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Abstract: Possible violations of Lorentz invariance (LIV) can produce vacuum birefringence, which
results in a frequency-dependent rotation of the polarization plane of linearly polarized light from
distant sources. In this paper, we try to search for a frequency-dependent change of the linear
polarization angle arising from vacuum birefringence in the spectropolarimetric data of astrophysical
sources. We collect five blazars with multiwavelength polarization measurements in different optical
bands (UBVRI). Taking into account the observed polarization angle contributions from both the
intrinsic polarization angle and the rotation angle induced by LIV, and assuming that the intrinsic
polarization angle is an unknown constant, we obtain new constraints on LIV by directly fitting
the multiwavelength polarimetric data of the five blazars. Here, we show that the birefringence
parameter  quantifying the broken degree of Lorentz invariance is limited to be in the range of
—9.63 x 1078 < 57 < 6.55 x 10~ at the 20" confidence level, which is as good as or represents one order
of magnitude improvement over the results previously obtained from ultraviolet/optical polarization
observations. Much stronger limits can be obtained by future multiwavelength observations in the
gamma-ray energy band.

Keywords: astroparticle physics; gravitation; polarization; multiwavelength

1. Introduction

Lorentz invariance, which says that the relevant physical laws of a non-accelerated
physical system remain invariant under Lorentz transformations, is a fundamental sym-
metry of Einstein’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 E;) ~ 1.22 x 10" GeV [1-8]. Although these high
energies are unattainable experimentally, tiny deviations from Lorentz invariance may still
exist at lower energies, motivating sensitive tests of Lorentz invariance.

In the photon sector, vacuum dispersion and vacuum birefringence are both significant
characteristics of Lorentz invariance violation (LIV). Although these effects are believed
to be very tiny at energies < Ej, they can become detectable by accumulating over large
distances. Vacuum dispersion causes arrival-time differences of photons with different
energies emitted simultaneously from an astrophysical source. Many attempts to set
constraints on LIV have been performed based on time-of-flight tests of high energy
photons [8-28]. In some specific cases, especially in loop quantum gravity, the deviations
from Lorentz invariance take a particular form in which photons with right- and left-
handed polarization propagate at different velocities. This leads to an energy-dependent
rotation of the polarization vector of the linearly polarized photons, known as vacuum
birefringence. Hence, Lorentz invariance can also be tested with astrophysical polarization
measurements [4,29-48]. As polarization measurements are more sensitive than time-of-
flight measurements by a factor o 1/E, where E is the energy of the light, more stringent
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constraints on LIV result from the former rather than the latter [21]. However, some Lorentz-
violating theories do not predict any vacuum birefringence, so limits from time-of-flight
measurements are most interesting for investigating nonbirefringent effects.

In the literature, the linear polarization measurements have been applied to set limits
on the birefringence parameter 5. The presence of linear polarization in the y-ray band of
gamma-ray bursts (GRBs) provides the current best limits on 7, i.e., 7 < O(1071¢) [29-33].
These upper limits are obtained based on the indirect argument that vacuum birefringence
would significantly deplete the net polarization of the signal over a broad bandwidth.
In addition, Fan et al. [39] used multiwavelength polarimetric data in order to directly
search for a frequency-dependent change of the linear polarization angle resulting from
vacuum birefringence. They obtained a combined limit of —2 x 1077 < 7 < 1.4 x 107
by fitting the multiwavelength polarization observations of the optical afterglows of GRB
020813 and GRB 021004. However, it should be noted that the number of available linear
polarization measurements in the y-ray band for this particular test is very limited. There-
fore, the outcomes of LIV tests lack significant statistical robustness even though some
upper limits of # are extraordinarily small. It is fortunate that some astrophysical sources
with multiwavelength polarization measurements in the optical band have been detected.
Using different multiwavelength polarimetric data to constrain LIV is always helpful.

In this work, we gather 37 groups of multiwavelength polarization observations
from five blazars to test LIV through the method that was discussed in Fan et al. [39].
The contents of this paper are organized as follows. In Section 2, we describe the method
of constraining LIV. The multiwavelength polarization samples at our disposal and the
resulting constraints on LIV are presented in Section 3. The physical implications of our
results are discussed in Section 4. Finally, our conclusions are presented in Section 5.

