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Various quantum gravity approaches that extend beyond the Standard Model predict Lorentz invariance
and charge-parity-time violation at energies approaching the Planck scale. These models frequently predict
a wavelength-dependent speed of light, which would result in time delays between promptly emitted
photons at different energies, as well as a wavelength-dependent rotation of the plane of linear polarization
for photons resulting from vacuum birefringence. Here, we describe a pilot program with an automated
system of small telescopes that can simultaneously conduct high cadence optical photometry and
polarimetry of active galactic nuclei (AGN) in multiple passbands. We use these observations as a proof
of principle to demonstrate how such data can be used to test various Lorentz violation models, including
special cases of the Standard Model extension (SME). In our initial campaign with this system, the Array
Photo Polarimeter, we observed two AGN sources, including BL Lacertae at redshift z = 0.069, and S5
B0716 + 714 at z = 0.31. We demonstrate that optical polarimetry with a broadband Luminance filter
combined with simultaneous /,.-band observations yields SME parameter constraints that are up to ~10 and
~30 times more sensitive than with a standard [ .-band filter, for SME models with mass dimension d = 5
and d = 6, respectively. Using only a small system of telescopes with an effective 0.45-m aperture, we
further demonstrate d = 5 constraints for individual lines of sight that are within a factor of ~1-10 in
sensitivity to comparable constraints from optical polarimetry with a 3.6-m telescope. Such an approach
could significantly improve existing SME constraints via a polarimetric all-sky survey of AGN with

multiple 1-meter class telescopes.
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I. INTRODUCTION

Special relativity and the Standard Model of particle
physics obey the symmetry of Lorentz invariance, which
has survived an enormous range of tests over the past
century (see [1] for a review). However, many theoretical
approaches seeking to unify quantum theory and general
relativity predict that Lorentz invariance may be broken at
energies approaching the Planck scale E, = Vh/G =
1.22 x 10" GeV, perhaps due to the underlying quantized
nature of spacetime (e.g., [2,3]). Since the relevant energies
are not accessible to any current, or foreseeable, Earth-
bound tests, most approaches to testing such models have
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relied on observations of high redshift astronomical sources
to exploit small effects that may accumulate to detectable
levels over cosmological distances and timescales.

This paper considers only Lorentz invariance violation
(LIV) for photons,1 which can lead to a modified vacuum
dispersion relation and therefore an energy-dependent
speed of light, which causes a time delay (or early arrival)
for promptly emitted photons of different energies
[5,13,14]. LIV models can also yield vacuum birefrin-
gence, which causes a rotation of the plane of linear
polarization for promptly emitted photons at different
energies emitted with the same initial polarization angle
[13,15]. In general, each of these effects can be anisotropic,
such that time delays and polarization rotations possess an

'Other authors have considered testing LIV models for
massive particles including neutrinos, which can be considered
as approximately massless [3—7] and cosmic rays [8—12].
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angular dependence on the sky and require observations of
extended sources like the cosmic microwave background
(CMB) or measurements of point sources along many lines
of sight to fully test the LIV model parameter space [16,17].

Testing LIV is difficult because any relevant effects are
expected to be negligible at energies accessible in Earth-
bound or solar system experiments. However, any such
effects could, in principle, accrue to measurable levels as
these tiny deviations from Lorentz symmetry accumulate
over cosmological distances. Qualitatively, evidence for
LIV time delays from photometric observations are easier
to measure for sources at higher cosmological redshifts
and higher energies [4.,5,13,16]. Compared to time
delays, birefringent LIV models can be tested with much
higher sensitivity using spectropolarimetry or broadband
polarimetry [16].

In this work, we restrict our analysis to constraining a
subset of the Standard Model extension (SME), an effective
field theory approach describing the low energy corrections
stemming from a more fundamental Planck scale theory of
quantum gravity. The SME therefore provides a general
framework for Lorentz invariance and charge-parity-time
(CPT) violation tests with electromagnetic radiation [16].2
More specifically, since we are only reporting observations
of two optical AGN sources, we are limited to constraining
either general SME models along specific lines of sight or
vacuum isotropic SME models, which correspond to some
of the more popular models studied in the literature. We
further confine our analysis to SME models of mass
operator dimension d =4, 5, 6, 7, 8, 9. Mass dimension
d =3 models are best constrained with observations of
the CMB [13,16,20-24].> While d = 4 models can yield
birefringent effects, they would not produce LIV-induced
time delays since they involve no changes to the usual
photon dispersion relation [16].

Simultaneous photometric observations in two filters
allows one to estimate upper limits to time delays between
light curves in each bandpass. While our optical time delay
constraints are not competitive with observations of
gamma-ray bursts [9,27-43] or TeV flares from blazars
[13,44-49], our approach, which may be unique in the
literature, does constrain both time delays and maximum
observed polarization with simultaneously obtained pho-
tometry and polarimetry using the same pair of broadband
optical filters. As such, they have the promise to comple-
ment existing SME constraints.

Time delay measurements uniquely constrain the SME
vacuum dispersion coefficients and, in principle, could
constrain the vacuum birefringent coefficients as well for

*We therefore do not consider models such as doubly (or
deformed) special relativity (e.g., [18,19]), which may not be
compatible with the SME [16,17].

“For a discussion of the difficulties in calibrating the reference
angle for astrophysical CMB polarization measurements, see
[25,26].

all models with d # 4. However, time delay measurements
are typically less sensitive than broadband polarimetry
for constraining the birefringent SME coefficients [16],
so we exclusively use broadband polarimetry to constrain
all other SME coefficients. While optical spectropolarimetry
can yield constraints ~2-3 orders of magnitude better for
d = 5 models than broadband optical polarimetry [17], this
generally requires Z2-meter class telescopes. With tele-
scopes less than 1 m in diameter, broadband polarimetry in
two or more filters is considerably more practical, offering a
solution that is low cost and scalable to large numbers of
observatories around the world. Since we did not obtain
spectropolarimetry in our pilot program, we focus on the
broadband polarimetry method for the rest of this work.

When observing a single source, as noted by [29], it is, in
general, impossible to disentangle an intrinsic time lag
at the source from a delay induced by genuine LIV
dispersion effects.* Therefore, to constrain LIV models
using observed time delays, one must either (A) assume
that there are no intrinsic time delays or (B) statistically
model observations of many sources using the fact that all
LIV effects are predicted to increase with redshift and
therefore be negligible for sufficiently “nearby” sources.
For approach (B), one would model the population dis-
tribution of intrinsic time lags using a calibration sample of
low redshift sources and then use this to disentangle these
non-LIV effects from genuine LIV effects which could be
manifest in a suitably matched population of higher redshift
sources [16,17,29]. However, since we only observed one
nearby source (BL Lacertae at z = 0.0686 £ 0.0004 [52])
and one high redshift source (S5 B0716 + 714 at z =
0.31 £0.08 [53,54]), we assume option (A) for the
remainder of this work.

