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In the framework of the Standard Model extension (SME), we present improved constraints on
anisotropic Lorentz invariance and charge-parity-time (CPT) violation by searching for astrophysical
signals of cosmic vacuum birefringence with broadband optical polarimetry of high redshift astronomical
sources, including active galactic nuclei and gamma-ray burst afterglows. We generalize the reference
[F. Kislat, Symmetry 10, 596 (2018)], which studied the SME mass dimension d ¼ 4 case, to the arbitrary
mass dimension for both the CPT-even and the CPT-odd cases. We then present constraints on all 10, 16,
and 42 anisotropic birefringent SME coefficients for dimension d ¼ 4, d ¼ 5, and d ¼ 6 models,
respectively, using 7554 observations for odd d and 7376 observations for even d of 1278 unique sources
on the sky, which, to our knowledge, comprises the most complete catalog of optical polarization from
extragalactic sources in the literature to date. Compared to the smaller sample of 44 and 45 broadband
optical polarimetry observations analyzed in Kislat [Symmetry 10, 596 (2018)] and Kislat and
Krawczynski [Phys. Rev. D 95, 083013 (2017)], our dimension d ¼ 4 and d ¼ 5 average constraints
are more sensitive by factors of 35 and 10, corresponding to a reduction in allowed SME parameter space
volume for these studies of 15 and 16 orders of magnitude, respectively. Constraints from individual lines
of sight can be significantly stronger using spectropolarimetry, due to the steep energy dependence of
birefringence effects at increasing mass dimension. Nevertheless, due to the increased number of
observations and lines of sight in our catalog, our average d ¼ 4 and d ¼ 5 broadband constraints are
within factors of 2 and 12 of previous constraints using spectropolarimetry from Kislat [Symmetry 10, 596
(2018)] and Kislat and Krawczynski [Phys. Rev. D 95, 083013 (2017)], respectively, using an independent
dataset and an improved analysis method. By contrast, our anisotropic constraints on all 42 birefringent
SME coefficients for d ¼ 6 are the first to be presented in the literature.
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I. INTRODUCTION

Special relativity and the Standard Model of particle
physics obey the symmetries of Lorentz and charge-parity-
time (CPT) invariance, which various tests over the past
century indicate are obeyed in nature to high precision [1].
However, many theoretical approaches seeking to unify
quantum theory and general relativity within an underlying

theory of quantum gravity predict that Lorentz and CPT
invariance may be broken at energies approaching the
Planck scale Ep ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
c5ℏ=G

p
¼ 1.22 × 1019 GeV, perhaps

due to extra spatial dimensions or the underlying quantized
nature of spacetime [2–4]. Several well-known candidate
quantumgravitymodels, including string theory [5], warped
braneworlds [6], loop quantum gravity [7], Hořava-Lifshitz
gravity [8], and Chern-Simons gravity [9], can all lead
to Lorentz invariance violation (LIV) or CPT violation
(CPTV).
While the Standard Model of particle physics has been

remarkably successful, it does not include gravity, dark
matter, or dark energy, and thus cannot be the final theory
of nature. The failure of the CERN Large Hadron Collider
(LHC) to detect evidence of supersymmetry [10]—or any
new physics beyond the Standard Model—has challenged
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several candidate quantum gravity theories, including
string theory [11]. There is thus a desperate need for
experimental input. It has long been known that symmetries
such as Lorentz and CPT invariance—which are taken as
axioms in the Standard Model—may not be true sym-
metries in nature at a variety of energy scales [12]. High
energy physicists have therefore routinely searched for LIV
and CPTV, for example, in Fermilab neutrino experiments
and [13,14], and various LHC tests [15,16]. However,
searching for such physics beyond the Standard Model with
conventional particle accelerators continues to require
progressively larger energy scales that are rapidly becom-
ing unfeasible.
All of this motivates novel astroparticle physics experi-

ments that leverage thevast distances, timescales, and energy
scales of the cosmos itself to look for signatures of quantum
gravity and to constrain, or rule out, alternatives to the
Standard Model. Using the universe as a laboratory ulti-
mately enables searches for exotic physical effects which
would likely be impossible to detect with experiments on
Earth. Since such approaches are far less explored than
terrestrial tests, this represents a huge untapped opportunity.
Since the relevant energies are not accessible to any

foreseeable Earth-bound tests, most astrophysical tests
use observations of extragalactic sources to exploit small
effects that may accumulate to detectable levels over
cosmological distances and timescales [17–19]. Still,
since no strong evidence yet exists for LIV or CPTV in
nature, some models have already been effectively
ruled out [1]. However, since the full parameter space
is largely unconstrained, astrophysical observations of
cosmological sources at broader wavelength ranges,
higher redshifts and energies, and varied positions on
the sky represent ideal data to constraint LIV=CPTV
effects in our universe.
The Standard Model extension (SME) is an exhaustive

and general effective field theory framework for con-
straining new physics beyond the Standard Model, includ-
ing LIV and CPTV effects (see [18] for a review). While
others have considered LIV and CPTV tests in the SME
(and other frameworks) for massive particles such as
cosmic rays [20–24] and neutrinos [4,25–28], in this work,
we consider only LIV and CPTV in the photon sector. In
addition, this paper focuses exclusively on astrophysical
SME tests, although see [1] for a review of SME constraints
from various laboratory and other tests.
SME models are typically ordered and labeled by the

mass dimension d ≥ 3 of the relevant operator in the
expansion of terms that modify the Standard Model
Lagrangian to incorporate Lorentz invariance and/or CPT
violation [18]. Nonzero coefficients in the SME expansion
can yield a modified vacuum dispersion relation for photons
and “vacuumbirefringence.”Amodified vacuumdispersion
relation would mean that the speed of light became energy
dependent, which would cause a time delay (or early arrival)

for promptly emitted photons of different energies [26,29].
Vacuum birefringence for d > 3 refers to an energy depen-
dent rotation of the plane of linear polarization for photons
emitted promptly with the same initial polarization angle.
We do not consider circular polarization in this work.
Constraints on models with vacuum dispersion from LIV

can be obtained from astronomical observations of time
delays from astronomical sources at higher redshifts and
energies [18,25,26,29]. However, since optical time delay
constraints on vacuum dispersion SME models are not
competitive with high time resolution γ-ray observations
of gamma-ray bursts (GRBs) [21,30–47] or TeV flares
from blazars [29,48–52], this work does not employ time
delay studies.
Rather, we focus on constraining vacuum birefringent

SME models, which can be tested with much higher
sensitivity using broadband polarimetry [18]. We further
focus only on linear polarization, since the observed
circular polarization is often consistent with zero for the
high redshift sources of interest (e.g., [53–56]) and there is
insufficient circular polarization data in the literature to
meaningfully constrain any circular polarization induced
by vacuum birefringence.
The tests we perform in this work do not seek to directly

detect positive evidence of Lorentz or CPT violation in the
universe. Rather, we assume the null hypothesis that the
Standard Model is correct, and we seek to constrain how
large any LIVor CPTV effects could be, in the framework
of the SME, given the observed data. Our constraints
are therefore presented as upper bounds on the relevant
SME coefficients. As such, while this approach is explicitly
designed to progressively rule out increasingly larger
sectors of the SME parameter space, different approaches
would be required if the aim was instead to potentially
detect nonzero signals of Lorentz invariance and/or CPT
violation with astrophysical observations.
To date, astrophysical observations have primarily

been used to constrain models using measurements along
individual lines of sight, including “vacuum isotropic”
models with a single SME coefficient over the whole
sky, and linear combinations of anisotropic SME coeffi-
cients [18,19,40,57–59]. However, the most general SME
models are anisotropic, where LIV and CPTV effects can
vary with the direction on the sky. As such, these models
require astrophysical observations along many independent
lines of sight to fully constrain all the parameters for a given
SME model [17,44,60].
Ultimately, astronomical polarimetry can constrain bire-

fringent SME effects which would increasingly suppress
the observed polarization of intrinsically more highly
linearly polarized cosmological sources via an energy-
dependent drift in polarization angle. In this work, we
present new and more sensitive SME constraints on
anisotropic Lorentz invariance violation and CPT violation
than those found using only the sample of broadband
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optical polarimetry of high redshift sources, including
active galactic nuclei (AGN) and the optical afterglows
of GRBs, that were analyzed in previous work [17,60].
The recent work in Refs. [17,44,60] was the first to

constrain all SME coefficients for various anisotropic
models. While Ref. [44] was the first to constrain all
25 nonbirefringent d ¼ 6 SME coefficients using γ-ray
time delay studies of AGN observed by Fermi-LAT, in
this work, we restrict our analysis to constraining birefrin-
gent SME coefficients. Subsequently, Refs. [17,60], were
the first studies to constrain all 16 (10) birefringent
SME coefficients for d ¼ 5 (d ¼ 4) SME models using
a small sample of archival optical polarimetry and
spectropolarimetry.
While Ref. [17] ([60]) analyzed a preliminary set of less

than 100 AGN and GRB afterglows, thousands of AGN
have broadband optical polarization data in the literature
(e.g., [61–69]), and hundreds have published spectropo-
larimetry (e.g., [61,70,71]). See Fig. 1 for sky coverage
and histograms of a broadband polarimetry database that
we have compiled of 1278 highly polarized AGN and
GRB afterglows with linear polarization fraction p≳ 2%
and redshift z < 3.5. This work thus aims to significantly
improve upon the broadband only analyses in Refs. [17,60]
by analyzing more than an order of magnitude more
individual sources and over 2 orders of magnitude more
individual observations, and by also including multiple
observations of each source, where available, to improve
our constraints.
While Refs. [17,44] used a linear least squares approach

to upper bound the relevant SME coefficients, Ref. [60],
which focused on the CPT-even d ¼ 4 birefringent case,

developed a more principled approach that uses Markov
chain Monte Carlo (MCMC) methods to compute the
posterior probability distribution of birefringent SME
coefficients, given the observed data. In this work, we
extend and refine the Ref. [60] analysis method to arbitrary
mass dimension d, including both the CPT-even and CPT-
odd cases, and present constraints, using only broadband
optical polarimetry, which significantly improve upon the
broadband-only constraints in Refs. [17,60].
This paper is organized as follows. In Secs. II and III, we

provide the relevant theoretical background for photon
sector tests in the SME, including cosmological effects.
Sections IV and V describe how SME polarization angle
drift from LIVor CPTV induced birefringence corresponds
to changes in Stokes parameters from the source to the
observer. In Sec. VI, we detail our method for constraining
LIVand CPTV effects using broadband polarimetry, while
Sec. VII outlines the assumptions underlying our MCMC
analysis of SME parameters. Section VIII describes the
archival catalog of broadband optical AGN polarimetry
analyzed in this paper, with further details in Appendixes B
and C. In Sec. IX, we present our constraints on all 16, 10,
and 42 birefringent SME coefficients for mass dimensions
d ¼ 4, 5, and 6, respectively. Section X addresses system-
atic uncertainties. Further discussion and conclusions are
presented in Sec. XI.

II. BACKGROUND: COSMIC BIREFRINGENCE
IN THE SME

In natural units with c ¼ ℏ ¼ 1, the photon vacuum
dispersion relation in the SME is given by [18]

FIG. 1. Left: Sky catalog Aitoff projection in galactic coordinates of 1278 AGN and GRBs with broadband optical polarimetry
[72–94]. The Milky Way is shown with gray contours of optical color excess EðB − VÞ ¼ 0.7 and 2.0 from the Ref. [95] galactic
reddening map (https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm). Plot symbol size increases with redshift. Plot colors
indicate object type from the SIMBAD database: quasars ¼ QSO (green), BL Lac (blue), Seyfert (red), GRB optical afterglows (black),
and other/unknown (gray). Right: For these 1278 objects, we show histograms, with the same color coding by object type, of the key
inputs to test anisotropic birefringent SME models with broadband optical polarimetry: redshift z (upper left), the log10 of the fractional
redshift error ðσz=zÞ (upper right), the maximum linear polarization fraction Π (lower left), and the mean fractional polarization error
ðσΠ=ΠÞ (lower right). The observed polarization angle, as shown for our catalog in Fig. 2, is also needed for the CPT-even case, but not
for the CPT-odd case.