2. Method of Constraining LIV

Considering Lorentz-violating effects, photons with right- and left-circular polariza-
tions will traverse with different group velocities, which can be described using the leading
term of a Taylor series expansion in the form [4]

1i;7<?5:> ] @D

where Ep) & 1.22 X 10" GeV is the Planck energy, the nth-order expansion of the leading
term stands for linear (n = 1) or quadratic (n = 2) energy dependence, & represents the
different polarization states for photons, and # is a dimensionless constant characterizing
the degree of the LIV effect. Here, we consider the linearly polarized light from some
astronomical sources, which is a superposition of two monochromatic waves with opposite
circular polarizations. If Lorentz invariance is broken (i.e., when n # 0) then photons
with right- and left-handed circular polarizations that are emitted simultaneously from the
same source should have different group velocities, leading to a rotation of the polarization
vector of a linearly polarized plane. The rotation angle in the differential propagation
distance d L) can be expressed as [4,47-49]
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where I, = VhG/c3 = hc/Ep is the Planck length scale. Taking into account the cosmolog-
ical expansion, the rotation angle A¢p v during the propagation from the source at redshift

z to the observer is given by
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where v is the frequency of the observed light and Hy is the Hubble constant. The function
F(z,n) depends on the cosmology model. For a flat ACDM model,

(1+2)"dZ

/\/Q (1+2)°+ 0,

where ()p; and )5 are the cosmological parameters. Since the polarization data used in
this work are not sensitive to higher-order terms, here we only consider the linear (n = 1)
LIV case [39]. We thus have [33,37]

(4)

/ (1+2")dz
WhE piHo Jo /O +2/)3+Qp°

ApLv(E) = )

Throughout this paper, we adopt the cosmological parameters Hy = 67.36 km s~! Mpc~1,
Oy = 0.315,and Qp =1 — Oy = 0.685 [50].

When considering both the intrinsic polarization angle ¢y and the rotation angle
A¢r 1y caused by LIV simultaneously, the observed polarization angle at a certain energy E
emitted from an astronomical event should consist of two terms

¢obs (E) = ¢ + BE?, (6)

where the slope B = th( ) denotes the contribution from LIV. However, since the

emission mechanism of astronomlcal sources is still poorly understood, it is difficult
to distinguish an intrinsic polarization angle at the source from a rotation angle of the
polarization plane induced by LIV. Following Fan et al. [39], we simply assume that
all photons in the observed bandpass are radiated with the same (unknown) intrinsic
polarization angle. This assumption is vulnerable to unknown systematic uncertainties
associated with the unknown intrinsic properties of any given sources. In principle, these
unknown intrinsic systematic uncertainties can be minimized by analyzing the sizeable
multiwavelength polarization data of a given source. However, there are no abundant
spectropolarimetry data in the current observations. We explore here the implications and
limits that can be set under the simplest assumption that the intrinsic polarization angle
is an unknown constant. In this case, if the corresponding E? is taken as an independent
variable, the free parameters ¢y and B can be optimized from the linear fitting of the linear
polarization measurements in several bands from a given astronomical event. With the
fitting results, we then derive the limited range of the birefringence parameter 7. All the
results are obtained at the 2¢ confidence level.

3. Tests of LIV with Polarized Sources

It is obvious from Equation (5) that the higher the energy band of the polarization
observation and the larger the distance from the source, the better is the constraint on the
birefringence parameter . However, there are no multiwavelength polarization measure-
ments in the y-ray or X-ray energy band, yet. Fan et al. [39] explored the limits of # by
observations of multiwavelength polarization from the optical afterglows of GRB 020813
and GRB 021004 (see also Ref. [46]). Here, we continue to search for astrophysical sources
with multiwavelength polarimetric data that are suitable for testing LIV effects. The optical
spectropolarimetry from several well-known blazars have been reported. We collect the
high-quality polarimetry data of blazars 3C 66A, S5 0716+714, OJ 287, MK 421, and PKS
2155-304 from Refs. [51-53]. We then apply these polarized blazars to constrain possible
birefringence effects in this work.