Similarly, it is, in general, impossible to know the
intrinsic polarization angles for photons emitted with
different energies from a given cosmological source. If
one possessed this information, evidence for birefringence
could be obtained by observing differences between the
known intrinsic polarization angle and the actual observed
angles for photons emitted promptly with the same polari-
zation angle but at different energies. However, even in
the absence of such knowledge, birefringent effects can
be constrained for sources at arbitrary redshifts because a
large degree of birefringence would yield large differences
in observed polarization angles at nearby frequencies,
effectively washing out most, if not all, of the observed
polarization [16,37,42]. Therefore, observing a given
polarization fraction can constrain wavelength-dependent
birefringence effects, which, if in effect, would lead to a

*Note that the cosmological time delay calculation from [29]
contains a basic error which was noted and corrected by [5] and
used by subsequent analyses (e.g., [13,17]). This issue is also
relevant for LIV tests using gravitational lensing [50] and pulsar
timing [51].
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smaller degree of observed polarization. To analyze SME
models in this work, we follow the “average polarization”
approach in (17].

In this work, we present simultaneous photometric and
polarimetric observations using two broadband optical
filters on separate telescopes, including the Luminance-
band filter (Lum) and a Johnson-Cousins /-band filter (/).
While not as common as standard optical BVRI filters, we
choose the wider Lum filter both to maximize the signal for
our small telescopes and because wider optical bandpasses
lead to tighter constraints on birefringent SME models
obtained using any of the standard optical BVRI filters [17].
In particular, we demonstrate significant advantages of the
wider Lum filter vs the narrower [, filter, where, for the
same observed maximum polarization fraction, the Lum
filter yields d =5, 6 SME parameter upper bounds that
are factors of ~3-26 times more sensitive than with the
I .-band filter.

In addition, we develop a technique to combine simul-
taneous polarimetric observations using two co-located
telescopes with different filters into an effective system
with a single broadband optical filter that avoids the
expense of a half-wave plate with high transmission over
the full ~400-900-nm wavelength range of the combined
Lum + I, filter. This yields more stringent SME con-
straints than either filter alone, while achieving the effective
light collecting power of a larger telescope. This approach
can be contrasted with an optical system using dichroic
beam splitters on a single telescope to obtain simultaneous
polarimetry in different bandpasses (e.g., the DIPOL-2
instrument [58]). With this approach, for the same observed
maximum polarization fraction, our combined Lum + I,
filter yields d =5, 6 SME parameter upper bounds that
are factors of ~2-30 times more sensitive than with the
I .-band filter.

The pilot program in this work is meant as a proof of
principle to obtain the most stringent SME constraints
using broadband optical polarimetric observations with
small telescopes for which spectropolarimetry is unfea-
sible. Even without spectropolarimetry, anisotropic SME
constraints can be improved by observing sources along
lines of sight without previously published optical polar-
imetry. Even if specific AGN sources have already pub-
lished optical polarimetry, improved SME constraints
can potentially be obtained simply by observing these
sources with wider optical bandpasses and by potentially
observing a larger maximum polarization value than
previously found. For all of these reasons, this work aims
to motivate design feasibility studies for a follow-up optical

>The authors in [17] also analyzed both optical polarimetry and
spectropolarimetry, where available, from 72 existing polarized
AGN and gamma-ray burst (GRB) afterglow sources in the
literature (e.g., [55-57]).

polarimetry survey using at least two 1-m class telescopes,
with one or more in each hemisphere.

This paper is organized as follows. In Sec. II, we describe
the Standard Model extension family of Lorentz and
CPT-invariance violating models that we are interested
in testing, and we present our main constraints. In Sec. III,
we describe the optical polarimetric and photometric
observing systems used in this work, with emphasis on
correcting for systematic errors in our maximum polariza-
tion measurements. Conclusions are presented in Sec. IV.
Mathematical details are presented in Appendix A and the
data obtained for this paper are presented in Appendix B.

II. STANDARD MODEL EXTENSION

We do not describe the full SME framework here. Instead,
see [16] for a review. Qualitatively, if the Standard Model
holds perfectly, all SME coefficients vanish identically. No
strong evidence yet exists for any nonzero SME coefficients,
and therefore, many LIV models falling under the SME
umbrella have already been ruled out. However, the general
approach to make progress testing such models is to use
observations of cosmological sources at different wave-
lengths, higher redshifts, and varied positions on the sky
to progressively lower the upper bounds for any nonzero
values of the coefficients over the full SME parameter space.
Weak constraints imply very large, uninformative, upper
bounds. Strong constraints imply very small, informative,
upper bounds that constrain coefficient values progressively
closer to zero. However, even seemingly weak constraints
can be of value if they are obtained with an observational
approach with smaller (or different) systematics than an
approach that nominally yields stronger constraints [17].

A. Vacuum dispersion SME models

Most LIV models predict a wavelength-dependent speed
of light, leading to light of a given energy arriving earlier
(or later) than light of another energy, even if both were
emitted simultaneously in the rest frame of the source.
Following [5,13,16,37], using “natural” units (in which
fii=c=1), in the context of the SME, the arrival time
difference between photons emitted simultaneously from a
cosmological source with index label s at redshift z = z;
and sky position (6y, ¢, ), with observed energies E; and E,
(detected at observer frame times ¢, and ¢, respectively), is
given by
A =t =t m (B = ESOLEOS Vel (1)

Jm
where Y, = Y, (0. ¢;) are the spin weighted spherical

(d)

. . 6 . .
harmonics for spin 0, Cipjm are the vacuum dispersion

oy jm = oY j,, are the usual spherical harmonics for spin 0.
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SME coefficients with mass dimension d =4,6,8, ...,
which must be CPT even, and

) Zs (1 + Z)d_4 . 1 da
Ll = [ = / @~a@ %

where Lgf\_)) is the effective comoving distance traveled by
the photons, including the cosmological effects needed to
compute arrival time differences in an expanding universe
[5]. Setting d =4 recovers the usual expression for
comoving distance. In Eq. (2), H(z) = H(a) is the
Hubble expansion rate at a redshift z; with scale factor
a;' =1 + z, [with the usual normalization a(t,) = 1 at the
present cosmic time ¢ = f, at z = 0] given by

H(a) = Hy[Qa™* + Qa3 + Qua™? + QA]I/Z, (3)

in terms of the present-day Hubble constant, which we set
to Hy = 73.24 kms~! Mpc~! [59], and best-fit cosmologi-
cal parameters for matter Q. = 0.3089, radiation Q, =
Qun/(1 4 2¢q) =9.16 X 107 (with the matter-radiation
equality redshift z., =3371), vacuum energy Q, =0.6911,
and curvature € =1-Q —-Q —Q),~0 using the
Planck satellite 2015 data release [60].7

In principle, observations constraining the theoretical
time delay AIEZ)) from Eq. (1) between photons observed at
(d)
(Djm
More specifically, an upper bound |At,| on the theoretical
time delay (or early arrival) |AIEZ_))| < |At,| measured from

different energies can constrain the SME coefficients ¢

photometry in different bandpasses can be recast as an
upper bound on a linear combination of SME coefficients:

c|A, |
B~ B,

4)

(d) | <

where EE;? => Y jm.sCEd> is shorthand for the linear

.S I)jm
combination of vacuum dispersion SME coefficients for
source s and E; and E, can be estimated from the central
wavelengths of the filters.