IMPROVED CONSTRAINTS ON ANISOTROPIC BIREFRINGENT … PHYS. REV. D 102, 043008 (2020)

043008-3

https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm
https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm
https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm
https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm
https://lambda.gsfc.nasa.gov/product/foreground/fg_sfd_get.cfm


E ≃ p
�
1 − ςð0Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðςð1ÞÞ2 þ ðςð2ÞÞ2 þ ðςð3ÞÞ2

q �
; ð1Þ

where E is the energy, p is the momentum, and the various
ςðxÞ represent the new terms in the SME expansion, which
vanish identically in the Standard Model. Following the
notation and phase conventions in Ref. [18], using an
expansion of spin-weighted spherical harmonics sYjm and
operator mass dimension d,

ςð0Þ ¼
X
djm
d even

Ed−4
0Yjmðn̂ÞcðdÞðIÞjm; ð2Þ

ςð�Þ ¼ ςð1Þ ∓ iςð2Þ

¼
X
djm;
d even

Ed−4�2Yjmðn̂ÞðkðdÞðEÞjm � ikðdÞðBÞjmÞ; ð3Þ

ςð3Þ ¼
X
djm;
d odd

Ed−4
0Yjmðn̂ÞkðdÞðVÞjm; ð4Þ

where n̂ ¼ ðRA;DecÞ are the ICRS J2000 spherical polar
coordinates in the direction of the astrophysical source.1

In the CPT-odd case (odd d), there are ðd − 1Þ2 vacuum

birefringent SME coefficients kðdÞðVÞjm. For the CPT-even

case (even d), there are ðd − 1Þ2 nonbirefringent SME

coefficients cðdÞðIÞjm that are uniquely constrained by time-

delay measurements, and ðd − 1Þ2 − 4 birefringent SME

coefficients for each of kðdÞðEÞjm and kðdÞðBÞjm. Overall, the CPT-

even vacuum birefringent SME parameters kðdÞðEÞjm, k
ðdÞ
ðBÞjm,

and vacuum dispersion parameters cðdÞðIÞjm characterize

CPT-preserving LIV, while the vacuum birefringent

CPT-odd parameters kðdÞðVÞjm also lead to CPTV [18].

For all SME models, the sum in Eqs. (2)–(4) runs over
mass dimension d from d ¼ 3 or d ¼ 4 to ∞ (with d even
or odd as indicated) accounting for all possible LIV or
CPTV contributions in the SME framework. However, in
this work, we will only consider the case of arbitrary fixed
values of mass dimension, e.g., d ¼ 4, d ¼ 5, or d ¼ 6. For
any model that could produce operators with multiple
values of d, the dominant contribution would be predicted
to come from the leading order term, so it is reasonable to
consider only fixed values of d for this work. For any mass
dimension d, the spherical harmonic indices j and m run
over the following ranges:

−j ≤ m ≤ j;

�
j ∈ 0; 1;…; d − 2; odd d;

j ∈ 2; 3;…; d − 2; evend:
ð5Þ

Equation (5) shows that vacuum isotropic j ¼ m ¼ 0
models containing a single SME coefficient over the whole
sky exist only in the CPT-odd case. As such, CPT-even
models are of particular interest because they are, by
definition, anisotropic.
At fixed mass dimension d, the birefringent SME

coefficients can be written

ς3ðdÞ ¼ Ed−4
X
jm

0Yjmðn̂ÞkðdÞðVÞjm; odd d; ð6Þ

ς�ðdÞ ¼Ed−4
X
jm

�2Yjmðn̂ÞðkðdÞðEÞjm� ikðdÞðBÞjmÞ; evend; ð7Þ

where ς�ðdÞ ¼ ς1ðdÞ ∓ iς2ðdÞ. The convenience of converting
the SME coefficients into this complex spin-weighted basis

FIG. 2. Polarization angle measurements from the compiled
catalog of extragalactic sources in ICRS J2000 equatorial
coordinates using a Lambert azimuthal projection centered at
the vernal equinox. Black strokes represent all available polari-
zation angles, including cases of multiple measurements per line
of sight. Red strokes are averages for each unique line of sight.
Note that while some sources appear stable, others undergo rapid
rotation spanning the entire range of possible angles (black
circles). Polarization angles serve as a probe of the direction of
the birefringence axis and, therefore, must be measured to
constrain CPT-even SME cases, where said direction is not
known a priori. The apparent gap in the data encircling the center
of the projection is due to the galactic equator, where foregrounds
render extragalactic observations extremely challenging. Parts of
the sky with EðB − VÞ > 0.5 are shaded in gray to display the
band of the Milky Way, based on the same Ref. [95] reddening
map used in Fig. 1. At the center of the projection, North is up and
East is right.

1In this work, we use RA and Dec to refer to the ICRS J2000
right ascension and declination; however, any consistent spheri-
cal polar coordinate system may be adopted for this purpose.
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will become apparent shortly. Using the following parity
relations (where � denotes complex conjugation) for the
spherical harmonics

0Yj;ð−mÞ ¼ ð−1Þmð0YjmÞ�; odd d; ð8Þ

�2Yj;ð−mÞ ¼ ð−1Þm∓2ð∓2YjmÞ�; even d; ð9Þ

and birefringent SME coefficients

kðdÞðVÞj;ð−mÞ ¼ ð−1ÞmðkðdÞðVÞjmÞ�; odd d; ð10Þ

kðdÞðE;BÞj;ð−mÞ ¼ ð−1ÞmðkðdÞðE;BÞjmÞ�; even d; ð11Þ

yields NðdÞ unique real components for each mass dimen-
sion d given by

NðdÞ ¼
� ðd − 1Þ2; odd d;

2ðd − 1Þ2 − 8; even d:
ð12Þ

Therefore, there are a total of NðdÞ ¼ 4; 10; 16; 42;
36; 90; 64; 154;… birefringent SME coefficients for
d ¼ 3; 4; 5; 6; 7; 8; 9; 10;…. If the number of sources
Ns < NðdÞ, one can only constrain linear combinations of
the relevant SME coefficients. To constrain all NðdÞ param-
eters for a given d, astrophysical studies must therefore
observe Ns > NðdÞ sources along different lines of sight.
This work compiles and analyzes the largest such database
to date, including Ns ¼ 1278 sources, with Ns ≫ NðdÞ
for all mass dimensions d ¼ 4, 5, and 6 considered here.
Vacuum birefringence for d ¼ 3 in the SME is energy
independent and cannot be studied using our approach.
However, see [29] for d ¼ 3 constraints using observations
of the cosmic microwave background (CMB) (also see
Refs. [18,29,96–101]).

III. COSMOLOGY

For a fixed mass dimension, the effective comoving
distance LðdÞ

z traveled by the photons over cosmological
distances is

LðdÞ
z ¼

Z
z

0

ð1þ z0Þd−4
Hðz0Þ dz0 ¼

Z
1

a

da0

ða0Þd−2Hða0Þ ; ð13Þ

which includes the relevant cosmological effects in an
expanding universe [18,26]. Setting d ¼ 4 in Eq. (13)
recovers the usual expression for comoving distance. In
Eq. (13), HðzÞ ¼ HðaÞ is the Hubble expansion rate at a
redshift z with scale factor a−1 ¼ 1þ z [with the usual
normalization aðt0Þ ¼ 1 at the present cosmic time t ¼ t0 at
z ¼ 0] given by

HðaÞ ¼ H0½Ωra−4 þ Ωma−3 þ Ωka−2 þ ΩΛ�1=2; ð14Þ

in terms of the present day Hubble constant, which we
fix to H0 ¼ 67.66 km s−1 Mpc−1 and best fit cosmological
parameters for matter Ωm¼0.3111, radiation Ωr ¼Ωm=
ð1þ zeqÞ¼ 9.182×10−5 (with the matter-radiation equality
redshift zeq ¼ 3387), vacuum energy ΩΛ ¼ 0.6889, and
curvature Ωk ¼ 1 − Ωr −Ωm − ΩΛ ≈ 0 using the Planck
satellite 2018 data release [102].2

IV. STOKES PARAMETERS IN THE SME

The Stokes parameters I, Q, U, and V completely
describe the general elliptical polarization of light, where
I is the intensity,Q andU describe linear polarization (with
relative angle 45°), and V describes circular polarization.
Since circular polarization is generally measured to be
small and is expected to be intrinsically small for the
cosmological sources of interest at optical wavelengths,
including AGN (e.g., [53]) and GRBs (e.g., [54–56];
although see [104]), we assume VðdÞ

z ¼ 0 at the source
at redshift z for a dimension d SME model throughout
the remainder of this work. Furthermore, due to the scarcity
of extragalactic circular polarization measurements in
the literature, we only search for SME effects in linear
polarization measurements and neglect any nonzero
observed values of V that may have been induced by
vacuum birefringence.
In the SME, photons emitted with energy E will have

their polarization change as they propagate over cosmo-
logical distances due to vacuum birefringence via

ds
dt

¼ 2Eς × s; ð15Þ

where s ¼ ðQ;U; VÞT is the Stokes vector in the Cartesian
basis, describing the polarization state of the photons, and
ς ¼ ðς1ðdÞ; ς2ðdÞ; ς3ðdÞÞT is the so-called birefringence axis.
Since Q, U, and V are all real valued, one can draw Stokes
space diagrams such as Fig. 3 that illustrate how a photon’s
polarization would be rotated due to vacuum birefringence.
However, by noting that Eq. (15) describes a rotation of s
around the axis ς and by using the rotational properties of
Stokes parameters [105], further convenience may be
gained by switching into the spin-weighted basis, where
the Stokes Q and U parameters are combined in a single

2We use cosmological parameters reported in Table 2 column 7
of [102] and assume zero uncertainties. These are the joint
cosmological constraints (TT, TE, EEþ lowEþ lensingþ BAO
68% limits). However, based on recent tension between the
Hubble constant H0 determined using CMB data and distance
ladder measurements from Type Ia supernovae (SN Ia), we note
that even if we used the SN Ia Hubble constant H0¼
73.48kms−1Mpc−1 [103] rather than H0 ¼ 67.66 kms−1 Mpc−1
from Table 2 column 7 of Planck 2018 [102], and include 2 − σ
uncertainties on the cosmological parameters, it would have a
negligible effect on the final numerical values of our SME
coefficient constraints.
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complex number Q ∓ iU and a Cartesian rotation through

the angle δψ ðdÞ
z amounts to a multiplication by e∓2iδψ ðdÞ

z . In
this basis, we can write

s ¼ ðsðþ2Þ; sð0Þ; sð−2ÞÞT ¼ ðQ − iU; V;Qþ iUÞT; ð16Þ

where sð0Þ ¼ V, sð�2Þ ¼ Q ∓ iU, with a SME birefrin-
gence axis in this basis given by ς ¼ ðςðþÞðdÞ; ς3ðdÞ;
ςð−ÞðdÞÞT [18].