The linear polarization observations of these five blazars are presented in Table 1,
including the following information for each object: the energy bands in which polarization
is observed; the observed linear polarization angles; and the corresponding uncertainties of
the polarization angles. These polarization observations have been obtained simultaneously
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in five optical bands (UBVRI) for all blazars. The redshifts of the five blazars 3C 66A,
S5 0716+714, OJ 287, MK 421, and PKS 2155-304 are 0.444, 0.310, 0.306, 0.031, and 0.116,
respectively. Since the optical (UBVRI) polarization measurements are carried out at
different time periods, there are several groups of spectropolarimetry data for each blazar.
A total of 37 groups of multiwavelength polarimetric data of the five blazars are listed
in Table 1. These enable us to carefully investigate the long- and short-term polarization
variability of each blazar and to search for LIV effects.

Table 1. Measurements of multiwavelength polarization for different blazars.

Group Filter Polarization Angle (°) o Group Filter Polarization Angle (°) o
3C 66A 0] 287

1 18] 40.5 0.7 1 U 108.6 1.8

B 43.1 0.6 B 108.1 2.5

\Y 40.1 0.6 \% 108.7 1.1

R 35.1 0.5 R 103.7 1.6

I 32.2 1.2 I 98.4 3.3

2 U 41.0 0.6 2 U 103.9 1.0

B 42.0 0.6 B 109.3 1.5

\% 41.0 0.6 \% 105.2 1.5

R 35.3 0.5 R 101.5 1.0

I 31.9 1.2 1 106.2 4.2

3 18) 39.3 0.5 3 8] 105.2 1.3

B 40.2 0.8 B 106.4 1.7

\'% 38.1 0.8 \% 106.3 1.6

R 33.8 0.4 R 101.4 1.2

I 35.3 1.7 I 97.6 1.9

4 18) 39.6 1.2 4 18) 106.8 1.5

B 41.6 1.3 B 107.8 14

\'% 39.7 14 \% 103.5 14

R 33.8 1.7 R 103.2 0.9

I 36.0 3.1 I 104.5 3.2

5 18] 51.3 0.2 5 18] 105.7 1.3

B 51.7 0.2 B 107.4 2.1

\% 50.4 0.2 \% 102.1 14

R 48.1 0.2 R 102.3 0.8

I 45.7 0.5 I 96.8 3.2

6 18] 39.3 0.2 6 U 105.6 1.3

B 40.2 0.3 B 108.5 14

\Y 394 0.3 \% 103.6 1.2

R 38.3 0.2 R 102.0 1.3

I 36.9 0.6 I 102.6 2.9

7 18] 38.2 0.2 7 U 108.2 1.8

B 39.1 0.2 B 109.8 2.8

\Y 38.2 0.3 \% 104.0 2.1

R 37.2 0.2 R 101.0 1.7

I 35.7 0.4 1 99.8 3.1

8 18) 35.0 0.4 8 U 107.5 1.3

B 34.8 0.3 B 108.7 1.7

A% 34.5 04 \Y 104.2 14

R 32.6 0.3 R 100.9 1.0

I 31.8 0.6 I 94.0 3.2

S5 0716+714 9 U 54.6 1.1

1 18) 22.5 0.4 B 53.4 1.2

B 23.5 0.3 \% 51.7 1.6