Figure 1 shows the relation between time delay upper
limits and d = 6 isotropic SME models for sample sources
observed with both our Lum and I,. filters over a range of
redshifts z € [0.1, 1, 10], while highlighting the parameter
space already ruled out by limits from GRB observations,

"We use cosmological parameters reported in Table 4,
column 6, of [60]. These are the joint cosmological constraints
[TT, TE, EE + lowP + lensing + ext 68% limits (where ext =
BAO + JLA + HO)]. However, based on recent tension between
the Hubble constant H(, determined using CMB data and type Ia
supernovae (SN Ia), we use the SN Ia Hubble constant H, =
73.24 kms~! Mpc™! [59] rather than H, = 67.74 kms~' Mpc™!
from Table 4, column 6, of [60].

106, — z=0.1 :
—_—z=1
10°y — z=10 i
—— limit from GRBs 1
107+ '
e ---- At =1 hour i
| . ]
% 10-12 Planck scale :
0] 1
~ 107181 1
e3 |
U 10-24 i
1
1
10301 i
!
10736 - |
—+- -
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FIG. 1. We plot the dimension d =6 isotropic vacuum

dispersion SME parameter |CE?))OO| for time delays between two
example observations in the Lum and [, bands (central wave-
lengths of ~550 nm vs ~800 nm) for various redshift sources
(z = 0.1, 1, 10). The horizontal dot-dashed line shows the |cgf))00|
corresponding to the Planck energy scale, while the dashed
vertical line corresponds to a time delay of 1 hour. Gray regions in
the parameter space with |c§?>)00|210‘14 GeV~2 have already
been ruled out by high redshift, high time resolution, gamma-ray
burst data [37]. Because of this, optical time delays on the
order of minutes to hours for moderate redshift sources can
only provide weak—but still independent—constraints as a
consistency check.

as well as the weaker, but meaningful constraints obtain-
able from optical time delay data with |Az,| < 1 hour.

B. CPT-odd vacuum birefringent SME models
For a subset of vacuum birefringent SME models with

coefficients k%)) where the mass dimension d =

3,5,7,... must be CPT odd, rather than arrival times,
the relevant quantity is the rotation of the plane of linear
polarization for photons with different observed energies
E| and E, that were emitted in the rest frame of the source
with the same polarization angle. After traveling an
effective distance of L& through an expanding universe,

jm’

the difference in their observed polarization angles

d .
Al’”%z?) =y, —y will be

(d) o (d-3 d-3\7 (d) (d)
AW(Z.‘) ~ (EZ - El )L(Z.‘)Zijssk(V)jm' (5)
jm

In principle, polarimetric observations measuring an
observed polarization angle difference |Ay,| in a single
broadband filter with bandpass edge energies E; and E,,

with |Al//Ed_))| < |Aw, |, can constrain the SME coefficients

k() directly using Eq. (5),
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c|Ay,| ()

| < —,
|E§l_3 - E?_3|LEZ3)

where ]_CE?/)M => iy jm,xkg“i,)ﬁm is shorthand for the
linear combination of birefringent SME coefficients for
source s.*

Equation (6) requires the assumption that all photons in
the observed bandpass were emitted with the same
(unknown) intrinsic polarization angle. When not making
such an assumption, a more complicated and indirect
argument is required. In general, when integrating over
an energy range [E|, E,], if LIV effects exist, the observed
polarization degree will be substantially suppressed for a
given observed energy if Ay, > 7, regardless of the
intrinsic polarization fraction at the corresponding rest
frame energy [17,37]. Other authors present arguments
allowing them to assume Ay, < z/2 to derive bounds on
certain SME models [34-36]. In our case, observing a
polarization fraction p, can be used to constrain birefrin-
gent SME coefficients as follows.

First, one conservatively assumes a 100% intrinsic
polarization fraction at the source for all wavelengths.
Lower fractions for the source polarization spectrum would
lead to tighter SME bounds. In this case, the total intensity /
is equal to the polarized intensity /,, such that

1= /E " r(E)dE = 1, (7)

where T(E) is the total throughput transmission function
as a function of photon energy E = hc/A (with wave-
length 1) for the polarimeter, including the relevant
optics, broadband filters, and detectors (see Fig. 2).
Then, following [17], integrating Eq. (5) over the energy
range of the effective bandpass T(E) yields normalized
linear polarization Stokes parameters ¢ = Q/I and
u=U/I, given by

1, [E
g0 =1 / cos(2Ap)T(E)dE
E;
E, _
_ - 3y7 (@) 7()
= A | cos(z(Ed S EY 3)L(ZA_)k(V)J)T(E)dE, (8)

and

(2

I, (&
u? = / sin(2Ay)T(E)dE
E,

E, _
_ [P 3 ey (@ (@)
- [5 | sm(z(Ed S 3)L(Zy)k(v),s>T(E)dE, 9)

SWe present constraints from our data using the Lum and
I.-band optical filters in Sec. I E.

1.0

— T
0.8 Lum )

0.6 I.
0.4

0.2

Transmission (Lum +1I..)

0.0

400 500 600 700 800 900
Wavelength (nm)

FIG. 2. Total transmission function from optics, filters, and CCD
detectors for our Lum and I .-bands observed using the Array Photo
Polarimeter (APPOL, see Sec. III), which we combine into a
single, effective broadband Lum + I, filter with coverage from
~400-900 nm (with minimal filter overlap at ~700 nm), using
simultaneous data from two telescopes (see Fig. 8).

where the intensity normalized Stokes parameters

q= qg‘)) and u = ”Ei)) depend on mass dimension d

and redshift z; in the SME framework.
An upper bound on the observed polarization is then

d d d
po=20, < p =1/ + w2 (10)

such that observing a polarization fraction p, implies an

upper bound on I_cg“i,)).s by finding the largest value of ]_‘EU\{/)),S

that is consistent with the inequality pr(izx (0) > Pr— 20,,

where o, is the 1 — o uncertainty on the polarization
measurement. This corresponds to a 95% confidence
interval assuming Gaussian measurement errors for the
polarization fraction.

As shown by [17], in this framework, broader filters lead
(d)

max,(z,) SO observing larger p, values
) s

in those filters leads to tighter constraints on l_cgl‘],)) , than

to smaller values for p

observing the same polarization p, through a narrower
filter for the same source. In addition to improving our
signal-to-noise ratio, this is a key reason we chose the
broader Lum band filter to compare to the more standard /..
band filter and implemented a method to combine both
filters using simultaneous observations on two telescopes.
The transmission 7'(4) for our combined Lum + I.-band
polarimetry is shown in Fig. 2, which can be used to
compute 7T(E). Our observational setup is described in
Sec. III.