Following [18,60], the observed Stokes vector s can be
computed from the Stokes vector sz emitted at the source
using the Müller matrix Mz, via

s ¼ Mz · sz; ð17Þ

where Mz is given by

Mz ¼

8>>>>>>>>>>><
>>>>>>>>>>>:

0
B@ e−2iδψ

ðdÞ
z 0 0

0 1 0

0 0 e2iδψ
ðdÞ
z

1
CA odd d;

0
BB@

cos2ðΦðdÞ
z Þ −i sinð2ΦðdÞ

z Þe−iξðdÞ sin2ðΦðdÞ
z Þe−2iξðdÞ

− i
2
sinð2ΦðdÞ

z ÞeiξðdÞ cosð2ΦðdÞ
z Þ i

2
sinð2ΦðdÞ

z Þe−iξðdÞ

sin2ðΦðdÞ
z Þe2iξðdÞ i sinð2ΦðdÞ

z ÞeiξðdÞ cos2ðΦðdÞ
z Þ

1
CCA evend;

ð18Þ

with Eqs. (20)–(24) defining δψ ðdÞ
z , ΦðdÞ

z , and ξðdÞ.
In the CPT-odd case, having ς aligned with the V axis

(see Fig. 3), Eq. (18) yields a particularly simple form,
diagonal in the spin-weighted Stokes basis, given by

sð�2Þ ¼ e∓i2δψ ðdÞ
z sð�2Þz; sð0Þ ¼ sð0Þz: ð19Þ

In this case, both Stokes V and the linear polarization
fraction remain constant as the photon travels to the
observer. The theoretically predicted linear polarization
angle ψ ðdÞ in the SME is related to the intrinsic polarization
angle for the source at redshift z via

ψ ðdÞ ¼ ψ ðdÞ
z þ δψ ðdÞ

z ; ð20Þ

with an SME induced polarization angle change of

δψ ðdÞ
z ¼ Ed−3LðdÞ

z

X
jm

0Yjmðn̂ÞkðdÞðVÞjm ¼ ELðdÞ
z ς3ðdÞ: ð21Þ

Note that the parity relationships of the spherical harmonics

in Eq. (8) ensure that δψ ðdÞ
z is real valued in the CPT-

odd case.
By contrast, in the CPT-even case, ς lies in the plane of

linear polarization, implying that (1) Stokes V polarization
may be induced in-flight (although we ignore it in this
analysis) and (2) the drift in the polarization angle can no
longer be described with a single phase as a simple rotation
around the V axis through the origin (see Fig. 3).
Mathematically, the additional complexity can be modeled

by allowing the CPT-even equivalent of δψ ðdÞ
z , which we

FIG. 3. Depiction of the SME-induced polarization drift. Here,
each point in space represents a polarization state given by three
coordinates corresponding to the Q, U, and V Stokes parameters,
with the origin at the yellow circle. SME effects cause the state of
the photon to precess around the birefringence axis, ς, by the

angle of δψ ðdÞ
z (if d is odd) or ΦðdÞ

z (if d is even), which increases

with the comoving distance to the source (LðdÞ
z ). The ðdÞ super-

scripts are omitted in the figure. Top panel: for odd d, the
precession occurs in the plane of linear polarization (V ¼ 0). By
contrast, in the even d case, the plane of precession is
perpendicular to the V axis and confined to the Q–U plane.
Bottom panel: enlarged representation, detailing the labeling
in use.
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will call δΦðdÞ
z , to be a complex number, composed of

magnitude ΦðdÞ
z and argument ξðdÞ, which are each real. As

such, the complex quantity δΦðdÞ
z is given by

δΦðdÞ
z ¼ ΦðdÞ

z e∓iξðdÞ ¼ ELðdÞ
z ς�ðdÞ; ð22Þ

with the real-valued angle ΦðdÞ
z in Eq. (18) given by

ΦðdÞ
z ¼ Ed−3LðdÞ

z

����X
jm

�2Yjmðn̂ÞðkðdÞðEÞjm � ikðdÞðBÞjmÞ
����; ð23Þ

where the phase angle ξðdÞ for the CPT-even case in
Eq. (18) is given by

ξðdÞ ¼∓ argðSðdÞðn̂ÞÞ; ð24Þ

where we also define the abbreviation SðdÞðn̂Þ for the
complex linear combination of SME coefficients, given by

SðdÞðn̂Þ≡

8>><
>>:
P
jm

0Yjmðn̂ÞkðdÞðVÞjm; oddd;

P
jm

�2Yjmðn̂ÞðkðdÞðEÞjm� ikðdÞðBÞjmÞ; evend:
ð25Þ

We further define the abbreviation

γðdÞðn̂Þ≡
(
SðdÞðn̂Þ: odd d;

jSðdÞðn̂Þj; even d:
ð26Þ

This allows us to write Eqs. (21) and (23) for both the CPT-
odd and CPT-even cases as

Ed−3ϑðdÞðn̂Þ≡
(
δψ ðdÞ

z ; odd d;

ΦðdÞ
z ; evend;

ð27Þ

with

ϑðdÞðn̂Þ≡ LðdÞ
z γðdÞðn̂Þ: ð28Þ

V. STOKES PARAMETERS AND
POLARIZATION ANGLES

Since the measured optical circular polarization is
generally small for the extragalactic sources of interest,
and since there are relatively few such measurements in the
literature (e.g., [54–56,106]), we ignore circular polariza-
tion in this work and write the intensity normalized Stokes
parameters at the source at redshift z as

qðdÞz ¼ QðdÞ
z

IðdÞz

¼ Πz cos ð2ψ ðdÞ
z Þ;

uðdÞz ¼ UðdÞ
z

IðdÞz

¼ Πz sin ð2ψ ðdÞ
z Þ;

vðdÞz ¼ VðdÞ
z

IðdÞz

≈ 0; ð29Þ

where Πz and ψ ðdÞ
z are the intrinsic linear polarization

fraction and polarization angle at the source, respectively.

We conservatively assume both Πz and ψ ðdÞ
z (and thus the

source frame Stokes parameters) to be independent of
wavelength. Previous analyses [17,60] have assumed a
100% intrinsic linear polarization fraction at all wave-
lengths such that Πz ¼ 1, which leads to the most
conservative possible SME constraints. However, we will
relax this assumption in this work based on more realistic
AGN source models with conservative upper limits
Πz < Πzmax ¼ 0.7 at optical wavelengths for even the
most highly intrinsically polarized AGN subclass of BL
Lac objects [107–112].3 More detailed and realistic

source models where Πz and ψ ðdÞ
z (and thus qðdÞz and

uðdÞz ) depended on wavelength—with smaller maximum
values for different AGN subclasses other than BL Lac
objects—would yield even stronger SME constraints, so
our assumptions are still reasonably conservative.
Using Eqs. (16)–(29), the observer frame Stokes para-

meters qðdÞ and uðdÞ can be written as

qðdÞ ¼ Πz

(
cos ð2ðδψ ðdÞ

z þ ψ ðdÞ
z ÞÞ; odd d;

½cos ð2ψ ðdÞ
z Þcos2ðΦðdÞ

z Þ þ cos ð2ðξðdÞ − ψ ðdÞ
z ÞÞsin2ðΦðdÞ

z Þ�; even d;
ð30Þ

and

uðdÞ ¼ Πz

(
sin ð2ðδψ ðdÞ

z þ ψ ðdÞ
z ÞÞ; odd d;

½sin ð2ðξðdÞ − ψ ðdÞ
z ÞÞsin2ðΦðdÞ

z ÞÞ þ sin ð2ψ ðdÞ
z Þcos2ðΦðdÞ

z Þ�; evend:
ð31Þ

3For consistency, if we assumeΠzmax < 1, we would need to exclude all data from the analysis with observed polarizationΠ > Πzmax.
However, the maximum polarization value in our catalog is 0.45, which does not violate Π > Πzmax ¼ 0.7, so this does not affect the
inclusion of any data.
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The changes in Stokes parameters from the observed frame to the source frame are then given by

ΔqðdÞ ¼ qðdÞ − qðdÞz ¼ −2Πz

(
sin ðδψ ðdÞ

z Þ sin ðδψ ðdÞ
z þ 2ψ ðdÞ

z Þ; odd d;

sin2ðΦðdÞ
z Þ sinðξðdÞÞ sin ðξðdÞ − 2ψ ðdÞ

z Þ; even d;
ð32Þ

and

ΔuðdÞ ¼ uðdÞ − uðdÞz ¼ 2Πz

(
sin ðδψ ðdÞ

z Þ cos ðδψ ðdÞ
z þ 2ψ ðdÞ

z Þ; odd d;

sin2ðΦðdÞ
z Þ cosðξðdÞÞ sin ðξðdÞ − 2ψ ðdÞ

z Þ; evend:
ð33Þ

The author of Ref. [60] noted that, for the CPT-even
case, Eqs. (32) and (33) can be simplified by choosing the
reference direction for the polarization angle, by trans-
forming to a primed coordinate frame

ψ ðdÞ0
z ¼ ψ ðdÞ

z − ξðdÞ=2; ð34Þ
and choosing a reference angle such that ξðdÞ0 ¼ 0. For the
CPT-odd case, such a transformation is not possible since
the birefringence axis ς is along the Stokes V axis and ξðdÞ
cannot be defined, but we will apply Eq. (34) for even d and
label the coordinate systems as primed for both even and
odd d from now on for convenience.
It will now be useful to present Eqs. (32) and (33) in terms

of the source frame Stokes parameters qðdÞ0z and uðdÞ0z as

ΔqðdÞ0 ¼ qðdÞ0−qðdÞ0z

¼
�
−2sin2ðδψ ðdÞ

z ÞqðdÞ0z − sinð2δψ ðdÞ
z ÞuðdÞ0z ; oddd;

0; evend;

ð35Þ

and

ΔuðdÞ0 ¼ uðdÞ0−uðdÞ0z

¼
�
−2sin2ðδψ ðdÞ

z ÞuðdÞ0z þ sinð2δψ ðdÞ
z ÞqðdÞ0z ; oddd;

−2sin2ðΦðdÞ
z ÞuðdÞ0z ; evend;

ð36Þ

where in the first lines of Eqs. (35) and (36), we used

trigonometric identities, along with the definitions qðdÞ0z ¼
Πz cosð2ψ ðdÞ0

z Þ and uðdÞ0z ¼ Πz sinð2ψ ðdÞ0
z Þ from Eq. (29), and

we note that these are different primed coordinate systems
for the CPT-odd and CPT-even cases.
Using Eqs. (35) and (36), and the definitions of δψ ðdÞ

z and

ΦðdÞ
z in Eqs. (27) and (28), we can write qðdÞ0z and uðdÞ0z in

terms of ðE;ϑðdÞ; qðdÞ0; uðdÞ0Þ as

qðdÞ0z ¼
(
qðdÞ0 cosð2Ed−3ϑðdÞÞþuðdÞ0 sinð2Ed−3ϑðdÞÞ; oddd;

qðdÞ0; evend;
ð37Þ

and

uðdÞ0z ¼
(
uðdÞ0 cos ð2Ed−3ϑðdÞÞ − qðdÞ0 sin ð2Ed−3ϑðdÞÞ; odd d;

uðdÞ0 sec ð2Ed−3ϑðdÞÞ; evend;
ð38Þ

so that in each case

ψ ðdÞ0
z ¼ 1

2
arctan

�
uðdÞ0z

qðdÞ0z

�
: ð39Þ

The dependence of the observed polarization angle after the SME-induced drift in various mass dimensions is illustrated in
Fig. 4 for arbitrarily selected SME coefficients and a test source with a flat, prebirefringence, polarization angle spectrum of

ψ ðdÞ
z ðEÞ ¼ 0 at all energies, where zero degrees polarization is defined with the polarization vector pointing North. Figure 5

shows a Lambert all-sky projection of the polarization vectors for a universe where one of the CPT-odd coefficients has a
nonzero value.
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VI. BROADBAND POLARIMETRY

In general, the initial polarization state of an individual
photon at the source (before any birefringence) is unknown,
making it challenging to infer its in-flight drift due to
potential Lorentz or CPT violation. However, the energy
dependence of the drift shown in Fig. 4 implies that the
polarization states of multiple photons of different energies
will gradually diverge, thereby reducing the overall linear
polarization fraction measured across a broad range of
energies. This reasoning is schematically illustrated in
Fig. 6. For both the CPT-odd and CPT-even cases,
SME effects will tend to depolarize light coming from
sources at cosmological distances, so to test the SME using
broadband polarimetry, we must derive the largest theo-

retically possible linear polarization fraction ΠðdÞ
max, observ-

able through a bandpass with energy transmission profile
TðEÞ, for a given set of SME coefficients.
In this scenario, the effective Stokes parameters observed

through a given bandpass are given by

QðdÞ0 ≡NqðdÞ0 ¼
Z

TðEÞqðdÞ0ðEÞdE

¼
Z

TðEÞðqðdÞ0z þ ΔqðdÞ0ðEÞÞdE

¼ qðdÞ0z

Z
TðEÞdEþ

Z
TðEÞΔqðdÞ0ðEÞdE; ð40Þ

FIG. 5. Expected polarization angles after SME birefringence at
different positions on the sky, assuming a universe where the only
nonzero SME coefficient is kð5ÞðVÞ2;0 ¼ 10−33 eV−1 (CPT odd).
Black strokes represent the observed polarization angle of a 1 eV
photon from a test source placed at the location of the stroke and
z ¼ 3. In each case, a polarization angle of 0 (North) (shown with
red strokes) is assumed at emission (ψ ðdÞ

z ). The projection is
identical to that in Fig. 2.