\Y 23.3 0.3 R 441 1.1

R 23.2 0.3 I 448 2.8

I 22.6 0.5 10 18] 65.5 0.7

2 18] 10.8 0.2 B 66.9 0.7

B 12.1 0.3 \% 65.3 0.7

\Y 13.5 0.3 R 64.4 0.5

R 12.6 0.3 I 63.6 14

I 12.8 0.5 11 18] 68.8 0.3
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Table 1. Cont.
Group Filter Polarization angle (°) o Group Filter Polarization angle (°) o
B 69.7 0.6 \% 119.4 2.6
\% 70.0 0.4 R 120.1 1.8
R 68.4 0.5 I 120.0 7.7
I 68.5 1.5 7 U 68.9 44
MK 421 B 68.2 3.2
1 18] 10.7 2.4 \% 69.4 2.8
B 12.6 2.7 R 69.5 1.8
\% 14.2 2.3 I 70.1 3.8
R 4.4 2.1 8 U 69.1 2.5
I 9.4 6.0 B 70.3 3.6
2 U 10.5 4.0 \% 724 2.1
B 9.3 2.9 R 72.5 1.7
\% 1.5 2.7 1 73.7 3.3
R 0.6 1.3 9 U 63.1 2.2
I 172.6 2.6 B 64.5 1.9
PKS 2155-304 \% 66.7 1.6
1 18] 93.1 3.9 R 67.0 1.3
B 96.4 2.9 I 67.7 2.5
\% 96.7 2.7 10 18) 113.8 7.3
R 97.1 2.7 B 113.7 5.7
I 96.5 4.6 \% 116.6 49
2 18) 12.0 5.8 R 1159 4.7
B 4.3 74 I 117.1 5.3
\% 6.4 3.8 11 18] 105.0 2.6
R 8.6 3.7 B 105.7 2.5
I 8.3 11.3 \% 105.6 1.8
3 U 101.3 3.0 R 106.1 1.3
B 104.1 3.9 I 106.0 3.0
\% 102.4 2.0 12 U 109.8 3.5
R 101.5 2.3 B 110.4 4.3
I 101.0 3.4 \% 109.3 2.4
4 U 118.8 6.0 R 108.1 2.1
B 121.6 3.1 I 107.8 5.8
\% 120.9 29 13 U 97.5 3.1
R 120.5 34 B 88.3 4.8
I 121.1 5.9 \% 96.4 2.8
5 18) 125.4 4.0 R 95.5 2.5
B 130.1 3.2 1 99.3 4.3
\% 131.5 1.6 14 U 91.8 3.8
R 131.3 3.0 B 94.3 5.3
I 129.6 4.7 \Y 95.3 8.5
6 18) 1159 4.6 R 95.6 5.6
B 119.1 3.3 I 92.9 6.9

We compile the polarization data from these bright blazars and get the wavelengths
(A = 0.360 um, A = 0.440 um, Ay, = 0.530 um, Ag ;, = 0.690 um, and A, = 0.830 pum)
as well as the corresponding polarization angles. If each group of spectropolarimetry
data is separately used to constrain the parameter 77, we would have slightly different
results for the same blazar. Therefore, we allow a variation of the polarization from one
time period to another and consider only the time-averaged polarization angles for each
blazar. We take blazar 3C 66A as an example, which has eight groups of polarization data.
For every wavelength bin, the time-averaged polarization angles for 3C 66A during eight
observational periods are computed through ¢, = Y.i Pobs,i/8. The scattering in the shift
between Pops,; and Py, i-€., 0p; = |Pobsi — Pops |, giVes an estimate of the errors in ¢, i.e.,
o5 = (Liop)'?/8.

