresponds to ∆γ = −1.17×
10−24 and φ0 = 2.23 rad. The data set is consistent with the
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Fig. 1 Fit to multiwavelength polarimetric observations of the optical

afterglows of GRB 020813 (upper panels; the polarization angles are

time-averaged) and GRB 021004 (lower panels). Left panels: observed

polarization angle φobs as a function of the energy E, and the best-fit

theoretical curves for the case of the WEP violation. Right panels: 1–

3σ confidence levels in the ∆γ–φ0 plane. The plus symbol represents

the best fit, corresponding to the reduced chi-square value χ2
dof.
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Fig. 2 Individual and joint constraints on the difference of the γ values

from the optical polarimetry of GRB 020813 and GRB 021004.

possibility of no WEP violation at all (i.e., ∆γ = 0) at the

2.4σ confidence level. At the 3σ confidence level, we have

−2.7× 10−24 < ∆γ < 3.1× 10−25.

Now we combine the polarimetric data of GRB 020813

and GRB 021004 to further investigate the possible birefrin-

gent effect that arises from the WEP violation. The calcula-

tion procedure is as follows. For each data set, we first derive

the 1-D probability distribution of ∆γ by marginalizing over

the intrinsic polarization angle φ0. The joint probability of

each ∆γ for two bursts is then calculated with the total likeli-

hood function Ltot(∆γi)∝ L020813(∆γi)·L021004(∆γi), where

i indicates the ith ∆γ . In Figure 2, we present the marginal-

ized likelihood distributions of ∆γ derived from the optical

polarimetry of GRB 020813 (dotted curve), GRB 021004

(dashed curve), and their combination (solid curve), respec-

tively. At the 3σ confidence level, the combined constraint

on ∆γ is
(

0.2+0.8
−1.0

)

× 10−24.

Under the same assumption that the Shapiro delay is at-

tributed to the Milky Way’s gravity, ref. [30] obtained the

current best limit of ∆γ < 1.6× 10−27 from the gamma-ray

polarimetric data of GRB 110721A. While our combined

limit is three orders of magnitude less precise, our analysis,

which may be unique in the literature, does constrain ∆γ

by directly fitting the multiwavelength polarimetric obser-

vations in the optical band. As such, our analysis provides

an independent test of the WEP and has the promise to com-

pliment existing WEP tests.

3 Constraints on the Violation of Lorentz Invariance

In the photon sector, the Lorentz-violating dispersion rela-

tion can be expressed as [71]

E2
± = p2c2 ± 2η

Epl
p3c3 , (9)

where Epl ≈ 1.22× 1019 GeV is the Planck energy, ± de-

notes the left- or right-handed circular polarization states,

and η is a dimensionless parameter characterizing the bro-

ken degree of Lorentz invariance. If η 6= 0, then group ve-

locities for different circular polarization states should differ

slightly, leading to vacuum birefringence and a phase rota-

tion of linear polarization [41, 42, 48, 49]. The rotation an-

gle of the polarization vector for linearly polarized photons

propagating from the source at redshift z to the observer is

given by [52, 54]

∆φLIV(E) = η
E2

h̄Epl

∫ z

0

1+ z′

H(z′)
dz′ , (10)

where E is the energy of the observed light. Also, H(z) =

H0

[

Ωm(1+ z)3 +ΩΛ

]1/2
is the Hubble parameter at z, where

the standard flat ΛCDM model with parameters H0 = 67.36

km s−1 Mpc−1, Ωm = 0.315, and ΩΛ = 1−Ωm is adopted

[72].

If the birefringent effect arising from LIV is considered

here, the observed polarization angle for photons at a certain

energy E with an intrinsic polarization angle φ0 should be

φobs = φ0 +∆φLIV (E) . (11)

The observed polarization angles of GRB 020813 and GRB

021004 as a function of E2 are shown in the left panels of

Figure 3. To find the best-fitting birefringent parameter η

and the intrinsic polarization angle φ0, we also adopt the

method of maximum likelihood estimation. The adopted like-

lihood function is the same as Equation (7), except now

φth (Ei)= φ0+∆φLIV (η , Ei) and σ2
tot,i =σ2

φobs,i
+
(

2
∆φLIV

Ei
σEi

)2

.