In principle, one should also consider the source spec-
trum and the atmospheric attenuation in computing 7'(E),
but we follow [17] and assume that the optical spectra are
flat enough in the relevant wavelength range so that we can
ignore these small effects. However, unlike [17], which
only considers the transmission function of the broadband
filter, we additionally consider the transmission functions
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FIG. 3. Change of the Stokes parameter qé?) from Eq. (9) for

our combined Lum + I, filter in Fig. 2 for several values of C.(;S).
For comparison, see Fig. 2 of [17].

for the optics and CCD detector, in addition to the filter,
when computing T(E) (see Fig. 8).

Following [17], to jointly parametrize the cosmological
redshift dependence and SME parameter effects, we define

the quantity g@ as
&=L (11)

Also following [17], Fig. 3 shows the change in the
intensity normalized Stokes parameter qg_)) from Eq. (9)
for several values of é’§5), while Fig. 4 shows theoretical
limits from the maximum observed polarization p,., Vs

|C§5)| in our Lum and I. bands, and for our combined
Lum + 1. band in Fig. 2. Based on Fig. 4, Fig. 5 shows that

the Lum + I. band yields |(;’§5>| constraints ~2-10 times
more restrictive than the /. band for the same observed
polarization fraction, over the range p..« 2 0.02 (where
P+ < Pmax)> assuming negligible uncertainties, o,.

C. CPT-odd vacuum isotropic SME models

Since jm are the angular quantum numbers with
—j<m<j, with j <d-2, for each value of d, the
number of distinct anisotropic vacuum dispersion and
vacuum birefringent SME coefficients increases as
(d—1)? when d is CPT odd and as 3(d — 1)?> — 8 when
d is CPT even [16] (see Table II of [37]). For example, the
d = 5 model has 16 SME coefficients [17]. Since we only
observed two sources, we are limited to constraining only

linear combinations of SME coefficients CE?;jm and kgf,))jm

along two specific lines of sight. Ultimately, progressively
larger numbers of sources at different locations on the sky

0
10 - :
1 1
1 1
1 1
} '
. pa
10t . vV
1
b '
< 1
E 1
IsH |
'
2
10°F .
— 1 '
1
Lum !
1
— Lum+I, '
1
— p,=0.15
-3 ! H .
101017 108 10%°

¢ ] [Gev 2]

FIG. 4. Maximum allowed polarization fraction p,, vs d =5

CPT-odd vacuum birefringence parameter |§§5)| from Eq. (11)
for the /. band (blue), Lum band (orange), and our combined
Lum + I, band (red). For an example observed polarization

fraction p, = 0.15 (horizontal black line), upper limits on |§§5)|
for each band (dashed vertical lines) can be obtained by
noting that p,,., eventually falls below the observed value of
p. for all values of that coefficient. For p, = 0.02, the most
stringent upper limit comes from the combined Lum + I .. band.
For p, =0.15, this yields a Lum + I.-band upper limit

11 5.0 x 107 GeV~2, a factor of ~I0 better than the
corresponding limit from the /. band.

1.0 T
— p,=0.15
0.8}
0.6
"
o}
&
ISH
0.4+
0.2} ° o
,-
o® ‘.
0.0 : : ) ‘ -
0 2 4 6 8 10 12
®) (5)
|Cs,ma.x(lc)|/|gs,max(Lum +IC)|
FIG.5. Theoretical maximum observed polarization p,,,, vs the

ratio of CPT-odd vacuum birefringent d = 5 SME coefficients
from Fig. 4 from the I. and Lum + I. bands, |§(g5> (1.)l/
|C§5)(Lum + 1..)|. Ignoring polarization uncertainties o,, for all

observed polarization fractions p, 2 0.02 (where p, < pna)s
constraints from the Lum + I . band are ~2—10 times tighter than

for the I, band. The spike at [¢1*(1,)|/[¢ (Lum +1.)] ~6

results from the fact that the ratio of the |{ ,(;5) | values in each band
(blue and red curves in Fig. 4) is nearly constant for p, = 0.17.
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TABLE L Celestial coordinates and BVR magnitudes of observed AGN sources from the Simbad database. Lum and /. magnitudes are
mean values from our own photometry in Tables V and VI.

RA DEC
Name IRCS (J2000)° IRCS (J2000)° Redshift z z Ref. B (mag) V (mag) R (mag) Lum (mag) I, (mag)

S5 0716 + 714 110.47270192 4-71.34343428 0.31+0.08 [53,54] 15.50 14.17 14.27 14.65 14.10
BL Lacertae 330.68038079 +42.27777231 0.0686 £ 0.0004  [52] 15.66 14.72 13.00 13.89 13.06

are required to better constrain the general anisotropic  individual point sources are therefore most useful for
model space for a given value of d. (d)
However, we can follow a simpler approach and also test @ ) ) (100
the subset of isotropic models, which are recovered for  K(y)o» Which correspond to some of the simplest LIV
each value of d when setting j = m = 0. Lines of sight to ~ models in the literature [16,37]. Constraints for both

constraining the isotropic SME coefficients ¢ and

TABLE II. Upper limits on linear combinations of SME coefficients of Lorentz and CPT violation along specific lines of sight from
our Lum and I .-band observations of BL Lacertae and S5 B0716 + 714, with sky coordinates and redshifts from Table 1. The upper
portion of the table shows the vacuum dispersion coefficients \EE;? | and corresponding isotropic coefficients |CE;1))00| (see Fig. 1) as
inferred from estimates of an upper bound on the time delay Az, between the observed photometry in both the Lum and I, bands as
described in Sec. II E. The remaining rows show separate constraints from the maximum observed polarization fraction p,, which we
correct for systematics from interstellar polarization (pgys1sp) and instrumental polarization and zero point bias (pgys ingt), in €ach band
Viad P cor = Pu — PsysisP — Psys.inst» With corresponding statistical errors added in quadrature. To be conservative, we derive SME
parameter upper bounds using the 2 — ¢ errors for Af,, p, ., and redshift z. The lower rows show the vacuum birefringent coefficients

|I_<E“1,))| and their corresponding isotropic coefficients |kE§1,))

=5, 7, 9. The last three rows show the

vacuum birefringence coefficients |/_(E?B)| for the CPT-even cases d = 4, 6, 8. In each case, constraints from our observed broadband
polarimetry using the wider Lum band are tighter than for the /. band.

k| = 105 2Y (0. 0) ({3, +

6 6 .
E)B | = |ij2 jm( )(kglg)]m+lk
8 8 .
E)B | = |ij 2Y/m (9 d))(kEE))jm + ik

)| <7x 1072 <2x 1073 <2x 107 <3x 107!
pym)| S5x 1077 GeV? <2x 107 GeV™? <1x 107 GeV™? <5 % 107 GeV™?
pym)l  S2x 1072 GeV™t 5% 107 GeV™t <4 %1072 GeV™H <1 x 107 GeV

