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New test of weak equivalence principle using polarized light from
astrophysical events
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Einstein’s weak equivalence principle (WEP) states that any freely falling, uncharged test particle
follows the same identical trajectory independent of its internal structure and composition. Since the
polarization of a photon is considered to be part of its internal structure, we propose that polarized photons
from astrophysical transients, such as gamma-ray bursts (GRBs) and fast radio bursts (FRBs), can be used
to constrain the accuracy of the WEP through the Shapiro time delay effect. Assuming that the arrival time
delays of photons with different polarizations are mainly attributed to the gravitational potential of the
Laniakea supercluster of galaxies, we show that a strict upper limit on the differences of the parametrized
post-Newtonian parameter y value for the polarized optical emission of GRB 120308A is Ay < 1.2 x 10719,
for the polarized gamma-ray emission of GRB 100826A is Ay < 1.2 x 107!9, and for the polarized radio
emission of FRB 150807 is Ay < 2.2 x 107'°, These are the first direct verifications of the WEP for
multiband photons with different polarizations. In particular, the result from FRB 150807 provides the most
stringent limit to date on a deviation from the WEP, improving by one order of magnitude the previous best

result based on Crab pulsar photons with different energies.
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I. INTRODUCTION

Einstein’s weak equivalence principle (WEP) is a
fundamental postulate of general relativity and of other
matric theories of gravity. One statement of the WEP is
that the trajectory of any freely falling, uncharged test
body is independent of its internal structure and compo-
sition [1]. In the simplest case of considering two different
bodies in a gravitational field, the WEP states that these
two bodies fall with the same acceleration. Put differently,
any two different kinds of massless (or negligible rest
mass) neutral particles, or two of the same particles with
different internal structures (e.g., energies or polariza-
tions) or different compositions, if emitted simultaneously
from the same astronomical source and traveling across
the same gravitational field, should be received at the
same time by the observer. The energy and polarization
independence of photons and electromagnetic (EM) wave

—
xfwu@pmo.ac.cn

2470-0010,/2017/95(10)/ 103004(6)

103004-1

packet propagation in spacetime is one of the conse-
quences of the WEP.

In the parametrized post-Newtonian (PPN) formalism,
the validity of the WEP can be characterized by constraints
on the differences in the PPN parameters (e.g., the
parameter y which represents the level of space curvature
per unit rest mass) for different particles, since all gravity
theories satisfying the WEP predict y; = y, = y, where the
subscripts correspond to two different particles [1].
According to the Shapiro (gravitational) time delay effect
[2], the time interval for particles to pass through a given
distance is longer by

_1+y

ra
g C3

[ vtar (1)

0
in the presence of a gravitational potential U(r), where r,

and r, denote the locations of the source and the observer,
respectively. If the WEP fails, the y values will no longer be
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the same for different particles, leading to the two particles
emitted simultaneously from the same source to have
different arrival times. The relative Shapiro time delay is
then given by

Aty = n 37/2/ ‘ U(r)dr, (2)
c r
where the difference of the y values Ay =y, —y, can be
used as a measure of a possible violation of the WEP.

Up to now, the observed time delays of different types of
messenger particles (e.g., photons, neutrinos, or gravita-
tional waves) or of the same types of particles but with
different energies from astronomical sources have been
used to test the accuracy of the WEP through the relative
differential variations of the y values, such as the particle
emissions from supernovae 1987A [3.,4], gamma-ray bursts
(GRBs) [5-7], fast radio bursts (FRBs) [8,9], blazars
[10,11], the Crab pulsar [12,13], and gravitational wave
(GW) sources [14,15]. Particularly, with the assumption
that the arrival time delays of FRB photons with different
energies are caused dominantly by the gravitational poten-
tial of the Milky Way, Ref. [8] placed a stringent limit on y
differences of Ay < 4.36 x 10™°, improving the previous
results by 1-2 orders of magnitude. Moreover, it has been
shown that much more severe constraints on the WEP
accuracy can be achieved (Ay ~ 107'%) when considering
the gravitational potential of the large-scale structure rather
than the gravity of the Milky Way [16,17]. Most recently,
Ref. [12] showed that a giant pulse from the Crab pulsar
with a 0.4-ns residual time delay between energies set the
current best limit on a deviation from the WEP of
Ay < (0.6-1.8) x 10715, even though the Crab pulsar is
in the Milky Way.