The resulting constraints on η and φ0 are displayed in the

right panels of Figure 3. For GRB 020813, the best-fitting

parameters are η = 1.58× 10−7 and φ0 = 2.63 rad, and η

is consistent with 0 (i.e., no evidence of LIV) at the 2.5σ
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Fig. 3 Similar to Figure 1, but for the case of LIV.
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Fig. 4 Individual and joint constraints on the birefringent parameter η
from the optical polarimetry of GRB 020813 and GRB 021004.

confidence level. For GRB 021004, the best-fit corresponds

to η = −1.07× 10−7 and φ0 = 2.14 rad, and the data set is

consistent with the possibility of no LIV at all (i.e., η = 0)

at the 2.2σ confidence level. The 1-D marginalized likeli-

hood distributions of η derived from the optical polarime-

try of GRB 020813 (dotted curve), GRB 021004 (dashed

curve), and their combination (solid curve) are plotted in

Figure 4. We find that the 3σ level joint-constraint is η =
(

−0.1+1.2
−1.7

)

×10−7, which is in good agreement with the re-

sult of ref. [50].

Using the detections of prompt emission polarization in

GRBs, ref. [60] set the hitherto most stringent constraint on

the birefringent parameter, i.e., η <O(10−16) (see also [55–

57]). While our optical polarization constraint is not compet-

itive with observations of gamma-ray polarization, there is

merit to the result. We use the spectropolarimetric data in or-

der to directly measure the energy-dependent change of the

polarization angle. This is an improvement over many previ-

ous analyses, which made use of the argument that birefrin-

gence would significantly reduce polarization over a broad

bandwidth to obtain limits on the birefringent parameter η .

4 Limits on violations of both the WEP and Lorentz

Invariance

The Einstein equivalence principle entails three assumptions:

the universality of free fall (WEP), local Lorentz invariance,

and local position invariance of non-gravitational experiments

[1, 2]. Indeed, it is well known that particles endowed with

modified dispersion relation like Equation (9) are not only

violating Lorentz invariance but also the WEP as in general

they will not follow the geodesic of any metric. And actu-

ally to describe such modified dispersion relations, one has

to assume the presence of an extra field beyond the metric

such as an aether vector field, see e.g. Einstein-Æther grav-

ity theory [73–76].

Since both the WEP violation and the LIV effect can

lead to an energy-dependent rotation of the linear polariza-

tion angle, the observed polarization angle

φobs = φ0 +∆φWEP (E)+∆φLIV (E) (12)

in principle should have contributions from the intrinsic po-

larization angle and the rotation angles induced by viola-

tions of the WEP and Lorentz invariance, respectively. If

we suppose that the energy-dependent rotation angle is at-

tributed to these two causes, the difference of the γ values

and the birefringent parameter η can be simultaneously con-

strained by fitting the multiwavelength polarimetric obser-

vations of the optical afterglows of GRB 020813 and GRB

021004. Similarly, we maximize the likelihood function (Equa-

tion (7)) to find the best-fitting parameters, except now φth (Ei)=

φ0 + ∆φWEP (∆γ, Ei) + ∆φLIV (η , Ei) and σ2
tot,i = σ2

φobs,i
+

[

(∆φWEP + 2∆φLIV)
σEi
Ei

]2

.

In Figure 5, we show the marginalized likelihood distri-

butions of ∆γ and η derived from the polarimetry of GRB

020813 (dotted curves), GRB 021004 (dashed curves), and

their combination (solid curves), respectively. For the com-

bination of the two bursts, the 3σ confidence level constraints

on the parameters are ∆γ =
(

−4.5+10.0
−16.0

)

× 10−24 and η =
(

6.5+15.0
−14.0

)

× 10−7. With such stringent constraints on both

∆γ and η , we can conclude that the birefringence effect aris-

ing from violations of both the WEP and Lorentz invariance

is insignificant. These are the first simultaneous verifications

of the WEP and Lorentz invariance in the photon sector.

5 Summary and discussion

The WEP states that any two test particles, if emitted from

the same astronomical object and traveling through the same

gravitational field, should follow the identical trajectory and

undergo the same γ-dependent Shapiro delay (γ is one of the

PPN parameters), regardless of their internal structures (e.g.,

energies or polarization states) and compositions. Once the

WEP fails, then photons with different circular polarization
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Fig. 5 Individual and joint constraints on both the difference of the γ values and the birefringent parameter η from the optical polarimetry of GRB

020813 and GRB 021004.

states might correspond to different γ values, which results

in slightly different arrival times for these two polarization

states, leading to birefringence and a frequency-dependent

rotation of the polarization vector of a linear polarized wave.