Source S5 B0O716 + 714 BL Lacertae
(RA. DEC) (110.47°, 71.34%) (330.68°, 42.28°)
Redshift z 0.31 +0.08 0.0686 + 0.0004
Time delay upper bound I.— Lum 1. — Lum
|At | [minutes] 11.7 65.5
)1 = 10 Y (0. )] <6 x 10+ GeV~2 <8 x 10+ GeV~2
)1 = 1 Y (0 B)c(y) ] <8 x 10+!8 GeV—* <1 x 10+ GeV—*
el <2 x 1012 GeV2 <3 x 10103 Gev2
(7ol <3x 1019 Gev— <4 x 10" Gev—
Maximum observed polarization Lum 1. Lum 1.
p. [%] 10.02 =+ 0.44 8.30 + 0.48 10.33 £ 0.43 10.50 = 0.30
Paysse [%] 021 +0.27 0.77 +0.23 0.92 +0.07 0.46 + 0.07
Peysimt 1%] 0.04 0.04 0.04 0.04
Pacor 1%] 9.77 +0.52 7.49 +0.53 9.37 +0.44 10.00 + 0.31
K = 325 Y i (0. )R, <1x103 GeV™! <7x 1072 GeV~! <3 x10723 GeV™! <1 x 1072 GeV-!
|/'<E7V>)| 125 Y (0. )k§7v>>jm| <2x10° GeV?  <1x1075GeV3 <4 x10° GeV3 <2 x 1075 GeV—3
K = 150 Y (0. 9D <3x 101 GeV™® <4 x 10712 GeV™S <8 x 10+ GeV™® <6 x 10712 GeV~S
K3 00! <5x 1073 GeV™'  <3x 102 GeV™'  <1x 102 GeV™' <4 x 1072 GeV~!
K30l <6x 1070 GeV?  <3x107° GeV?  <2x 1075 GeV? <8 x 1075 GeV3
1K 00! <Ix 102 GeV™  <1x 10713 GeV™ <3 x 10712 GeV™ <2 x 1071% GeV~S
7 4)
k
7
(
7
(

035045-7



ANDREW S. FRIEDMAN et al.

PHYS. REV. D 99, 035045 (2019)

isotropic SME models and linear combinations along our
specific lines of sight are shown in Table II.

D. CPT-even vacuum birefringent SME models

There exists an additional subset of CPT-even vacuum
(d)

birefringent SME models with coefficients k(E>jm and
kg‘l?)jm, where d = 4,6,8, ..., which correspond to spin-2

helicity, rather than spin 0. Let us first define

@) _ @ @
ke = DY jms ("(E)jm + ”‘<B>jm)’ (12)

jm

as shorthand for the linear combination of CPT-even
birefringent SME coefficients for source s. Note that there
are no isotropic models for this subset of SME parameters
so there are no jm = 00 terms corresponding to Eq. (12)
[16]. The CPT-even case is also more complex than the
CPT-odd case, because the normal modes are linearly
polarized and, in general, can involve no change in the
polarization angle, or mixing of linearly polarized into
elliptical or circularly polarized modes [37].

Following [16,37], we now define the accumulated
phase change @ at a given energy E as

,‘{(d)

_ ~pd=37 (d)
o, =2F Lz. (EB).s-

) (13)

In the CPT-odd vacuum birefringent case, this phase
change directly results in a polarization angle rotation
because we can split linearly polarized light equally into
left and right circularly polarized states. But the same is not
true of the CPT-even case. Linearly polarized light will not,
in general, be split evenly between the normal modes of a
CPT-even Lorentz violation.

But similar to the CPT-odd case, we can still arrive at an
expression for the maximum allowed polarization given
a particular broadband filter. Again assuming a 100%
polarized source at all wavelengths, the observation of a
linear polarization fraction p, (with uncertainty o,) in a
given broad energy band can be used to constrain the
quantity ]_CE?B)’S.

Following [37], let us first define the angle ¥ = w( — v,
as the difference between the initial polarization angle v
for light not produced in a normal mode and the initial
polarization angle y, for the slower of the two normal
modes. For simplicity, we omit the source index s from the
notation for W,y,, and y,, since we will soon make
assumptions which remove the ¥ dependence.

Additionally, we can define (cos @) as the average value
of cos @, for source s after integrating over the relevant
energy band

)T(E)dE.

E) » _ d) 7(d
(cos @) E/E cos(2(E4= — EY 3)L213)kEE)B).s
1

(14)

In this case, as shown in Appendix A, the normalized

(d) (d)

Stokes parameters q= q(zy) and u = u(Z.;) are

qgj)) = cos2¥ cos 2y, — (cos @) sin2¥sin 2y,  (15)

ME;D) = c0s 2W¥ sin 2y, + (cos @,)* sin 2¥ cos 2y, (16)

and, via Eq. (10), the corresponding maximum limit on
polarization is

d
Px— 20* < p;ix’(zs)

= \/1 — (1 = {cos ®,)?)sin*2¥ < |(cos D)

. (17)

where the conservative upper bound is reached when
Y = z/4. Figure 6 shows the corresponding limits obtained
in this most conservative case.

Similar to Fig. 4, Fig. 6 shows limits from the theoretical
maximum polarization p,,. in our Lum, 1., and Lum + I,

bands vs the quantity C§6), defined as

(18)

pmax

1025 1626 1 627

¢ ] [GeV™?]

FIG. 6. Similar to Fig. 4, but for p.« vs the d = 6 CPT-even

vacuum birefringence parameter |C£6)| from Eq. (18). For an
example observed polarization fraction p, = 0.15 (horizontal
black line), the most stringent upper limit of |¢’§6)| <7x
10% GeV~? (dashed red line) comes from our combined Lum +

I . band, a factor of ~30 better than the corresponding limit from
the /. band (dashed blue line).
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FIG. 7. Similar to Fig. 5, but for p,,, vs the ratio of CPT-even
vacuum birefringent d = 6 SME coefficients from Fig. 6 from the
I, and Lum + I, bands, CE-G)(IC)|/|CE6)(Lum +1.)]. Again,
ignoring polarization uncertainties o, , for all observed polariza-
tion fractions p, 2 0.1 and for many values p, < 0.1 (where
Py < Pmax), constraints from the Lum + I, band are ~3-30
times tighter than for the /. band.

Again, similar to Figs. 5 and 7 shows that the combined

Lum + I, band yields | §6>| constraints up to ~3-30 times
more sensitive than the 7, band.

E. Constraints on SME models

With simultaneous photometric time series in two filter
bands, one can estimate upper limits to any time delays (or
early arrivals) between the corresponding light curves
under the simple assumption that the intrinsic light
curve shapes are identical. We perform this analysis on
our entire photometric time series (see Tables V and VI and
Figs. 9-13) using an open source implementation of the
discrete correlation function (DCF) in Python,9 which can be
used to analyze variable time series with arbitrary sampling
[61] (see, e.g., [62]). Constraints from time delays are
presented in Table II, using the methods of Sec. IT A.