We now have five groups of polarization data for the selected five blazars compiled
with the time-averaged polarization angles and their corresponding energies. For the linear
regression applied to the multiwavelength polarization observations of each blazar, we
use the function ¢ (Equation (6)) to fit the observed data. The Metropolis—-Hastings
Markov chain Monte Carlo (MHMC) method is applied to simulate the free parameters
¢o and B of the linear function. The best-fitting results of multiwavelength polarization
observations for five blazars are presented in Table 2. For each blazar in turn, the best-
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fitting values and 20 uncertainties are provided for the parameters ¢y and B and the
corresponding birefringence parameter 77. The time-averaged polarization angles of the
five blazars as a function of E? are shown in Figure 1, and the red lines are the best-fitting
lines. As shown in Figure 1, the polarization angles of blazars S5 0716+714 and PKS
2155-304 are proportional to E2 with a negative coefficient, and the best-fitting values are
7 = (—9.63 +4.640) x 1078 (¢p = 0.320 £ 0.058 rad) and 1 = (—5.32 4 3.587) x 1077
(¢o = 1.645 £ 0.018 rad), respectively. While the rest of the blazars show a positive
coefficient with the fitting parameters 17 = (3.386 4- 1.249) x 10~7 (¢ = 0.623 4-0.024 rad),
7 = (6.546 +22.769) x 107° (¢g = 0.046 + 0.482 rad), and 7 = (6.226 +7.715) x 1077
(o = 1.544 £ 0.094 rad) for 3C 66A, MK 421, and OJ 287, respectively. Our constraints
show that except for 3C 66A at the 5.40 confidence level and PKS 2155-304 at the 3.0
confidence level, the data set of the other three blazars are consistent with the possibility
of no LIV at all (i.e., 7 = 0) within the 1.8¢ confidence level. The wavelength dependence
of polarization angles, even if present in 3C 66A and PKS 2155-304, cannot be due to LIV
effects as this would clash with the best limit from S5 0716+714 by factors of 4 to 6, and must
therefore be of intrinsic astrophysical origin. At the 2¢ confidence level, the limits on %
from five blazars are —9.63 x 1078 < 5 < 6.55 x 107°.

Table 2. Best-fitting results of multiwavelength polarization observations for five blazars.

Source z B ¢o(rad) 7(x1077)
3C 66A 0.444 0.009 £+ 0.003 0.623 + 0.024 3.386 4+ 1.249
S50716+714 0.310 —0.002 %+ 0.009 0.320 + 0.058 —0.963 + 4.640
QJ 287 0.306 0.012 £+ 0.013 1.544 + 0.094 6.226 +=7.175
MK 421 0.031 0.012 £+ 0.041 0.046 + 0.482 65.464 + 227.692
PKS 2155-304 0.116 —0.004 + 0.002 1.645 £+ 0.018 —5.322 + 3.587
12 ‘ ‘ —— 08 — — — :
@ 3C 66A ® Piing e ®) ssorier7ia  _® PR L
1ok Xldof=1.504/3 | 06 ¥dot=1.054/3 |
S o8t 1 < 04}
g g i1 1
3 M 3 rr—I—1 !
o 06F 1 & 02
04l 1 00}
02 S S S 0.2 S
o 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
(EleV)? (EleV)?
24 S S— 6 —————— —
© 0J 287 ‘ Ei?t:?g line @ MK 421 * Ei?ttiig line
22 X¥dof=1.791/3 Al ¥Idof=2.100/3 |
20} J
"-ig 18k | fg 2 } d
14} 1
2k 4
12} 1
10 S T S -4 T T S
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Figure 1. Cont.
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Figure 1. Best -fitting results of the optical spectropolarimetric data of five blazars. (a): Linear fit of
3C 66A. (b): Linear fit of S5 0716+714. (c): Linear fit of OJ 287. (d): Linear fit of MK 421. (e): Linear fit
of PKS 2155-304. The black dots correspond to the time-averaged linear polarization data, and the
red lines are the theoretical curves based on Equation (6).

4. Discussion

According to the summary of the limits on the birefringence parameter # from the
polarization measurements of various astrophysical sources [54], we can simply make a
comparison with our results. The polarization observations on the prompt y-ray emission
of GRBs place the hitherto most stringent constraints on 7, i.e., 7 < O(10716) [29-33].
As expected, our optical polarization constraints are not competitive with that from the
observations of gamma-ray polarization. However, these gamma-ray polarization limits
suffer from a relatively low statistical confidence of the polarization measurements and
large systematic uncertainties. In the optical band, as we do, Gleiser & Kozameh [48] set an
upper limit of 7 < 10~* by processing the linearly polarized ultraviolet light from the radio
galaxy 3C 256, and Fan et al. [39] obtained the limits on 77 of =2 x 1077 < 57 < 1.4 x 1077
by using the ultraviolet/optical polarization data of the afterglows of GRBs. We have
used the optical polarimetric observations in five bands (UBV RI) of blazars to derive the
limits —9.63 x 1078 < n < 6.55 x 1076 at the 20 confidence level, which is essentially
as good as or one order of magnitude improvement over previous limits obtained by
ultraviolet/optical polarization observations.