The photon is generally viewed as a massless bundle of
EM energy, and the photon momentum is defined as the
ratio between the photon energy and the speed of light.
Maxwell’s theory implies that EM radiation carries both
energy and momentum [18]. The Poynting vector E x B
gives the linear momentum density, and the cross product
of the Poynting vector with the position vector represents
the angular momentum. Furthermore, circularly polarized
light can have angular momentum, which is defined as the
ratio between the free energy per unit volume and the
angular frequency. Thus, the photon angular momentum
has two components: One is the spin angular momentum,
depending on the polarization; the other is the orbital
angular momentum, which is independent of the polariza-
tion but depends on the spatial distribution [18]. Regarding
the nature or the internal structure of the photon, that has
been discussed in detail by Ref. [19]. The main views
concerning an understanding of the photon structure are as
follows. Einstein considered the photon as a singular point
which is surrounded by EM fields. In quantum electrody-
namics, the photon is viewed as a unit of excitation
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associated with the quantized mode of the radiation field,
characterized by a precise momentum, energy, and polari-
zation. In sum, the polarization can be considered as one of
the parameters characterizing the internal structure of
photons (see, e.g., Ref. [20]). Furthermore, the polarization
of photons is a common and interesting observational
feature of some transient events. Thus, measurements of
polarization can not only be used to explore the nature of
the transient, but may also be used to test the accuracy
of the WEP (more on this below). It has been proposed that
polarization is important in verifying the Einstein equiv-
alence principle (see, e.g., Ref. [21]). It is worth pointing
out that some measurements of polarized light are, in fact,
polarized EM waves, i.e., a collective phenomenon as
opposed to a property of the individual photon. For such a
case, we suggest two EM waves with different polarizations
can also be used to test the WEP. Similarly, besides two
correlated photons with different energies, two light curves
in different energy bands have also been used to test
the WEP.

Tests of the WEP at the post-Newtonian level have
reached a high precision, but we note that all the tests so far
have relied on the relative arrival time delays of the same
species of particle with varying energies or of different
species of messenger particles. Since the WEP emphasizes
that any freely falling, uncharged test body will follow a
trajectory independent of its internal structure and compo-
sition [1], multiband EM emissions exploiting different
internal structures (e.g., polarizations) are an essential tool
for further testing the WEP to a higher accuracy level. Here
we propose for the first time that the time delays of photons
and EM waves with different polarizations from astro-
physical transients, such as GRBs and FRBs, can also be
used to constrain the WEP, thus extending the tested WEP
internal structure to the polarization and thereby obtaining
the strictest limit so far on the WEP.

II. METHOD DESCRIPTION

To calculate the relative Shapiro time delay with Eq. (2),
one needs to know the gravitational potential U(r) along
the propagation path. Recent studies suggest that incorpo-
rating the large-scale gravitational potential can provide
better constraints on the WEP accuracy [16]. Laniakea is a
newly discovered supercluster of galaxies, of which our
Milky Way galaxy as well as the Local Group are part [22].
Laniakea, if approximated as round, has a diameter of
~160 Mpc and encloses ~10'7 solar masses. As long as the
distance of an astrophysical event is far beyond the scale of
Laniakea, it is reasonable to adopt in our calculations the
gravitational potential of the Laniakea supercluster of
galaxies as being dominant potential. Strictly speaking,
U(r) has contributions from the gravitational potentials of
the transient host galaxy U (7), the intergalactic back-
ground Ujg(r), and the Laniakea supercluster of galaxies
Uy (r). Since the potential models of U}, (r) and Ug(r)
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are extremely uncertain, and the contribution from Uy (r)
can dominate the other two components, we consider only
the potential of the Laniakea Uy ().

Assuming that the observed time delay between two
polarized photons from the same astrophysical source
is mainly attributed to the gravitational potential of the
Laniakea supercluster of galaxies, and adopting a Keplerian
potential Uy (r) = —GM /r for Laniakea [23], one therefore
has (see Refs. [4,6] for more details)

GM,
Al‘obs > Al‘gra = AyT

[d+(d*=b*)'2][ry 450 (17 = b*)'?]
xln{ e },

3)

where My = 107 M is the total mass of Laniakea [22], b
corresponds to the impact parameter of the light path
relative to the Laniakea center, d is the approximate
distance from the transient to Earth, r; =77 Mpc denotes
the distance from the Laniakea center to Earth [24], and s,
is the sign of the correction of the source direction, where
sp, = +1 (s, = —1) stands for the source located along
the direction of Laniakea (anti-Laniakea) center. Note that
the total mass of Laniakea (My = 10" M) includes the
contributions from dark matter as well as baryonic matter.
Only a minor fraction of the matter is baryonic [22].