We consider possible estimated time delays Az, = m; —
m; between observed photometric light curves in the Lum
and /. bands. Since our data points have a typical 8-10-
minute cadence, we compute the best-fit DCF time delay
using a series of DCF bin widths in the range [5,
20] minutes with step size 0.1 minutes, while considering
possible time delays or early arrivals in the range of
[-250,250] minutes for both sources. The mean and
standard deviation of the set of best-fit DCF time delays
then yield Af, = 26.5 4+ 19.5 minutes and A¢, = —5.1 +
3.3 minutes for BL Lacertae and S5 B0716 + 714, respec-
tively. Both are consistent with Af, = 0, and thus no time
delay, to within the 2 — ¢ uncertainties. Using the 2 — o

*https://github.com/astronomerdamo/pydcf.

errors, and remaining agnostic as to the sign of AtEf)>, leads

to conservative time delay upper bounds of

|At,| < max{|At, =204,

At, + 204, |}, (19)

’

which for the two sources yields |AIEZ_))\ < |At,| =655

minutes and 11.7 minutes, for BL Lacertac and S5
B0716 + 714, respectively.'

For a polarimetric time series measuring the polarization
p in either the Lum, I, or combined Lum + I. bands, one
can use the maximum observed polarization p, during the
observing period to place limits on the SME parameters as
in Secs. I B-1I D, with an additional correction for sys-
tematic errors described in Sec. III A. While a longer survey
could, in principle, yield larger values of p,, and thus, more
stringent SME constraints, meaningful constraints can still
be obtained for arbitrary values of p,, even though these
are likely lower limits to the true maximum polarization.
Constraints from maximum observed polarization mea-
surements are presented in Table II for the Lum and I,
bands, and in Table III for the combined Lum + I,. band.

Even though we observed only two low redshift sources
with small telescopes, our best Lum-band d =5 SME
constraint from maximum polarization measurements of S5
B0716 4714 at z = 0.31 £0.08 in Tables II and III of

|7<Ef,)>| < 1x 1073 GeV~! is within an order of magnitude

of all constraints for individual lines of sight from the 36
QSOs in the redshift range z € [0.634,2.936] analyzed in
Table II of [17], where their SME parameter y,,,, corre-

sponds to our parameter \7{5% |.” More specifically, our best

d =5 constraint is comparable to the least sensitive
constraint ¥y, < 9.79 x 1072* GeV~! from Table II of
[17] (for FIRST J21079-0620 with p, = 1.12 £ 0.22%
at z = 0.644), while our best constraint is only a factor of
~10 less sensitive than the best constraint of y,,,, < 0.97 x
1072* GeV~! (for PKS 1256 229 with p, =2232+
0.15% at z = 1.365). This is the case even though our
analysis was arguably more conservative than [17], in
regards to modeling our transmission functions, correcting
for polarimetry systematics, and including uncertainties in
the reported redshift measurements.

Note that the sources analyzed in [17] used linear
polarization measurements from [56], which were observed

""The time delay upper limit for BL Lacertae is less stringent than
the limit for S5 BO716 + 714 due mainly to the smaller number of
data points.

"Our Lum + I o l_c(f,) constraint is actually a factor of ~2 worse
than our Lum-band constraint because the maximum observed
polarization for the combined Lum + I, band data of p, .., =
7.83 £ 0.38% is slightly smaller than the Lum band measurement
of pycor = 9.77 = 0.52%. However, for the same value of p, .,
the Lum + Ic constraint will always be more sensitive than the
Lum or I .-band constraints alone.
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TABLE III.
combined Lum + I, band (see Fig. 2).

Same as SME coefficient limits from maximum observed polarization from Table II, but for the

Source
(RA, DEC)
Redshift z

Maximum observed polarization
Py [%]

psys,ISP [%]

psys,inst [%]

Dacor [%]

TN = 155 Y (0. )3

\/%ELL\ = Y i (0. DK

K =15 ¥ i (0. )

kool

k{300l

kool

K| = 12 (0, 8) (R(3y o + 1K)
K = 12 (0. )KL, + k5 )]
k) = | oY (0. )KL, + k(5]

S5 B0716 + 714
(110.47°, 71.34°)
0.31 £0.08

Lum + 1,
8.64 £0.30
0.77 £0.23

0.04

7.83 £0.38
<2x 1072 GeV~!
<4 x107% GeV~3
<8 x 10*!! GeV™
<9 x 10723 GeV™!
<1x 107 GeV~3
<3 x 10712 GeV~?

<8 x 107

<9 x 1071 Gev—2

BL Lacertae
(330.68°, 42.28°
0.0686 £ 0.0004

Lum + 1,
10.30 £ 0.28
0.92 £0.07

0.04

9.34 +£0.29
<5x 1072 GeV~!
<8x107% GeV~?
<2 x 10712 GeV™
<2 x1072% GeV~!
<3 x 107 GeV~3
<7 x 10712 Gev~>

<2 x 1073
<5x 10715 GeV~?

<2 x 1072 GevV ™ <4 x 102 GeV™

using the 3.6-m telescope at the European Southern
Observatory in La Silla, with the EFOSC2 polarimeter
equipped with a V-band filter. As such, this work demon-
strates that meaningful SME constraints for individual lines
of sight—that are comparable to, or within a factor of 10
as sensitive as polarimetry constraints from a 3.6-m
telescope—can be readily obtained using a polarimetric
Lum + I.-band system of small telescopes with an effec-
tive 0.45-m aperture, with ~64 times less collecting area,
which we describe in Sec. III.

III. THE ARRAY PHOTO POLARIMETER

The observing system used in this work, the Array Photo
Polarimeter (APPOL)—maintained and operated by one of
us (G. C.)—uses dual beam inversion optical polarimetry
with Savart plate analyzers rotated through an image
sequence with various half-wave-plate (HWP) positions.
See [64—66] for the basic procedures underlying dual beam
polarimetry. This approach can be contrasted with quad-
ruple beam analyzers with Wollaston prisms such as
RoboPol (e.g., [67-69]) that can obtain all the Stokes
parameters in a suitably calibrated single image.

The APPOL array employs an automated telescope, filter,
and instrument control system with 5 co-located telescopes
on two mounts. APPOL uses two small, Celestron 11
and 14 inch, primary telescopes (C11 and Cl14) for
polarimetry with an effective collecting area equivalent
to a larger 17.8-inch (0.45-m) telescope, with added
capability to obtain simultaneous photometry or polarimetry

on a third smaller telescope (Celestron8inch = C8),
along with bright star photometry and/or guiding using
a fourth and fifth 5-inch telescope. APPOL is located at
StarPhysics Observatory (Reno, Nevada) at an elevation of
1585 meters.

Earlier iterations of APPOL (e.g., [70]) have been
progressively equipped with new automated instrumenta-
tion and image reduction software [71-73], and used for
spectropolarimetry studies [74,75], including a long
observing campaign presenting polarimetry and photom-
etry of the variable star Epsilon Aurigae [76-78]. APPOL’s
polarimeter designs also helped inform the planning and
hardware implementation of the University of Denver’s
DUSTPol instrument, an optical polarimeter with low
instrumental polarization that has been used to study cool
star systems, including RS CVn systems and Wolf-Rayet
stars [79].

The first row of Fig. 8 shows the inputs to the total
transmission vs wavelength 7'(4) in Fig. 2 for our Lum and
I .-band polarimetry using APPOL, which can be used to
compute T(E) as in Secs. Il B-II E. The APPOL setup used
in this work and the associated polarimetry data reduction
and analysis methods will be described in more detail in a
companion paper [80].