FIG. 4. Expected polarization angle spectra of a cosmologically distant source after LIV and/or CPTV induced birefringence. In this
demonstration, the source is placed at RA ¼ 2h, Dec ¼ −60°, and z ¼ 3. The emitted (prebirefringence) spectrum is assumed to be flat
with a polarization angle of 0 at all wavelengths. The “No SME” case has all SME coefficients set to 0, yielding an observed spectrum
identical to the emitted spectrum. For the “Weak SME” case, all real components of the SME coefficients are set to 10−35 eV4−d except
Re½kð4ÞðBÞ2;1�, Im½kð5ÞðVÞ2;1�, and Re½kð6ÞðEÞ3;1� which are set to −10−35 eV4−d. Finally, the “Strong SME” case fixes all real components at

5 × 10−35 eV4−d except Im½kð4ÞðEÞ2;1�, kð5ÞðVÞ1;0, Re½kð5ÞðVÞ1;1�, and Im½kð6ÞðEÞ2;1�, each kept at −5 × 10−35 eV4−d. The choices are arbitrary and
only intended to demonstrate typical behaviors. In a CPT-odd universe, the birefringent drift spans all angles in the range ½−90°;þ90°�,
while CPT-even universes are often restricted to oscillations between two bounds, one of which corresponds to the emitted polarization
angle. This result follows directly from the Stokes space geometry illustrated in Fig. 3. Larger SME coefficients tend to accelerate the
rate of drift with wavelength. Note that in CPT-even cases, the magnitude of the SME coefficients sets the rate of polarization angle drift
but not its amplitude, which is instead determined by the distance between the initial polarization and the birefringence axis. Therefore,
even with large SME coefficients, certain sources may display very little birefringence, further justifying our use of an extensive catalog
of measurements. The d ¼ 6 panel of this figure illustrates this peculiar property.
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UðdÞ0 ≡N⊓ðdÞ0 ¼
Z

TðEÞuðdÞ0ðEÞdE

¼
Z

TðEÞðuðdÞ0z þ ΔuðdÞ0ðEÞÞdE

¼ uðdÞ0z

Z
TðEÞdEþ

Z
TðEÞΔuðdÞ0ðEÞdE; ð41Þ

where we define the instrument-dependent normalization
constant

N ¼
Z

TðEÞdE ð42Þ

and, following Ref. [60], we have conservatively assumed
no Stokes parameter energy dependence at the source via

qðdÞ0z ðEÞ ¼ qðdÞ0z and uðdÞ0z ðEÞ ¼ uðdÞ0z . Substituting Eqs. (37)

and (38) for qðdÞ0z and uðdÞ0z and Eqs. (35) and (36) for
ΔqðdÞ0ðEÞ and ΔuðdÞ0ðEÞ yields

qðdÞ0 ¼
(
qðdÞ0z ½1−F ðϑðdÞðn̂ÞÞ�− 1

2
uðdÞ0z GðϑðdÞðn̂ÞÞ; oddd;

qðdÞ0z ; evend;

ð43Þ
and

⊓ðdÞ0 ¼
(
uðdÞ0z ½1−F ðϑðdÞðn̂ÞÞ�þ 1

2
qðdÞ0z GðϑðdÞðn̂ÞÞ; oddd;

uðdÞ0z ½1−F ðϑðdÞðn̂ÞÞ�; evend;

ð44Þ
where we define the instrument-dependent integrals

F ðϑðdÞÞ ¼ 2

N

Z
TðEÞ sin2 ðEd−3ϑðdÞÞdE; ð45Þ

GðϑðdÞÞ ¼ 2

N

Z
TðEÞ sin ð2Ed−3ϑðdÞÞdE: ð46Þ

FIG. 7. Transmission profiles of two arbitrarily selected bands
from the compiled catalog of polarization measurements: the
Bessel V-band on the ESO Faint Object Spectrograph and
Camera [113] and the standard r0-band filter from the Sloan
Digital Sky Survey set [114].

FIG. 6. Schematic depiction of the SME polarization angle drift
in a spectrum of photons. Each arrow represents a polarization
state with a given direction. Under the most conservative
assumption, the initial spectrum (top row) is uniform, with the
same polarization angle at all wavelengths. In-flight, the increas-
ing influence of SME effects with wavelength and distance from
the source causes the initially identical polarization angles to
diverge, resulting in a smaller “Effective” polarization if mea-
sured across the entire band, as illustrated by the “Effective”
arrow, which averages over the superposition of colored arrows in
each row, as shown in the “Total” column.

FIG. 8. F and G integrals defined in Eqs. (45) and (46) as
functions of ϑðdÞ defined in Eq. (28) for d ¼ 6 and the observation
bands in Fig. 7. The integrals encode the dependence of the
maximum observable linear polarization, Πmax on the band of
observation, with a stronger effect for larger d.
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For selected instruments with transmission profiles in
Fig. 7, sample plots of F and G are available in Fig. 8.
Given a set of SME parameters for arbitrary mass

dimension d, with the effective Stokes parameters qðdÞ0

and ⊓ðdÞ0 given by Eqs. (43) and (44), the maximum
theoretically possible observed linear polarization fraction

ΠðdÞ
max is given by

ΠðdÞ
max¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqðdÞ0Þ2þð⊓ðdÞ0Þ2

q

¼Πz

8>><
>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1−F ðϑðdÞÞ�2þ 1

4
GðϑðdÞÞ2

q
; oddd;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−⊓ðdÞ0
z F ðϑðdÞÞð2−F ðϑðdÞÞÞ

q
; evend;

ð47Þ

where we define the quantity

⊓ðdÞ0
z ≡

�
uðdÞ0z

Πz

�
2

; ð48Þ

and we used the definition Π2
z ¼ ðqðdÞ0z Þ2 þ ðuðdÞ0z Þ2 to write

Eq. (47) in terms of ⊓ðdÞ0
z .

In theCPT-odd case, if we assume thatΠz is known, then
we do not need to know the individual source frame Stokes

parameters to computeΠðdÞ
max, whereas in theCPT-even case,

we do need to solve for the quantity⊓ðdÞ0
z defined in Eq. (48)

to computeΠðdÞ
max usingEq. (47). To do so,we use the fact that

the observed polarization angle in the primed coordinate
frame ψ ðdÞ0 for the CPT-even case is given by

ψ ðdÞ0 ¼ ψ ðdÞ − ξðdÞ=2 ¼ 1

2
arctan

�⊓ðdÞ0

qðdÞ0

�

¼ 1

2
arctan

 
1 − F ðϑðdÞÞ

signðqðdÞ0z Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð⊓ðdÞ0

z Þ−1 − 1

q
!
: ð49Þ

If we equate the theoretical and measured polarization

angles in the unprimed frame, such that ψ ðdÞ ¼ ψ ðdÞ
m , we

can invert Eq. (49) to solve for ⊓ðdÞ0
z , which is given by

FIG. 9. Upper panels: maximum allowed linear polarization fraction from Eq. (47) through the Bessel V-band of the ESO Faint Object
Spectrograph and Camera [113] as a function of one of the real SME coefficients with all other coefficients set to 0. Plots are for mass
dimensions d ¼ 4, 5, 6, left to right, as indicated by the x-axis labels. Lower panels: probability of the same set of SME coefficients
being compatible with a hypothetical observed linear polarization fraction of Π ¼ 0.5� 0.3 given by Eq. (52). In all cases, the test
source is positioned at RA ¼ 2h, Dec ¼ −60°, and z ¼ 3. All plots show a clear downward trend, as the depolarization effect of the
SME-induced birefringence becomes more prominent for larger values of the chosen SME coefficient. The initial spectrum is assumed
to be 100% polarized, with Πz ¼ 1, with a fixed polarization angle at all wavelengths of either 40° (solid red line) or 2° (dashed black
line). Due to the special alignment of the axis of birefringence in the CPT-odd case as shown in Fig. 3, the middle column plots for
d ¼ 5 do not depend on the initial polarization angle. The plots are symmetric about the origin, so only positive SME coefficients
are shown.
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⊓ðdÞ0
z ¼

	
1þ

�
1 − F ðϑðdÞÞ

tan ð2ψ ðdÞ
m − ξðdÞÞ

�

−1
; ð50Þ

whichwe then substitute back into Eq. (47) to solve forΠðdÞ
max

in the CPT-odd case, which reveals that for both odd and
even d, the intrinsic polarization fraction Πz is indeed a
simple multiplicative factor.
The rest of the broadband polarimetry analysis follows

Ref. [60], where we model the probability to observe a
measured polarization Π given a true polarization Π̂,
following Refs. [115,116], as given by

PðΠjΠ̂; NÞ ¼ NΠ
2

exp

�
−
NðΠ − Π̂Þ2

4

�
i0

�
NΠΠ̂
2

�
; ð51Þ

where I0 is the zeroth order modified Bessel function,
i0ðxÞ ¼ expð−jxjÞI0ðxÞ, and N is related to the number of
photons detected in a photon counting experiment. Following
Refs. [115,116], the expectation value Π̄ and standard
deviation σ̄Π of the observed polarization Π are given by

Π̄ ¼
ffiffiffiffiffiffiffiffiffi
π

16N

r
exp

�
−
NΠ̂2

8

�

×

	
ð4þ NΠ̂2ÞI0

�
NΠ̂2

8

�
þ NΠ̂2I1

�
NΠ̂2

8

�

;

σ̄Π ¼
�
Π̂2 þ 4

N
− Π̄2

�
1=2

;

where I1 is the first order modified Bessel function. For a
polarization measurement and error Πm � σΠm

, N can be
computed numerically by solving σ̄Π ¼ σΠm

for N assuming
Π̂ ¼ Πm. The cumulative probability distribution can then be
found by numerically integrating Eq. (51) via

PðΠ ≤ ΠðdÞ
maxjΠm; NÞ ¼

Z
ΠðdÞ

max

0

PðΠjΠm; NÞdΠ: ð52Þ

Equation (52) thus specifies the probability that a specific
set of SME coefficients for a mass dimension d model,

which allow a theoretical maximum polarization ΠðdÞ
max,

is compatible with the broadband polarization measurement
Πm � σΠm

. Sample plots of the maximum allowed linear
polarization fraction for an example observation are shown in
Fig. 9 as a function of SME coefficients and in Fig. 10 as a
function of redshift.