Therefore, linear polarization measurements of astrophysi-

cal sources can provide stringent tests of the WEP through

the relative differential variations of the γ parameter. A key

challenge in the idea of searching for frequency-dependent

linear polarization vector, however, is to distinguish the ro-

tation angle induced by the WEP violation from any source

intrinsic polarization angle in the emission of photons at dif-

ferent energies. In this work, we simply assume that the in-

trinsic polarization angle is an unknown constant, and try

to search for the birefringent effect in multiwavelength po-

larization measurements of astrophysical sources. By fitting

the multiwavelength polarimetric data of the optical after-

glows of GRB 020813 and GRB 021004, we place a statisti-

cally robust limit on the WEP violation at the 3σ confidence

level, i.e., ∆γ =
(

0.2+0.8
−1.0

)

× 10−24.

As a consequence of LIV, the plane of linear polarization

can also generate a frequency-dependent rotation. Assum-

ing that the rotation angle is mainly caused by LIV, a robust

limit on the birefringent parameter η quantifying the broken

degree of Lorentz invariance can be obtained through the

similar fit procedure in testing the WEP. Using the optical

polarimetry of GRB 020813 and GRB 021004, we find that

the 3σ level joint-constraint on the birefringent parameter is

η =
(

−0.1+1.2
−1.7

)

× 10−7.

If we consider that the frequency-dependent rotation an-

gle is attributed to violations of both the WEP and Lorentz

invariance, the analysis of the spectropolarimetric data also

allows us to simultaneously constrain the difference of the

γ values and the birefringent parameter η . For the combina-

tion of GRB 020813 and GRB 021004, the 3σ confidence

level constraints on both ∆γ and η are ∆γ =
(

−4.5+10.0
−16.0

)

×
10−24 and η =

(

6.5+15.0
−14.0

)

×10−7. While the optical polarime-

try of GRBs does not currently have the best sensitivity to

WEP tests and LIV constraints, there is nonetheless merit

to the result. First, this is the first time, to our knowledge,

that it has been possible to simultaneously test the WEP and

Lorentz invariance through direct fitting of the multiwave-

length polarimetric data of a GRB. Second, thanks to the

adoption of multiwavelength polarimetric data set, our con-

straints are much more statistically robust than previous re-

sults which only with upper limits. Compared with previous

works [30, 54–56], which constrained ∆γ or η based on the

indirect argument that the relative rotation angle |∆φ(E2)−
∆φ(E1)| is smaller than π/2, our present analysis is inde-

pendent of this argument. As more and more GRB polarime-

ters (such as TSUBAME, COSI, and GRAPE) enter service

[77], it is reasonable to expect that multiwavelength polar-

ization observations in the prompt gamma-ray emission of

GRBs will be available. Much stronger limits on violations

of both the WEP and Lorentz invariance can be expected as

the analysis presented here is applied to larger number of

GRBs with higher energy polarimetry.

It should be noted that the rotation of the linear polariza-

tion plane can also be affected by magnetized plasmas (the

so-called Faraday rotation). The rotation angle induced by

the Faraday rotation is
∆φFar

rad
= 8.1×105

(

λ
m

)2
∫ L

0

(

B‖
Gs

)(

ne

cm−3

)

dL
pc

,

where λ is the wavelength in units of meter, B‖ is the mag-

netic field strength in the intergalactic medium (IGM) paral-

lel to the line-of-sight (in units of Gauss), ne is the number

density of electrons per cm3, and L is the distance in units

of pc. Assuming that a cosmic source occurs at z = 2 (cor-

responding to a distance of L ∼ 1010 pc), then for typical

IGM with ne ∼ 10−6 cm−3 and B‖ ≤ 10−9 Gs, and at the

wavelength of λ ∼ 10−6 m where the optical polarimeter

operates, we have ∆φFar ≤ 10−11 rad. It is obvious that the

rotation angle ∆φFar at the optical and higher energy band is
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extremely small, therefore the Faraday rotation is negligible

for the purposes of this work.
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5. H. Gao, X.F. Wu, P. Mészáros, Astrophys. J. 810, 121

(2015). DOI 10.1088/0004-637X/810/2/121

6. J.J. Wei, H. Gao, X.F. Wu, P. Mészáros, Phys. Rev. Lett.
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52. P. Laurent, D. Götz, P. Binétruy, S. Covino,

A. Fernandez-Soto, Physical Review D 83(12),

121301 (2011). DOI 10.1103/PhysRevD.83.121301

53. F.W. Stecker, Astroparticle Physics 35, 95 (2011). DOI

10.1016/j.astropartphys.2011.06.007

54. K. Toma, S. Mukohyama, D. Yonetoku, T. Murakami,

S. Gunji, T. Mihara, Y. Morihara, T. Sakashita, T. Taka-

hashi, Y. Wakashima, H. Yonemochi, N. Toukairin,

Physical Review Letters 109(24), 241104 (2012). DOI

10.1103/PhysRevLett.109.241104
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