It is worth pointing out that Kislat & Krawczynski [34] also used the optical polariza-
tion measurements to constrain LIV. They introduced Lorentz and CPT symmetry-violating
effects by adding new terms which can be ordered by the mass dimension of the correspond-
ing field operator in the Standard Model Lagrangian. They analyzed optical polarization
data from 72 AGNs and GRBs and obtained a set of constraints on the 16 coefficients
of mass dimension d = 5 of the Standard Model Extension photon sector. Their results
implied a lower limit on the energy scale of quantum gravity of 10° times the Planck energy.
The approach in [34] constrained LIV by limiting the coefficients of d = 5, while we got the
results by constraining the birefringence parameter 7. Both approaches are rigorous and
constrain LIV well.

Note that we have used the standard flat ACDM model for our calculations (see
Equation (4)). However, other different cosmological models have been proposed. In these
models, dark energy evolves in a way that is different from that in the ACDM model.
Therefore, it is necessary to study whether LIV is caused by the particular model of the
universe we are applying. Moreover, apart from dark energy, the contribution of spatial
curvature should not be ignored. Refs. [55,56] have investigated these issues in different
cosmological models. By extending the analysis performed in the ACDM model to other
cosmological models, they found that the effects, e.g, the redshift dependence of time
delays caused by LIV, also occurs in alternative cosmological models.

It should be stressed that we have performed the analysis based on the assumption
of isotropy. On the other hand, anisotropic LIV has been discussed in theory, and con-
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straints on anisotropic LIV have also been obtained from some relevant observations, see,
e.g., Refs. [12,14,34].

5. Conclusions

As a consequence of LIV, the group velocities of left- and right-handed circularly
polarized photons that are emitted from the same astrophysical source should differ slightly,
leading to vacuum birefringence and a frequency-dependent rotation of the polarization
vector of linearly polarized light. LIV can therefore be tested with linear polarization
measurements of astrophysical sources. A key challenge in the idea of searching for a
frequency-dependent change in polarization, however, is to distinguish the rotation angle
induced by LIV from any source-intrinsic polarization angle in the emission of photons in
different energy bands. Following the method of Fan et al. [39], we simply assume that the
intrinsic polarization angle is an unknown constant and expect to observe birefringence
effects as a frequency-dependent linear polarization vector.

To constrain LIV, we try to search for a similar frequency-dependent trend in multi-
wavelength polarization observations of astrophysical sources. In this work, five blazars
with multiwavelength polarization angles in five optical bands (UBV RI) are collected.
For each blazar, the optical polarization measurements were carried out at different time
periods and, thus, there are a total of 37 groups of spectropolarimetry data for the five
blazars. Considering the temporal variation of the polarization observations, we extract
the time-averaged polarization angles in five wavelength bins for each selected blazar. We
then use the function ¢ps(E) (Equation (6)) to fit the time-averaged polarization angles
versus the quantities of E2, and obtain the best-fitting results of the intrinsic polarization
angle ¢y and the birefringence parameter 7. At the 20 confidence level, we find that 5
is constrained to be in the range of —9.63 x 1078 < 5 < 6.55 x 107 for five blazars.
These results are comparable with or represent sensitivities improved by one order of
magnitude over existing limits from ultraviolet/optical polarization observations. More
stringent limits on the birefringence parameter can be expected as the analysis presented
here is applied to a larger number of astrophysical sources with larger distances and higher
energy polarimetry.

Note that the rotation of the linear polarization plane can also be caused by magnetized
plasmas, where this phenomenon is known as Faraday rotation. Hence, it is necessary
to investigate whether our resulting constraints could be affected by Faraday rotation.
The dependence of the rotation angle on Faraday rotation is A®g,, « E~2, different from
its dependence on LIV effects as APy o E? shown in Equation (5). According to the
discussions of Fan et al. [39] and Wei & Wu [46], the rotation angle A®p,, is extremely
small at the optical and higher energy band. Therefore, Faraday rotation can be ignored in
our analysis.
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