VII. CONSTRAINING SME COEFFICIENTS

In this work, we wish to obtain constraints on the
individual birefringent SME coefficients kðdÞðVÞjm for CPT-

odd d, and for kðdÞðEÞjm and kðdÞðBÞjm for CPT-even d. In each

case, let us call these coefficients kðdÞðXÞjm, where X ∈
fV; fE;Bgg for odd and even d, respectively. We can then
combine broadband measurements from multiple sources,
and multiple observations for each source, using the
cumulative probability distribution in Eq. (52). By assum-
ing i independent measurements of individual astronomical
sources, where observations of the same source at different
times are also assumed to be independent, the combined
probability distribution is given by

PðkðdÞðXÞjmÞ ¼
Y
i

PiðkðdÞðXÞjmÞ: ð53Þ

The multidimensional distribution in Eq. (53) is best
probed using MCMC methods, for example, the
Metropolis-Hastings algorithm used in Ref. [60]. The
likelihood space is sampled by placing one or more so-
called walkers at some initial positions (i.e., some values of
the SME coefficients) and moving them in a chain of trials.
On each trial, the direction and distance of the move are
drawn randomly from some proposal distribution for each
walker. The ratio of the new likelihood to the old one is
calculated and compared to a uniform-randomly chosen
number between 0 and 1. The move is accepted if the
former exceeds the latter. Otherwise, the walker remains at

FIG. 10. Maximum allowed linear polarization fraction from
Eq. (47) through the Bessel V-band of ESO Faint Object
Spectrograph and Camera [113] as a function of source redshift
for different mass dimensions. In each case, all SME coefficients
are set to 0 except the ones in Fig. 9, which are set to 10−33 eV4−d.
The source is positioned at RA ¼ 2h, Dec ¼ −60°. The initial
spectrum is assumed to be 100% polarized, with Πz ¼ 1, with a
constant polarization angle of 30° at all wavelengths. The redshift

dependence of ΠðdÞ
max becomes stronger at increasing mass dimen-

sion, by lowering the upper envelope of the ΠðdÞ
maxðzÞ function,

which asymptotes to a vanishing value, ΠðdÞ
max → 0, at smaller

redshifts as d increases. For reference, the maximum measured
linear polarization fractions from the compiled catalog of obser-
vational data are plotted in redshift bins of width Δz ≈ 0.122.
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its current position. The random nature of each move
allows the walkers to “climb out” of possible local minima
and explore the likelihood space more thoroughly. Once
enough trials have been carried out, the posterior distribu-
tion of each SME coefficient at a given value is approxi-
mated as the fraction of the chain length that the walkers
spent in its vicinity.
Mass dimension d ¼ 4, 5, and 6 SME universes span

parameter spaces with 10, 16, and 42 dimensions, respec-
tively, corresponding to the number of independent SME
coefficients. Our MCMC chains explore those spaces with
400, 640, and 1680 walkers, respectively (40 walkers for
each dimension). The large number of walkers allowed us
to efficiently distribute the computational demand among
the nodes of a supercomputer.
Following Ref. [60], we chose an origin-centered

scalar Gaussian proposal distribution. Since the desired
posterior distributions are expected to fall close to the
origin of the likelihood space, we draw the initial
positions of the walkers from the proposal distribution
as well. The standard deviation of the proposal distribu-
tion was individually tuned for each mass dimension to
yield more acceptance rates close to 15%–20% for most
walkers. Specifically, the standard deviations were set to
10−34, 0.4 × 10−34 eV−1 and 10−36 × 10−36 eV−2 for
d ¼ 4, 5, 6, yielding the final average acceptance rates
of 0.16, 0.17, and 0.17, respectively. Each of the three chains
was run for approximately 12500 trials, corresponding to
0.5 × 106moves (accepted or rejected) across allwalkers per
mass dimension. All calculations are performed using the
PYTHON EMCEE package.4 Our results are described
in Sec. IX.

VIII. ARCHIVAL CATALOG OF BROADBAND
OPTICAL POLARIMETRY OF
EXTRAGALACTIC SOURCES

The authors of Ref. [17] ([60]) analyzed a preliminary set
of 71 (70) AGN and GRB afterglows [including 44 (43)
with only broadband polarimetry and 27 (27) with spec-
tropolarimetry]. For the catalog of broadband optical
polarimetry displayed in Figs. 1 and 2, we compiled
7554 optical polarization measurements of 1278 extraga-
lactic AGN and GRB afterglow sources from 23 references
in the literature [72–94]. All 7554 have measured linear
polarization fractions and errors, and can be used to
constrain the CPT-odd d ¼ 5 birefringent SME parame-
ters, while only 7376 have measured polarization angles,
which are required to constrain the CPT-even d ¼ 4 and
d ¼ 6 SME coefficients analyzed here. Note that our
conservative approach is remarkably insensitive to the
uncertainty in the measured polarization angle, so it is
not used in the analysis, althoughwe include it in our catalog
where available.
Depending on the format, we extracted the data from

machine-readable tables from VizieR or from journal
websites for individual publications. Older data were
parsed using optical character recognition (OCR) or manual
input (checked twice to avoid typing errors) as needed. The
complete selection criteria imposed on all extracted entries
before analysis are described in Appendix B, while notes
for individual references are detailed in Appendix C.
To our knowledge, while far from exhaustive, this

represents the most complete catalog of broadband polari-
zation measurements of extragalactic sources to be com-
piled from the literature to date, in the spirit of the optical
starlight polarimetry catalog compiled by Heiles in
Ref. [118], which included polarization measurements of
over 9000 MilkyWay stars. A brief sample of the catalog is
shown in Tables I and II. The complete catalog will be

TABLE I. A portion of individual observations from our Broadband Optical Polarization Catalog of Extragalactic Sources described in
Sec. VIII and Appendixes B and C is shown for format and guidance. A complete, machine-readable version of the catalog will be made
available upon publication, including 7554 polarization fraction observations and 7376 polarization angle observations of 1278 unique
sources from 23 unique references in the literature [72–94]. The catalog columns include, left to right, a unique ID # string for each
observation (including repeated observations of the same source, where available), the SIMBAD Source ID, the observed polarization
fraction Π and error [in percent], the observed polarization angle ψ and error [in degrees] (the polarization angle error may be missing in
some cases since we did not use it in our analysis), and the name of the broadband optical filter (and/or the detector, where applicable)
used to perform the polarization measurement. The transmission profiles of filters and (where necessary), response curves of detectors,
are included in a machine-readable form with the catalog. Table II includes additional information for the 1278 individual sources,
including the cosmological redshift z, the IRCS 2000 RA and Dec celestial coordinates.

Observation No. Reference SIMBAD Source ID Π [%] ψ [deg] Filter

� � �
UB Heidtþ 2011 [119] [MML2015] 5BZB J0925+5958 8.65� 1.1 83.3� 2.9 Gunn-r
UC Heidtþ 2011 [119] 2MASS J09263881+5411270 7.02� 0.93 24.9� 3.0 Gunn-r
UD Heidtþ 2011 [119] 2MASS J09291222+0300297 9.41� 0.69 −88.6� 2.1 EFOSC2-gunn-r
� � �

4https://pypi.org/project/emcee/ [117].
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made available online in machine-readable format upon
publication.
Such a catalog may have many additional applications

beyond Lorentz invariance and CPT violation tests, includ-
ing tests for large scale alignment of quasar polarization
vectors [120–122], cold dark matter searches for axions
based on polarization effects on extragalactic sources
[123,124], and studies of the evolution of AGN optical
polarization properties.

IX. CONSTRAINTS ON LORENTZ INVARIANCE
VIOLATION AND CPT VIOLATION

Our main results are presented in Tables III–V, which
present our upper limits on the NðdÞ ¼ 10, 16, and 42
anisotropic birefringent SME coefficients for mass dimen-
sions 4, 5, and 6, respectively, using our database of

up to 7554 broadband optical polarization observations
and 1278 unique lines of sight over the sky. These upper
limits are computed as the maximum of the absolute value
of the 5th and 95th percentiles from our MCMC posterior
distributions, which are shown in Figs. 11–13 in
Appendix A, for d ¼ 4, 5, and 6.
Figure 14 shows heat maps of the Pearson correlation

coefficients between various SME parameters for d ¼ 4,
5, and 6, which we choose to present instead of the two-
dimensional (2D) posterior distributions showing the
correlation between various SME parameters. Selected
pairs of SME coefficients show correlation coefficients as
high as ≈� 0.6. This perhaps may be attributed to the
uneven distribution of sources across the sky. An excep-
tionally well-sampled line of sight may be making a
dominating contribution to the constraints on multiple
SME coefficients, introducing a partial degeneracy
between the two and, therefore, a statistically significant
(anti)correlation. We, however, emphasize that our
chosen probability distribution is only suitable for esti-
mating the upper limits on the SME coefficients and is
inadequate to make any more definitive statements about
the specific values of the coefficients or the relationships
between them.

X. ADDRESSING SYSTEMATIC ERRORS

In this section, we address systematic astrophysical
effects which could mimic Lorentz invariance and CPT
violation from cosmic birefringence, causing us to over-
estimate the tightness of our SME constraints and present
smaller upper limits than are appropriate. Such effects
would act in the same way as cosmic birefringence and
depolarize light by rotating the plane of linear polarization,
or by reducing the polarization via absorption, for example,
by dust extinction along the line of sight. These effects
could operate either near the extragalactic source and/or as
it travels to us over cosmological distances.
We first note that, while Faraday rotation can theoreti-

cally rotate the plane of linear polarization for photons, it is

TABLE II. A portion of individual Extragalactic Sources from our Broadband Optical Polarization Catalog described in Sec. VIII and
Appendixes B and C is shown for format and guidance. A complete, machine-readable version of the catalog will be made available
upon publication. The catalog columns include, left to right, the SIMBAD Source ID, the redshift z, the IRCS 2000 RA and Dec celestial
coordinates, and the apparent magnitude of the source. Although not shown here, in the machine-readable version of the catalog, we also
provide errors, bibliographic references, and apparent magnitudes in other optical bands from SIMBAD. References for individual
observations of each source, potentially from multiple publications, are included in Table I. Tables I and II can be cross referenced via
the common SIMBAD Source IDs.