III. WEP TESTS WITH POLARIZED LIGHT

With Eq. (3), one can test the WEP by setting a strict
limit on Ay. As can be seen from Eq. (3), the shorter time
delay between two polarized photons or EM waves and the
larger the distance of the transient, the better the constraint
on the WEP. GRBs and FRBs are two common transients
where measurements of the polarization are available. In
this work, we use the time delays between different
polarized light from GRBs and FRBs to constrain the WEP.

A. Polarized optical or gamma-ray emission from GRBs

GRBs are the most energetic explosions occurring at
cosmological distances. The polarimetric observations are
particularly important, because they provide us with
completely different information about the GRB jets and
central engines. The first polarization measurements of
GRBs were performed in the optical afterglows. There have
been only a few optical afterglows with polarized emission
measured in the past decade, including the following
representative cases. Reference [25] reported the temporal
evolution of the polarization degree and polarization angle
for the optical afterglow of GRB 030329. Reference [26]
set an upper limit on the polarization degree (IT1 < 8%) for
the early optical afterglow of GRB 060418. Reference [27]
reported a polarization degree of I1 =10+ 1% for the
early optical afterglow of GRB 090102. Reference [28]
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detected an evolving polarization degree and a nearly
constant polarization position angle in the optical band
of GRB 120308A.

On the other hand, there have been also some polarization
detections in the prompt gamma-ray emission of GRBs. The
first report was the measurement of a high linear polarization
degree of IT = 80 4 20% from GRB 021226 [29]. However,
a subsequent reanalysis of the same data could not confirm
any polarization signal [30]. A second report, on GRB
041219A, also indicated a high polarization degree, with
IT = 98 & 33% [31] and TT = 6873} % [32]. Using a differ-
ent instrument, the Gamma-Ray Burst Polarimeter (GAP)
on board the Interplanetary Kite-craft Accelerated by
Radiation of the Sun (IKAROS), Ref. [33] reported a
polarization detection in the prompt gamma-ray emission
of GRB 100826A. They detected a significant change of
polarization angle with a 3.5¢ confidence level and the
average polarization degree of II = 27 + 11% with a 2.9¢
confidence level. Two other highly polarized bursts, GRB
110301A and GRB 110721A, with polarization degrees of
II=70+£22% (3.70) and II = 84f2'§% (3.30), respec-
tively, were also detected by the GAP instrument [34].

As examples, we use here two polarization measure-
ments of GRBs to constrain the WEP, namely, the polarized
optical emission from GRB 120308A and the polarized
gamma-ray emission from GRB 100826A.

GRB 120308A was detected by the Swift satellite on
2012 March 8 at Ty = 06:13:38 UT, with coordinates
(J2000) R.A. = 14h36™20°.38 and Dec. = +79°41'10".6
[35]. Its redshift is z = 2.2 [28]. Reference [28] reported
the detection of a polarization degree of I1 = 28:‘:% in the
immediate optical afterglow of GRB 120308A, 4 min after
its trigger in the gamma-ray band, decreasing to Il =
16:?% over the subsequent 10 min. The polarization angle
remained stable, changing by no more than 15° over this
time. The arrival lag Az, for optical photons ranging in
polarization degree from IT=28%1% to T = 161% is
6 min. With the above information on GRB 120308A, we
thus obtain a WEP constraint from Eq. (3):

Ay <12 x 10710, (4)