A. Observations and systematics

All data in this paper were observed with APPOL over a
short campaign from December 2017 to January 2018.
Samples of the observed data for BL Lacertae and S5
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FIG. 8. Array photo polarimeter transmission functions for the relevant optical components, filters, and CCD detectors. The first row
shows the C11 and C14 telescopes used for polarimetry in the Lum and I, bands, respectively. The second row shows the C8 telescope
used for photometry in both the 7, and Lum bands. The black curve shows T'(1), the total transmission function, which can be used to
compute 7(E) to constrain the SME parameters via maximum polarization measurements as in Secs. Il B-II E. To simplify the analysis,
we do not model the transmission functions of the Celestron StarBright coatings. We do not model the transmission functions of either
the Savart Plates or the half-wave plates, which are fairly uniform throughout the relevant wavelength range. For similar reasons, we also
neglect the atmospheric transmission and the source spectra. By comparison, the analysis in [17] only included the filter transmission

function.

B0716 + 714 are shown in Appendix B in Tables V and VI,
with the full machine-readable polarimetry and photometry
data available at [63] and plotted in Figs. 9-11 for BL
Lacertae and in Figs. 12-14 for S5 B0716 + 714. Image
sequences with detected cosmic rays were identified as
outliers and excluded. While we only use the maximum
observed polarization to constrain birefringent SME mod-
els, we include the entire time series for completeness. By
contrast, the full photometric time series was used to
constrain the vacuum dispersion SME models using esti-
mated time delays.

Optical photometric and polarimetric variability, corre-
lations between flux and color, and searches for intraband
photometric time lags have been studied extensively in
the literature for AGN and BL Lacertae type objects
[56,81-85], including the specific, well-known AGN
sources we observed: BL Lacertac [86-89] and S5
B0716 + 714 [90-98]. Our analysis is restricted to testing
SME models, but our photometric and polarimetric time
series could be analyzed similarly in future work."?

Our data reduction pipeline removes systematic
instrumental polarization using secondary flat-field

“For reviews of the many other applications of optical
polarimetry, see, e.g., [99-104].

self-calibration from the two sets of images taken at the
4 half-wave-plate positions (0°, 22.5°) and (45°, 67.5°),
respectively, following [66]. Hundreds of previous APPOL
measurements of unpolarized standard stars indicate that
this procedure yields instrumental polarization systematics
<0.03% for targets with sufficient flux, while zero-point
bias adjustments are typically <0.01% for observed
APPOL polarization fractions of greater than a few percent
[77].13 The APPOL HWP wave plate modulation efficien-
cies have been measured to be =297% and ~90% for Lum
and /., respectively. Since imperfect modulation efficiency
can only reduce the maximum observed polarization from
its true value, to be conservative, we choose not to model
these systematics here."* Previous tests indicate that other
potential systematics including coordinate frame misalign-
ment are negligible for APPOL [77].

The total optical polarization along arbitrary lines of
sight toward galactic field stars can range from a fraction of
a percent to several percent [105—-107]. Previous work from

BWe assume the same systematic error budget of 0.04% for
the Lum, I., and Lum + I, bands including instrumental polari-
zation and zero-point bias.

HWP modulation efficiency systematics would not affect the
measured polarization angles, although other relevant systematics
are discussed in [77].
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TABLE IV. Polarization measurements p; (Lum) and p; (I.) of field stars in sample image sequences within
3 arcmin of the AGN sources BL Lacertae and S5 B0716 4 714, used to estimate upper limits on interstellar
polarization for the systematic error budget used in Tables II and III. Celestial coordinates and GAIA DR?2 identifiers

from Simbad/VizieR are included.

RA DEC
Star # GAIA DR2 ID IRCS (J2000)° IRCS (J2000)° pL (%) pr (%)
BL Lacertae
1 1960066324769508992 330.68924090 +42.27652024 1.01 £0.03 0.55 +£0.03
2 1960066329068001536 330.69304715 +42.28231354 0.92 +0.07 0.46 +0.07
S5 B0O716 + 714
1 1111278261916148224 110.47651216 +71.32247695 0.26 +0.43 0.89 £0.73
2 1111278158836933888 110.46803636 +71.30492029 0.21 £0.27 0.77 £0.23

the Large Interstellar Polarization Survey provided evi-
dence that interstellar polarization (ISP) from multiple dust
clouds along a given line of sight is smaller than from lines
of sight passing through a single dust cloud [107,108].
Since the presence of two or more clouds would therefore
depolarize the incoming radiation, we assume that the ISP
along the line of sight toward a galactic field star represents
a conservative upper limit to the true ISP toward an AGN
source that would have been measured through the full dust
column of the galaxy, the intergalactic medium, and the
AGN host galaxy.

Using a sample image sequence for each of our two
AGN targets, we performed Lum and I.-band polarimetry
on the two closest field stars within 3 arcmin of the target
AGN, finding polarizations of 1.01 +0.03% and 0.92 +
0.07% in Lum and 0.55 £ 0.03% and 0.46 £ 0.07% in I,
for the field of BL Lacertae and 0.26 4+ 0.43% and 0.21 +
0.27% in Lum and 0.89 £ 0.73% and 0.77 £ 0.23% in I,
for the field of S5 B0716 4 714. See Table IV. For the
combined Lum + I. band maximum polarization measure-
ments, we use the largest ISP measurement from the Lum
and /. bands.

Assuming that our AGN max polarization measurements
arise from a combination of instrumental polarization, zero-
point bias, ISP, and intrinsic source polarization, and that
the ISP is approximately constant within 3 arcmin of the
AGN target line of sight, we use the smaller of the two
measured stellar polarizations to estimate conservative
systematic upper limits for ISP (pgisp) as listed in
Tables II and III. Finally, to obtain a polarization estimate
corrected for systematics, p, ..., We subtract these system-
atic error estimates for ISP (pgy1sp) as well as the 0.04%
systematic budget from instrumental polarization and zero-
point bias (pgying) from our maximum observed polari-
zation in the /., Lum, and Lum + I. bands to obtain the
SME constraints in Tables II and IIL."

Statistical errors from the polarization measurements for the
AGN source and stars used to estimate ISP systematics are added
in quadrature.

IV. CONCLUSIONS

In this work, we performed optical polarimetry and
photometry of two well-known AGN sources, BL Lacertae
and S5 B0716 4+ 714 in both the Lum and I. bands,
while implementing a procedure to obtain polarimetry in
a wider effective passband with coverage from ~400 to
900 nm by combining simultaneous photometry from
two small, co-located telescopes. We used the “average
polarization” method of [17], which analyzed polarimetric
measurements from the literature, to analyze our own
polarimetric measurements, thereby demonstrating a
proof-of-principle method to use our own data to derive
meaningful constraints, for individual lines of sight or
isotropic models, on parameters from various subsets of the
Standard Model extension, a useful framework to test for
new physics beyond the Standard Model, including poten-
tial violation of Lorentz and CPT invariance [16]. We
demonstrated that maximum polarization measurements
with our wider effective Lum + I . bandpass can yield SME
constraints that are up to ~10 or ~30 times more sensitive
than with our /.-band filter, for d = 5 and d = 6 models,
respectively.