SIMBAD Source ID Redshift z RA J2000 Dec J2000 V magnitude

� � �
[MML2015] 5BZB J0925+5958 0.69 09h25m42.91s 59d58m16.3s 19.27
2MASS J09263881+5411270 0.85 09h26m38.88s 54d11m26.6s 19.6
2MASS J09291222+0300297 2.21 09h29m12.26s 03d00m29.9s 20.87
� � �

TABLE III. Mass dimension d ¼ 4 limits for all Nð4Þ ¼ 10
independent anisotropic birefringent dimensionless SME coeffi-

cients jkð4ÞðEÞjmj and jkð4ÞðBÞjmj constrained in this analysis. Upper

limits are presented as the maximum of the absolute value of the
5th and 95th percentile constraints, as shown in Fig. 11. For d ¼ 4,
j ¼ 2 from Eq. (5) for all values of m ∈ ½0; 1; 2�. The dependent
parameters kð4ÞðEÞ2ð−mÞ and k

ð4Þ
ðBÞ2ð−mÞ can be computed using Eq. (11).

jkð4ÞðEÞ2;0j <2.9 × 10−34

jkð4ÞðBÞ2;0j <3.0 × 10−34

jRe½kð4ÞðEÞ2;1�j <2.9 × 10−34

jRe½kð4ÞðBÞ2;1�j <2.8 × 10−34

jIm½kð4ÞðEÞ2;1�j <2.1 × 10−34

jIm½kð4ÞðBÞ2;1�j <2.1 × 10−34

jRe½kð4ÞðEÞ2;2�j <4.0 × 10−34

jRe½kð4ÞðBÞ2;2�j <3.5 × 10−34

jIm½kð4ÞðEÞ2;2�j <3.3 × 10−34

jIm½kð4ÞðBÞ2;2�j <3.4 × 10−34
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negligible at optical wavelengths [125]. We are therefore
most concerned with intrinsic source effects and astro-
physical propagation effects on A polarized light incident
on our galaxy, which can be further either polarized or
depolarized depending on the dust column it traverses.
When attempting to upper bound any LIV=CPTV

effects, larger broadband polarization measurements lead
to tighter SME constraints because nonzero SME effects
observed in a broad bandpass would tend to depolarize the
light as it travels from the source to the observer. As such,
our conservative approach, which assumes the source is
70% polarized at all energies, has the advantage of being
insensitive to additional astrophysical line-of-sight effects
which could further depolarize light beyond any cosmic
birefringence, e.g., dilution by unpolarized host galaxy
light [126], or passage through multiple dust clouds in the
Milky Way interstellar medium [127,128], since modeling
these effects would only tighten our constraints.
Outside our galaxy, intergalactic dust in damped Lyman-

α absorbers along the line of sight toward the extragalactic
source (e.g., [129]) could theoretically depolarize THE
optical light from the source of interest, but such dust is
rarely seen and unlikely to be significant along lines of
sight where optical polarization was observed for objects in
our catalog. Future work could exclude sources that addi-
tionally showed a depletion in ultraviolet flux, which could
indicate such intergalactic dust.

Ultimately, the most important astrophysical effect which
could sometimes increase polarization along lines of sight to
extragalactic sources—causing us to overestimate the tight-
ness of our birefringence constraints—is due to interstellar
polarization from Milky Way dust [127,128]. Therefore,
such tests ideally require subtracting a conservative upper
bound for the estimated interstellar polarization, e.g., using
field star polarimetry as in Ref. [19], or some other method,
in addition to accounting for any systematic polarization
inside the instrument.
Nevertheless, we argue that our overall constraints are

insensitive to this particular systematic for the following
reasons. First of all, a linearly polarized light incident on a
Milky Way dust cloud will emerge from it with either
greater or smaller linear polarization depending on the local
magnetic field orientation in the cloud. When averaging
over sufficiently many lines of sight, this type of systematic
error will behave as a random error that averages out.
Future work will test this using realistic simulations of the
interstellar medium, following [130].
In this work, we simply present the polarization dataset in

our catalog as it was published. Additional analysis could
require optical starlight polarimetry of ≳2–3 stars along
lines of sight within a few arcminutes of each extragalactic
source, under the assumption that the interstellar polariza-
tion through the entire column of the galaxy was constant
over that sky area [19]. In addition, the existing stellar optical

FIG. 11. Posterior probability distributions of the Nð4Þ ¼ 10 dimensionless d ¼ 4 anisotropic birefringent SME coefficients from our
MCMC simulations, each marginalized over the remaining coefficients. For each coefficient, we show the 5th and 95th percentile
constraints (vertical dashed lines).
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polarimetry catalogs, e.g., [118,127,128,131,132], do not
have sufficient sky density to suffice for this purpose, and
data from the RoboPol survey [67,133–136] primarily
focused on linear polarization measurements of AGN in
the centers of their fields, rather than nearby stars, so we
defer such an analysis to future work using simulations or
when sufficient observations become available. Future
optical polarization surveys such as PASIPHAE [137] will
also significantly improve optical stellar polarimetry sky
coverage out to R < 16.5 mag at high and low galactic
latitudes jbj≳þ55°, while also obtaining polarimetry of all
point sources, including AGN, in their fields.
However, even in the worst case scenario, where every

line of sight had its polarization overestimated, neglecting
this potential systematic error does not significantly affect
our results. First of all, typical stellar polarization values of
0.5%–1% are often comparable to, or smaller than, the
errors of the polarization measurements in our catalog.
Furthermore, even if we conservatively subtracted a typical

optical stellar linear polarization fraction of 0.5%–1%
[128,131,132] from every measurement in our catalog as
an estimate of the added interstellar polarization, it would
increase the numerical values of our d ¼ 4 upper limits in
Table III, for example, by no more than ∼30%. This
conservative systematic upper limit was derived from
artificially subtracting 1% linear polarization from each
of the 45 sources in Ref. [60] and repeating their analysis
using our MCMC simulations. In our actual sample of 7554
sources, since our constraints are dominated by the most
highly polarized sources, with p > 2%, any such effects
would be significantly smaller. Future work could also test
this with additional MCMC simulations on our entire
catalog, which are beyond the scope of this work.

XI. DISCUSSION AND CONCLUSIONS

Using 7554 linear broadband optical polarization mea-
surements and 7376 polarization angle measurements of

FIG. 12. Same as Fig. 11, but for the Nð5Þ ¼ 16 anisotropic birefringent SME coefficients at d ¼ 5.
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1278 extragalactic sources from the literature—which
comprises the most comprehensive such optical polariza-
tion database in the literature to date—we constrained
anisotropic Lorentz invariance and CPT violation in the
context of the Standard Model extension. We derived
conservative upper limits on each of the NðdÞ ¼ 10, 16,
and 42 anisotropic birefringent SME coefficients with mass
dimensions d ¼ 4, 5, and 6, respectively.
Useful metrics to quantify birefringent SME constraints

for arbitrary d include the mean KðdÞ of the NðdÞ SME

coefficient upper bounds, e.g., from Tables III–V, or the
product of all upper bounds VðdÞ ≈ KðdÞNðdÞ, which
represents the d-dimensional parameter space volume.
Both KðdÞ and VðdÞ decrease as constraints improve.
The predicted improvement ratios

K0ðdÞ≡ KbeforeðdÞ
KafterðdÞ

ð54Þ

and

FIG. 13. Same as Figs. 11 and 12, but for the Nð6Þ ¼ 42 anisotropic birefringent SME coefficients at d ¼ 6.
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FIG. 14. Pearson correlation coefficients extracted from our MCMC simulations between pairs of anisotropic birefringent d ¼ 4 SME

parameters kð4ÞðE;BÞjm, d ¼ 5 SME parameters kð5ÞðVÞjm, and d ¼ 6 SME parameters kð6ÞðE;BÞjm. The same color bar applies for each mass

dimension.
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V 0ðdÞ≡ log10

�
VbeforeðdÞ
VafterðdÞ

�
≈ NðdÞ log10ðK0ðdÞÞ ð55Þ

before and after analyzing more archival data represent
powerfulways to quantify improved anisotropic LIV=CPTV
constraints.
The results summarized in Table III show that using a

database of broadband optical polarimetry with more than
an order of magnitude as many lines of sight and over 2
orders of magnitude as many individual observations as
studied in Ref. [60], we constrain the minimal SME d ¼ 4

dimensionless coefficients at the level of 10−34. This yields
average constraints that are K0ð4Þ ¼ 35 times better than
the broadband-only constraints from Ref. [60], with a
reduction in the allowed Nð4Þ ¼ ten-dimensional param-
eter space volume of V 0ð4Þ ¼ 15 orders of magnitude.
Remarkably, our average d ¼ 4 constraints are actually
comparable to the constraints in Ref. [60], which also
analyzed 27 sources with optical spectropolarimetry, to
within a factor of 2. This holds despite the fact that
spectropolarimetry can provide significantly improved d ¼
4 constraints along each line of sight that are each ∼1–2
orders of magnitude better than from broadband polarim-
etry. At least for d ¼ 4, compared to Ref. [60], the addi-
tional lines of sight analyzed here compensate for the
improved constraining power of spectropolarimetry along
individual lines of sight, which stems from the Ed−3 ¼ E
energy dependence in Eq. (23) for d ¼ 4.
In addition, our average d ¼ 5 constraints are K0ð5Þ ¼

10 times better than the broadband-only constraints from
Ref. [17]—which we recomputed using the linear least
squares analysis method in that work—yielding a reduction
in the allowed Nð5Þ ¼ 16-dimensional parameter space
volume of V 0ð5Þ ¼ 16 orders of magnitude. This improve-
ment stems, in part, from the fact that Ref. [17] assumed an
intrinsic polarization fraction of Πz ¼ 1, whereas this work
assumes Πz ¼ 0.7. Due to the Ed−3 ¼ E2 energy depend-
ence in Eq. (21) at d ¼ 5, spectropolarimetry can yield line
of sight constraints that are ∼2–3 times better than broad-
band polarimetry [17]. Despite these advantages of spec-
tropolarimetry at increasing mass dimension, our d ¼ 5

constraints at the level of 10−25 GeV−1 in Table IVare only
12 times worse than the constraints using the 27 sources
with optical spectropolarimetry analyzed in Ref. [17], while
using a completely independent broadband dataset and
analysis method.
Finally, Table V presents d ¼ 6 constraints at the

10−18 GeV−2 level for all Nð6Þ ¼ 42 anisotropic birefrin-
gent SME coefficients, which are the first constraints of
their kind in the literature. This work is also the first to
constrain all anisotropic birefringent coefficients for a
CPT-even case at a higher mass dimension beyond the
minimal SME d ¼ 4 case analyzed in Ref. [60].
To derive these constraints, we modeled the theoretically

predicted effects due to cosmic birefringence and

generalized the analysis to an arbitrary mass dimension
for the first time. We developed a method to upper bound
the strength of the relevant anisotropic birefringent SME
coefficients that are consistent with the observed broadband
polarization data, and we computed the posterior proba-
bility distributions for the relevant SME parameters using
MCMC simulations.
While this paper focused on broadband optical polarim-

etry, multiwavelength observations can yield significantly
stronger constraints [17,19,60,138]. We note that the meth-
ods in this work can easily be generalized to analyze
spectropolarimetry or multiband polarimetry from any
wavelength range, building upon Ref. [60]. Increasingly
tighter constraints on anisotropic cosmic birefringence from
spectropolarimetry and simultaneous multiband broadband
polarimetry will be presented in future work.
In addition, birefringence effects in the SME are pre-

dicted to increase toward higher redshifts and energies.
While significantly stronger constraints along individual
lines of sight are also possible using higher energy broad-
band x-ray=γ-ray polarization measurements of GRBs
(e.g., [40]), such measurements—which require space or

TABLE IV. Mass dimension d ¼ 5 limits for all Nð5Þ ¼ 16

independent anisotropic birefringent SME coefficients kð5ÞðVÞjm
constrained in this analysis in GeV−1. Upper limits are presented
as the maximum of the absolute value of the 5th and 95th
percentile constraints, as shown in Fig. 12. The dependent

parameters kð5ÞðVÞjð−mÞ can be computed using Eq. (10).

jkð5ÞðVÞ0;0j <3.5 × 10−25

jkð5ÞðVÞ1;0j <4.0 × 10−25

jRe½kð5ÞðVÞ1;1�j <2.3 × 10−25

jIm½kð5ÞðVÞ1;1�j <2.2 × 10−25

jkð5ÞðVÞ2;0j <3.6 × 10−25

jRe½kð5ÞðVÞ2;1�j <3.0 × 10−25

jIm½kð5ÞðVÞ2;1�j <3.0 × 10−25

jRe½kð5ÞðVÞ2;2�j <1.6 × 10−25

jIm½kð5ÞðVÞ2;2�j <1.5 × 10−25

jkð5ÞðVÞ3;0j <2.7 × 10−25

jRe½kð5ÞðVÞ3;1�j <2.8 × 10−25

jIm½kð5ÞðVÞ3;1�j <2.7 × 10−25

jRe½kð5ÞðVÞ3;2�j <2.5 × 10−25

jIm½kð5ÞðVÞ3;2�j <2.0 × 10−25

jRe½kð5ÞðVÞ3;3�j <1.8 × 10−25

jIm½kð5ÞðVÞ3;3�j <1.6 × 10−25
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balloon instruments—do not yet exist in sufficient number
and quality [139–144] to fully constrain the SME param-
eters for the most natural SME models at increasing mass
dimension d ¼ 4; 5; 6;… [17,19,60,138]. In addition, the
statistical and systematic errors of existing x-ray=γ-ray
polarization measurements—many of which were derived
from earlier instruments that were not primarily designed to
directly measure linear polarization—are larger and much
less well understood than those at optical wavelengths
[17,60], so we defer inclusion of such data to future work.
However, all of the analysis methods presented here will be
directly applicable to existing and future x-ray=γ-ray
polarization data.