The GAP on board IKAROS was designed to detect the
degree of linear polarization in the prompt emission of
GRBs in the energy range of 70-300 keV. GRB 100826A
was detected by the GAP on 2010 August 26 at T =
22:57:20.8 UT, with coordinates (J2000) R.A. = 279.6°
and Dec. = —22.3° [33]. Since an optical counterpart of
this GRB was not identified, its redshift is unknown.
Following the treatment of Ref. [36], we use the luminosity
relation to estimate its redshift and obtain z > 0.054. To
account for the uncertainty of the redshift estimates,
Ref. [8] tested the results by varying the source distance
from 1 Mpc (the distance to the edge of the Local Group)
t0 3Zinfer- As shown in Fig. 1 of Ref. [8], they found that,
even if the distance estimates for the sources have large
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uncertainties, the results on testing the WEP will not be
significantly affected; i.e., the constraint results vary within
one order of magnitude or less. Reference [33] divided the
light curve of the prompt emission of GRB 100826A into
two time intervals (denoted by interval-1 and -2) for the
polarization analysis. The first interval of this burst shows a
large flare lasting 47 s since the trigger time, and the second
one consists of several spikes lasting 53 s. The best values of
the polarization degrees and the polarization angles (¢) are
I, =25+ 15% with ¢; = 159 4+ 18° for interval-1 and
IT, = 31 + 21% with ¢, = 75 £ 20° for interval-2, respec-
tively. That is, the average polarization degree over the burst
duration is I1 =27+ 11% in the energy range of 70—
300 keV, and the polarization angle significantly varies
from interval-1 to -2. To be conservative, we adopt the sum
of the two time intervals, 100 s, as the arrival lag Az, for
gamma-ray photons ranging in polarization angle from ¢p; =
159 £ 18 to ¢p, = 75 £ 20°. With the inferred redshift of
z = 0.054, a strong limit on the WEP from Eq. (3) is

Ay < 12x 10710 (5)

for GRB 100826A.
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B. Polarized radio emission from FRBs

As a new and highly unusual type of millisecond radio
transients, FRBs are one of the most discussed astronomi-
cal phenomena of recent years. So far, only 18 FRBs have
been reported [37-41], and their observed event rate is
estimated to be ~107% galaxy™' yr™!. Most of them are
characterized by high galactic latitudes and large dispersion
measures (DMs), which strongly suggest that FRBs are of
an extragalactic or even cosmological origin. The first
claim to measure a redshift was made for FRB 150418
based on the identification of a fading radio transient [38].
However, the redshift measurement of FRB 150418 has
subsequently been challenged [42]. Very recently, the
observation of repeated emissions from FRB 121102
[43] have permitted the precise localization of its host
galaxy, which has made a precise redshift determination to
FRB 121102, z = 0.19273(8) [44]. The polarimetric obser-
vations show that photons in the radio emission of some
FRBs are polarized. For instance, the first reported polari-
zation measurement was from FRB 140514, which was
found to be 214 7%(30) circularly polarized on the
leading edge with a 1o upper limit (< 10%) on the linear

TABLE I. Upper bounds on the differences of the y values from the Shapiro time delay measurements.
Author (year) Source Messengers Gravitational field Ay References
Krauss and Tremaine Supernova 1987A eV photons and MeV Milky Way 5.0x 1073 [3]
(1988) neutrinos
Longo (1988) Supernova 1987A eV photons and MeV Milky Way 34 x1073 [4]
neutrinos
Supernova 1987A 7.5-40 MeV neutrinos Milky Way 1.6 x 1076 [4]
Gao, Wu, and Mészaros GRB 090510 MeV-GeV photons Milky Way 2.0x 1078 [5]
(2015)
GRB 080319B eV-MeV photons Milky Way 1.2x 1077 [5]
Wei et al. (2015) FRB 110220 1.2-1.5 GHz photons Milky Way 2.5x 1078 [8]
FRB/GRB 100704A  1.23-1.45 GHz photons Milky Way 44 x107° [8]
Tingay and Kaplan FRB 150418 1.2-1.5 GHz photons Milky Way (1-2) x 107° [9]
(2016)
Nusser (2016) FRB 150418 1.2-1.5 GHz photons Large-scale structure ~ 10~12-10~13 [16]
Wei et al. (2016) Blazar Mrk 421 keV-TeV photons Milky Way 3.9 x 1073 [10]
Blazar PKS 2155-304 sub-TeV-TeV photons Milky Way 2.2 %1076 [10]
Wang, Liu, and Wang Blazar PKS MeV photons and PeV Virgo Cluster 3.4x 107 [11]
(2016) B1424-418 neutrino
Blazar PKS MeV photons and PeV Great Attractor 7.0 x 107 [11]
B1424-418 neutrino
Wei et al. (2016) GRB 110521B keV photons and TeV Laniakea supercluster 1.3 x 1013 [6]
neutrino of galaxies
Wu et al. (2016) GW 150914 35-150 Hz GW signals Milky Way ~1079 [14]
Yang and Zhang (2016) Crab pulsar 8.15-10.35 GHz photons ~ Milky Way (0.6-1.8) x 10715 [12]
Wu et al. (2017) GRB 120308A Polarized optical photons  Laniakea supercluster 1.2 x 10710  This paper
of galaxies
GRB 100826A Polarized gamma-ray Laniakea supercluster 1.2 x 107! This paper
photons of galaxies
FRB 150807 Polarized radio photons Laniakea supercluster 2.2 x 10~'®  This paper

of galaxies
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polarization [39]. A strong linear polarization was detected
in FRB 110523, with a linear polarization fraction of
44 +3%, and its Faraday rotation measure was then
determined by the linear polarization [40]. The highest
linearly polarized burst reported to date was FRB 150807,
which had an 80 £ 1% linear polarization fraction [41].
Here we take the highest linearly polarized burst (FRB
150807) as an example and use its polarization information
to constrain the WEP.

FRB 150807 was detected by the 64-m Parkes radio
telescope on 2015 August 7 at 17:53:55.78 UT over the
1182-1519.5 MHz band, with coordinates (J2000) R.A. =
22M40m23% and Dec. = —53°16' [41]. The line-of-sight free
electron column density of FRB 150807, measured in units
of the DM, is 266.5 + 0.1 cm™3 pc, which is one of the
smallest values reported for a FRB. However, this still
greatly exceeds the expected foreground Milky Way DM,
estimated to be 70420 cm™ pc. After removing the
Milky Way DM contribution, the extragalactic DM is
about 196.5 cm™3 pc. With this extragalactic DM value,
FRB 150807 is inferred to be at a redshift z =0.16
(corresponding to a comoving distance of d = 660 Mpc)
[45]. Reference [41] estimated the distance of FRB 150807
through its localization. The deepest archival images of the
sky-localization area include nine bright objects: three stars
and six galaxies. If FRB 150807 originated in a galaxy, it is
expected to be d > 500 Mpc distant [46], in good agree-
ment with the value inferred from the extragalactic DM.
The lower limit on the distance (d = 500 Mpc) is therefore
conservatively adopted for the rest of this paper. From the
polarization evolution of FRB 150807 (see Fig. 1 of
Ref. [41]), one can easily identify the arrival time delay
Atqps = 0.256 ms for radio photons ranging in polarization
angle from about —31.270%7 to —34.070%2 deg. We thus
obtain the WEP constraint from Eq. (3) for FRB 150807:

Ay <22 x 10716, (6)

which is almost 10 times tighter than the previous best limit
from the Crab pulsar value derived using photons with
different energies, which was Ay ~ 10715 [12]. All above-
mentioned limits on Ay through the Shapiro time delay
effect are listed in Table I for comparison.

IV. CONCLUSIONS

The fact that the trajectory of any freely falling,
uncharged test body is independent of its internal structure
is one of the consequences of the WEP. Since the
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polarization is considered a basic component of the
internal structure of photons, we have proposed that
polarization measurements of astrophysical transients,
such as GRBs and FRBs, can provide stringent tests of
the accuracy of the WEP. In other words, the validity of
the WEP can be tested with the arrival time delays
between photons with different polarizations. With the
assumption that the time delays are solely caused by the
gravitational potential of the Laniakea supercluster of
galaxies, we place robust limits on the differences of the
PPN parameter y values for three cases, i.e., Ay < 1.2 x
107'% for the polarized optical emission from GRB
120308A, Ay < 1.2x107'° for the polarized gamma-
ray emission from GRB 100826A, and Ay <2.2x
10716 for the polarized radio emission from FRB 150807.

These are the first direct verifications of the WEP using
multiband photons with different polarizations. Moreover,
the result from FRB 150807 provides the most stringent
limit to date on the WEP. Compared with the previous best
limit from Crab pulsar photons (Ay ~ 107'3), which relied
on using different photon energies [12], our result repre-
sents an improvement of one order of magnitude. If in the
future the GRB polarimetric data are significantly
enlarged by the gamma-ray polarimeter POLAR on board
the Chinese space laboratory Tiangong-1I, and more FRBs
with polarization information and redshift measurements
are detected by the Five Hundred Meter Aperture
Spherical radio Telescope and the Square Kilometer
Array, much more stringent constraints on the WEP
can be expected.
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