It would also be interesting to repeat the analysis
performed here on larger samples, which can be divided
into different redshift bins, and for different AGN sub-
classes, to test for redshift-dependent effects in the polari-
zation signatures used to constrain Lorentz invariance and
CPT violation or to search for redshift dependence in the
best fit values of the SME coefficients themselves. To
perform such tests for redshift dependence in individual
redshift bins, Ns ≫ NðdÞ sources are required [138]. Such
data are already available using archival optical polarim-
etry, but it will be years to decades before x-ray=γ-ray
data have comparable statistics [139–144]. For example,
the IXPE x-ray polarimetry spacecraft [140] will likely
target only ∼10 AGN during its baseline 2021–2023
mission [145].
Future work could also include potential tests for

circular polarization, which could be incorporated into
our analysis, should sufficient extragalactic Stokes V data
become available, or future methods be developed to
simulate circular polarization even in the absence of
astrophysical observations comparable in number and
quality to the existing Stokes Q and U measurements.
Finally, it will be useful to investigate new astrophysical

approaches which go beyond merely constraining or ruling
out various sectors of SME parameter space, in order to
search directly for positive evidence of cosmic birefrin-
gence, Lorentz invariance, and CPT violation in nature.
Such searches will require increasing numbers of sources
over a wider range of sky positions and energies, as well as
detailed theoretical modeling of systematic uncertainties,
to account for confounding intrinsic source effects and
line-of-sight astrophysical effects, including polarization
or depolarization of extragalactic light due to passage
through the turbulent interstellar medium. Overall, the
growing polarimetric database of extragalactic sources
analyzed here represents the largest existing catalog that
could also be used for future astroparticle physics tests,
which will continue to complement traditional particle
physics searches using accelerators and other laboratory
tests on Earth.
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TABLE V. Mass dimension d ¼ 6 limits for all Nð6Þ ¼ 42

independent anisotropic birefringent SME coefficients jkð6ÞðEÞjmj
and jkð6ÞðEÞjmj constrained in this analysis in GeV−2. Upper limits

are presented as the maximum of the absolute value of the 5th and
95th percentile constraints, as shown in Fig. 13. The dependent

parameters kð6ÞðEÞjð−mÞ and kð6ÞðEÞjð−mÞ can be computed using

Eq. (11).

jkð6ÞðEÞ2;0j <8.5 × 10−18 jkð6ÞðBÞ2;0j <8.2 × 10−18

jRe½kð6ÞðEÞ2;1�j <7.8 × 10−18 jRe½kð6ÞðBÞ2;1�j <8.4 × 10−18

jIm½kð6ÞðEÞ2;1�j <7.4 × 10−18 jIm½kð6ÞðBÞ2;1�j <7.6 × 10−18

jRe½kð6ÞðEÞ2;2�j <7.7 × 10−18 jRe½kð6ÞðBÞ2;2�j <7.9 × 10−18

jIm½kð6ÞðEÞ2;2�j <8.0 × 10−18 jIm½kð6ÞðBÞ2;2�j <8.1 × 10−18

jkð6ÞðEÞ3;0j <8.8 × 10−18 jkð6ÞðBÞ3;0j <8.3 × 10−18

jRe½kð6ÞðEÞ3;1�j <7.7 × 10−18 jRe½kð6ÞðBÞ3;1�j <7.5 × 10−18

jIm½kð6ÞðEÞ3;1�j <8.0 × 10−18 jIm½kð6ÞðBÞ3;1�j <8.0 × 10−18

jRe½kð6ÞðEÞ3;2�j <6.6 × 10−18 jRe½kð6ÞðBÞ3;2�j <6.8 × 10−18

jIm½kð6ÞðEÞ3;2�j <7.1 × 10−18 jIm½kð6ÞðBÞ3;2�j <7.5 × 10−18

jRe½kð6ÞðEÞ3;3�j <7.7 × 10−18 jRe½kð6ÞðBÞ3;3�j <8.1 × 10−18

jIm½kð6ÞðEÞ3;3�j <8.2 × 10−18 jIm½kð6ÞðBÞ3;3�j <8.0 × 10−18

jkð6ÞðEÞ4;0j <8.4 × 10−18 jkð6ÞðBÞ4;0j <8.6 × 10−18

jRe½kð6ÞðEÞ4;1�j <7.8 × 10−18 jRe½kð6ÞðBÞ4;1�j <7.6 × 10−18

jIm½kð6ÞðEÞ4;1�j <7.8 × 10−18 jIm½kð6ÞðBÞ4;1�j <7.7 × 10−18

jRe½kð6ÞðEÞ4;2�j <7.1 × 10−18 jRe½kð6ÞðBÞ4;2�j <7.2 × 10−18

jIm½kð6ÞðEÞ4;2�j <7.1 × 10−18 jIm½kð6ÞðBÞ4;2�j <7.5 × 10−18

jRe½kð6ÞðEÞ4;3�j <7.2 × 10−18 jRe½kð6ÞðBÞ4;3�j <7.3 × 10−18

jIm½kð6ÞðEÞ4;3�j <7.4 × 10−18 jIm½kð6ÞðBÞ4;3�j <7.4 × 10−18

jRe½kð6ÞðEÞ4;4�j <7.2 × 10−18 jRe½kð6ÞðBÞ4;4�j <7.7 × 10−18

jIm½kð6ÞðEÞ4;4�j <7.8 × 10−18 jIm½kð6ÞðBÞ4;4�j <7.6 × 10−18
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APPENDIX A: MCMC POSTERIOR
DISTRIBUTIONS AND CORRELATIONS

BETWEEN SME COEFFICIENTS

As described in Sec. IX, Figs. 11–13 show the MCMC
posterior distributions of the 10, 16, and 42 anisotropic
birefringent SME coefficients for mass dimensions d ¼ 4,
5, and 6, respectively, while Fig. 14 shows heat maps of
the Pearson correlation coefficients between these SME
parameters.

APPENDIX B: CATALOG OF EXTRAGALACTIC
POLARIZATION: GENERAL REQUIREMENTS

The following criteria were applied to all data included
in our catalog of broadband extragalactic polarization
measurements:
(1) The measured source can be unambiguously linked

to an entry on the CDS SIMBAD database [146].5

(2) SIMBAD lists some measure of redshift that is
non-negative.

(3) The parent publication lists the measured linear
polarization fraction of the source with its uncer-
tainty and the latter is nonzero.

(4) For the CPT-even case, we also require the
measured polarization angle, but its uncertainty
is not strictly required in our approach, since our
conservative CPT-even constraints are essentially
insensitive to it and are completely insensitive to
both the polarization angle and its uncertainty in the
CPT-odd case.

(5) If the observation is fully filtered, we require enough
information to straightforwardly determine the trans-
mission profile of the band.

(6) If the observation is unfiltered or cuton/cutoff
filtered, we require both the transmission profile
of the band (if applicable) and the spectral sensitivity
of the detector.

We will refer to the cases of observations that do not
satisfy items 5 or 6 as instrumental ambiguity. Once
imported, our catalog is further processed as follows:
(1) All sources resolved by SIMBAD as stellar are

checked for available proper motion and parallax
measurements. If any are present and are statistically
significant, the source is excluded.

(2) All duplicated measurements from different publi-
cations are removed.

(3) All polarization angles are wrapped such that
the values fall between −π=2 and π=2. We assume
all extracted polarization angles to be provided in

the standard IAU convention, i.e., measured East
from North.

APPENDIX C: CATALOG OF EXTRAGALACTIC
POLARIZATION: REFERENCES

AND NOTES

1. Steel e+ 2017 [72]

Early-time photometry and polarimetry of optical
gamma-ray burst afterglows. The data of interest are
available in Table III of the publication as well as through
VizieR in J/ApJ/843/143. The instrument used for all
observations is RINGO2 (Liverpool Telescope), which uses
a Vþ R filter whose transmission profile is available on
theinstrument’s website.6

2. Hovatta+ 2016 [73]

Comparative study of the optical properties of TeV-loud
versus TeV-undetected BL Lac objects. Polarization data
were acquired in the R band with RoboPol (Skinakas
Observatory) and ALFOSC (Nordic Optical Telescope).
The former employs a standard Johnson-Cousins R filter
[147]. For the latter, two different R band transmission
profiles are available in the online documentation7 corre-
sponding to two generations of detectors denoted as CCD8
and CCD14. We assume that CCD8 was used in this
publication given the observation dates (03/2014-11/2014)
and the CCD14 commissioning date (2016/03/30). All data
are available through VizieR in J/A+A/596/A78.

3. Pavlidou+ 2014 [74]

Polarization survey of a statistically unbiased sample
of blazars. All data were taken with RoboPol (Johnson-
Cousins R) and published through VizieR in J/MNRAS/
442/1693.

4. Heidt+ 2011 [75]

Polarimetric analysis of optically selected BL Lac
candidates on three instruments: EFOSC2 on ESO’s
New Technology Telescope, CAFOS at Calar Alto observa-
tory, and ALFOSC on Nordic Optical Telescope. The filters
are identified in the publication as ESO #786, Gunn-r, and
SDSS-r, respectively. The transmission profiles of ESO
filters are available online8 (note that #786 and #784 are
almost identical). For CAFOS, we used a standard Gunn
profile, while ALFOSC filters are described in the instru-
ment’s online documentation,9 where we again assumed
CCD8 based on the observation dates. All data are available
through VizieR in J/A+A/529/A162.

5http://simbad.u-strasbg.fr/simbad/.

6https://telescope.livjm.ac.uk/TelInst/Inst/RINGO2/.
7http://www.not.iac.es/instruments/alfosc/stdfilt/stdfilt.html.
8https://www.eso.org/sci/facilities/lasilla/instruments/efosc/

inst/Efosc2Filters.html.
9http://www.not.iac.es/instruments/alfosc/stdfilt/stdfilt.html.
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5. Angelakis+ 2018 [76]

Search for time-dependent behavior of polarization
in a sample of Seyfert 1 galaxies. The measurements in
the publication were obtained with RoboPol (Skinakas
Observatory), PRISM (Lowell Observatory), and HOWPol
(Higashi-Hiroshima Observatory). Furthermore, a small
fraction of data was retrieved from the Steward observatory
archive, which we had to reject from our catalog due to
instrumental ambiguity.
As before, the standard Johnson-Cousins R profile was

assumed for all RoboPol measurements. The same profile
was adopted for all PRISM measurements, as suggested in
the publication. Finally, the R-band profile of HOWPol is
given in the instrument’s online documentation.10 All
measurements are accessible through VizieR in J/A+A/
618/A92.

6. Kumar+ 2018 [77]

Test for misclassification of BL Lac sources as radio-
quiet quasars through optical polarimetry. All observa-
tions were obtained with EFOSC2 (ESO’s New
Technology Telescope). The filter in the optical path
can be identified as #642 (Bessel R) by cross referenc-
ing the observation dates listed in the publication (04/
25/2006–04/28/2006) with the publicly available ESO
observing logs.11 The transmission profiles of all ESO
filters are available online.12

7. Borguet+ 2008 [78]

Study of the correlation between the optical polarization
of quasars and their morphology. All polarization data
employed in the paper were chosen from 20 other
references based on their reliability and absence of
significant temporal variations. The corresponding
VizieR repository (J/A+A/478/321) contains all mea-
surements as well as identifies the designations used for
each of the secondary references. The data from a number
of said references were rejected either because of instru-
mental ambiguity or because we were able to include them
in our catalog as a primary reference. Overall, this covers
approximately 1=3 of the measurements. The other 2=3
were incorporated in our catalog, including the following
references listed here by their designations: Ta92, Wi80,
We93, Sc99, Wi92, Mo84, Vi98, Im90, Im91, St84,
Be90, Za06.
The measurements in Be90, St84,Mo84, Im91, and Im90

were taken with an unfiltered Ga-As photomultiplier. For
all of those, we adopt a typical Ga-As profile from [148].
The measurements in Wi80, Wi92, and Sc99 were obtained

with EMI-9658—a borosilicate-filtered Na-K-Cs-Sb pho-
tomultiplier—whose transmission profile is available in
[149]. Za06 observations were conducted with the Hubble
Space Telescope and use the F550M filter on ASC with a
detailed manual available online.13 Ta92 include measure-
ments on the Isaac Newton Telescope with the filter
identified as broad Johnson V. Unfortunately, the telescope
underwent a major refurbishment after the data were
acquired, leaving little available information on the old
setup. For our purposes, we took the standard Johnson-
Cousins filter and scaled/translated its transmission to the
central wavelength and FWHM quoted in the paper. We93
use standard filters from the Johnson set. Vi98 employ
another Na-K-Cs-Sb photomultiplier, but do not specify the
exact flavor. Hence, we adopt a typical characteristic profile
from [150].

8. Smith+ 2002 [79]

Follow-up polarimetry of photometrically identified
quasars. All measurements are available through VizieR
in J/ApJ/569/23. Specifically, the Comm column of the
table indicates the instrument used for each observation.
About 1=3 of the measurements were taken with the Two-
Holer Polarimeter (2H), which uses a Ga-As photomulti-
plier [151]. As before, we use the profile from [148] for
such measurements.
For observations in this publication, 2H was installed on

two different telescopes: Mt. Lemmon 1.5 m and Bok
2.3 m. In the former case, the observations were taken
unfiltered, implying that the nominal Ga-As profile can be
used. In the latter case, a UV-blocking glass was installed
in the optical path. To account for this difference, we
multiplied the Ga-As response profile by the transmission
profile of Edmund Optics N-SF10 glass.14 which has a blue
cutoff similar to that quoted in the paper.
Other measurements in this publication were obtained

using a CCD with the KPNO (Kitt Peak National
Observatory) nearly Mould R filter, which we recognize
as those corresponding to empty Comm values. Most
KPNO filters have published transmission profiles online.15

Additionally, two measurements have been obtained with
spectropolarimetry, which we exclude from our catalog due
to instrumental ambiguity.

9. Tadhunter+ 2002 [80]

Optical polarimetry of galaxies to differentiate different
potential origins of UV emission. All measurements were
obtained onESO’s EFOSC1with theBessel B filter installed

10http://hasc.hiroshima-u.ac.jp/instruments/howpol/
specification-e.html.

11http://archive.eso.org/eso/eso\_archive\_main.html.
12https://www.eso.org/sci/facilities/lasilla/instruments/efosc/

inst/Efosc2Filters.html.

13http://www.stsci.edu/hst/acs/documents/handbooks/current/
c05\_imaging2.html.

14https://www.edmundoptics.com/knowledge-center/
application-notes/optics/optical-glass/.

15https://www.noao.edu/kpno/filters/2Inch\_List.html.
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in the optical path. The exact transmission profile of the
filter is available in the instrument manual.16

Note that the paper offers “measured” and “intrinsic”
linear polarization fractions for each object, of which
the former was included in our catalog for consistency.
Intrinsic polarization is estimated via model fitting.

10. Jones+ 2012 [81]

A study into the relationship between polarization and
other properties of a sample of nearby galaxies. All data
were collected with the Imaging Grism Polarimeter at
McDonald Observatory. In each case, the standard
Johnson-Cousins B filter was placed in the optical path.

11. Almeida+ 2016 [82]

Spectropolarimetry of selected Seyfert 2 galaxies to
differentiate hidden and nonhidden broad-line regions.
Synthetic broadband polarization through a standard
Johnson-Cousins B filter is offered in Table III of the
publication. We ignore all narrow-band polarimetry for
consistency with the rest of the catalog.

12. Gorosabel+ 2014 [83]

Polarimetric time series of the optical afterglow of
GRB 020813. All measurements were obtained on ESO’s
FORS1 through the Bessel V filter. The relevant trans-
mission profile is listed in the instrument’s operation
manual.17

13. Brindle+ 1986 [84], Brindle+ 1990a [85],
Brindle+ 1990b [86], Brindle+ 1991 [87]

All four publications share a similar format, presenting
simultaneous optical and infrared polarimetry of galaxies.
While no specific references to the filters used can be found
in the papers, most have listed central and half-power
wavelengths. This allows us to vaguely match some of the
filters to either the standard Johnson-Cousins system
(UBVRI) or Glass system (JHK). The data appear to have
been taken through two different K-band filters (denoted
with K1 and K2), of which we match the latter to the
standard Glass K filter and reject the former due to
instrumental ambiguity.
All measurements marked with RI are assumed to have

been taken with a superposition of R and I standard filters.
All other filters mentioned in the publications (e.g., BY,WB,
and more) could not be linked to known transmission
profiles and had to be similarly discarded. Those measure-
ments, however, comprise a small minority of the avail-
able data.

14. Martin+ 1983 [88]

A study of polarization properties of Seyfert galaxies.
The survey was mostly conducted using a two-channel
photoelectric Pockels cell polarimeter described in [152]
with the Corning 4-96 filter in the optical path. We assume
that the transmission profile can be approximation by that
of Grayglass 9782,18 as they have the same color speci-
fication number.
All measurements are listed in Table I. We exclude all

values, for which the Remarks column indicates that some
setup other than the one described above was used.

15. Cimatti+ 1993 [89]

An investigation of the polarimetric properties of z > 0.1
galaxies. This publication uses archival data from 10 other
references, denoted with various designations in the Ref
column of Table I. All measurements from A84, GC92, and
FM88 were excluded due to instrumental ambiguity, and
Ta92 measurements were ignored as they have already
been imported from [78].
Of those measurements that have been kept, R83 and I91

appear to have mostly been taken with unfiltered Ga-As
photomultipliers apart from a minority of data obtained
through nonstandard filters that had to be excluded. As
before, the Ga-As response profile from [148] was used.
dSA93 measurements were taken on ESO’s EFOSC1
through the Bessel filter set. All relevant transmission
profiles can be obtained from the instrument’s operation
manual.19 C93 measurements are assumed to have been
taken through standard Johnson-Cousins filters. Finally,
JE91measurements were obtained through nearly Mould R
and B filters, whose transmission profiles can be retrieved
from the KPNO website.20

16. Angelakis+ 2016 [90]

Polarimetric survey to study the differences between
gamma-ray loud and quiet quasars. The survey was con-
ducted on RoboPol (Skinakas Observatory), which uses the
standard Johnson-Cousins R filter [147]. All data are
available in Table II of the publication, distributed as
supplementary material. The table lists minimum, maxi-
mum, and mean linear polarization fractions, of which only
the latter have listed polarization angles. For this reason,
only the mean values were included in our catalog.

17. Itoh+ 2016 [91]

Observational program to study the temporal variability
in polarization of core-dominated quasars. All data are

16http://www.eso.org/sci/libraries/historicaldocuments/
Operating\_Manuals/Operating\_Manual\_No.4\_A1b.pdf.

17http://www.eso.org/sci/facilities/paranal/instruments/fors/
doc/VLT-MAN-ESO-13100-1543\_v82.pdf.

18http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-
Filters/catid/45/conid/102.

19http://www.eso.org/sci/libraries/historicaldocuments/
Operating\_Manuals/Operating\_Manual\_No.4\_A1b.pdf.

20https://www.noao.edu/kpno/filters/2Inch\_List.html.

IMPROVED CONSTRAINTS ON ANISOTROPIC BIREFRINGENT … PHYS. REV. D 102, 043008 (2020)

043008-23

http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf
http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-Filters/catid/45/conid/102
http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-Filters/catid/45/conid/102
http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-Filters/catid/45/conid/102
http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-Filters/catid/45/conid/102
http://www.grayglass.net/glass.cfm/Filters/Kopp-Standard-Filters/catid/45/conid/102
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
http://www.eso.org/sci/libraries/historicaldocuments/Operating_Manuals/Operating_Manual_No.4_A1b.pdf
https://www.noao.edu/kpno/filters/2Inch_List.html
https://www.noao.edu/kpno/filters/2Inch_List.html
https://www.noao.edu/kpno/filters/2Inch_List.html
https://www.noao.edu/kpno/filters/2Inch_List.html


available on VizieR in J/ApJ/833/77. The acquisition
instrument is HOWPol (Higashi-Hiroshima Observatory).
The transmission profiles of the available filters can be
found on the specification website.21

18. Sluse+ 2005 [92]

Polarization survey of quasars in both hemispheres. The
data were mostly obtained on ESO’s EFOSC2 and are fully
available through VizieR in J/A+A/433/757. The obser-
vation band is Bessel V for most entries, except a handful
of measurements that were taken in i or R bands and
can be identified by the Remarks column of the table.
Furthermore, a small fraction of measurements were taken
on ESO’s FORS1 in the V band and can be identified by the
observation date (02/25/2003). A few measurements are
marked as contaminated or potentially contaminated,
which have been excluded from our catalog.
The transmission profiles of all relevant filters are

available in the operation manuals of the corresponding
instruments.

19. Wills+ 2011 [93]

Thirty years of previously unpublished data from
McDonald observatory. All measurements are listed on
VizieR in J/ApJS/194/19. Most of them are unfiltered
with the detector identifiable by date as either the EMI-
9658 Na-K-Cs-Sb photomultiplier (before 1987) or the
R943-02 Ga-As photomultiplier (after 1987). A few mea-
surements acquired in 1987 had to be excluded, as it is

unclear which of the photomultipliers was in use at the
time. The response curves of both devices can be found in
[149,153]. The minority of filtered measurements were
taken in one of the UBVRI bands. Of those, UBV are
suspected to refer to standard Johnson-Cousins filters,
while the nature of R and I filters is less clear. Due to
the inherently small number of such measurements, both
bands are conservatively discarded due to instrumental
ambiguity. A few measurements were obtained through
cuton/cutoff filters including GG395, RG630, OG570,
OG580, and the CuSO4 filter. In those cases, the trans-
mission profiles of the filters were multiplied by the
response profile of the underlying detector. In most cases,
the filter profiles could be found on the manufacturer’s
website.22 Otherwise, the corresponding measurements
were excluded from the catalog. When importing the
VizieR table, we paid particular attention to the Notes
and n− columns to exclude all calibration measurements as
well as values that may have been affected by other factors
such as failed pointing and contamination.

20. Hutsemekers+ 2017 [94]

The 192 previously unpublished polarization measure-
ments of quasars from ESO’s EFOSC2. All values are
tabulated on VizieR in J/A+A/606/A101. All EFOSC2
filter transmission profiles are available online.23 The
measurements that are marked as potentially contaminated
have been excluded from the catalog. A single measure-
ment was taken unfiltered, which we exclude as well.
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