To constrain SME parameters for a single source along a
single line of sight, optical photometric measurements of
AGN are not competitive with GRB gamma-ray and x-ray
measurements in regards to timing resolution, energy, and
redshift. Therefore, high energy GRB measurements are the
best way to constrain SME parameters using observed time
delays at different observed energies. Nevertheless, GRBs
are transients both in their prompt gamma-ray emission and
optical afterglows. Therefore, since AGN are the brightest
continuous optical sources at cosmological distances, it is
considerably easier to quickly obtain more complete sky
coverage by observing many more AGN, in order to
better constrain the anisotropic vacuum dispersion SME
models. In addition, compared with gamma- and x-ray
polarimetry, optical polarimetric measurements typically
have smaller statistical uncertainties and independent
systematics [17]. Optical polarimetry is also easier to

035045-12



CONSTRAINTS ON LORENTZ INVARIANCE AND CPT ...

PHYS. REV. D 99, 035045 (2019)

obtain with ground-based instruments than gamma-ray and
x-ray polarimetry, which must be obtained from space
(e.g., [36]).

Although the limits presented here were not intended to
compete with other approaches using maximum polariza-
tion measurements integrated over an optical bandpass, the
pilot program in this work nevertheless demonstrates that
meaningful SME constraints can be obtained even with a
small set of telescopes with an effective 0.45-m aperture,
which are competitive—to within a factor of ~1-10 in
sensitivity for d =5 models—even when compared to
optical polarimetry from a 3.6-m telescope [17,56]. Since
d = 6 models were not analyzed in [17], it would be
interesting to perform similar comparisons to our d = 6
constraints in future work, along with comparisons to the
d = 4 models analyzed in [109]. As such, there is a strong
science case to use the maximum observed polarization for
a large sample of AGN with wide optical bandpasses to
constrain the anisotropic vacuum birefringent SME models,
which include the three families of other SME coefficients
not constrained by time delay measurements.

Future work could improve upon existing SME con-
straints simply by using the methods in this work to analyze
optical polarimetry from large published surveys of AGN
and quasars (e.g., [110,111]) in addition to the AGN and
GRB afterglow sources already studied by [17,109]. In
addition, state-of-the-art SME constraints could potentially
be obtained by performing a new survey to significantly
increase the number of high redshift sources with published
optical polarimetry along independent lines of sight. The
pilot program described in this work thus serves to motivate
a dedicated optical AGN polarimetric survey similar to the
Steward Observatory spectropolarimetric AGN monitoring
program [56], the RoboPol survey of gamma-ray selected
blazars [67,110,112], or the La Silla Observatory survey of
optical linear polarization of QSOs [56,111], to name some
relevant examples.

Such future surveys would obtain broadband optical
polarimetry of each AGN source with a set of filters, optics,
and detectors optimally chosen to improve upon the SME
constraints obtainable using the more standard optical
filters employed by previous surveys. In addition to
measuring sources along lines of sight without previously
published polarimetry, where possible, polarimetric mea-
surements of previously observed sources could still lead to
tighter SME constraints by either observing a larger
maximum polarization than what was reported in the
literature or by observing with a wider optical bandpass.

By duplicating this setup on one or more 1-meter class
telescopes in each hemisphere, using the same data
reduction software, such a survey could achieve the full
sky coverage needed to fully constrain the more general
anisotropic SME models at increasingly larger mass
dimension d > 4. However, unlike previous surveys, it
may only be necessary to observe a short duration time

series for each AGN source, in order to maximize the
number of sources with maximum polarization measure-
ments, thereby optimizing a to-be-determined figure of
merit which would quantify the improvement in constraints
for specific SME models, during a given survey time
period.

Since spectropolarimetry typically yields SME d =5
model parameter constraints that are ~2-3 orders of
magnitude more sensitive than using a single, broadband,
optical filter [17], it would also be interesting to investigate
the costs and benefits of a full spectropolarimetric survey
on z2-m class telescopes vs a less expensive, shorter
duration survey on a set of 1-m class telescopes using
multiple optical filters to test d > 4 SME models. Similarly,
it would be worthwhile in future work to explore the trade-
offs for constraining SME models by using multiple,
nonoverlapping, narrow-band, optical filters to effectively
perform low resolution spectropolarimetry vs combining
two or more filters into a single, broadband filter, as
demonstrated in this work.

Design feasibility studies for such a proposed survey will
be analyzed in future work, with emphasis on the best path
to quickly achieve the largest payoff for astrophysical tests
of CPT and Lorentz invariance violation without the time
and expense required to perform an all-sky spectropolari-
metric survey.
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APPENDIX A: CPT-EVEN Q AND U

We can calculate the Stokes Q and U parameters in the

(d)
(EB),s

as defined in Eq. (12). As was written in Eq. (13), the phase
delay between the two normal modes is given by the
equation

presence of CPT-even SME coefficients of the form k

035045-13


http://www.sal.wisc.edu/HPOL
http://www.sal.wisc.edu/HPOL
http://www.sal.wisc.edu/HPOL
http://www.sal.wisc.edu/HPOL

ANDREW S. FRIEDMAN et al.

PHYS. REV. D 99, 035045 (2019)

®(w) = 203 LK,

(A1)
where we denote the energy as @ as opposed to E in this
case to distinguish it from the electric field.

The most conservative limits on SME coefficients are
obtained when we assume a broadband source emitting a
uniformly linearly polarized electric field along our line of
sight Z in the form

-

E(w.1) = Aei', (A2)

where 77 makes an angle y, with respect to the detector
reference angle. Then, if the slow axis of this CPT-even
Lorentz violation makes an angle y;, with respect to the
detector reference angle so that we can define the quantity

Y=yo—ws, (A3)

the signal that reaches our detector along the slow and fast
axes can be written

Egow (0, 1) = Ae=®/2 cos P, (A4)

Ep(@, 1) = Ae!™+i®/2 gin P, (A5)

which, relative to our detector, is the electric field

E(w, 1) = Aei®'[e=®/2 cos W cos yj, — ¢®/% sin W sin |
+ Ae'®[e™®/2 cos W siny,,

+ /2 sin¥ cos y, 3. (A6)

Next, we can define the averaging over the transmission
band T'(w) as the operation

_ [ doT(w)X (o)

<X>a) W’

(A7)

so the Stokes parameters in terms of the band averaged

electric field E(1) = (E(w, t)),, incident on our detector are

w

I=|E[J* +|E, = |AP, (A8)
0= |E.|* - |E,
= I cos 2¥ cos 2y, — I|{cos @)|* sin 2¥sin 2yr;,,  (A9)
U =2Re(E,E)
=Icos2¥sin2y;, +1|{cos®@)|*sin2¥cos2y,,  (A10)
V = 2Im(E,E}) = I|(sin ®)[* sin 2. (A11)

Therefore, the normalized Stokes parameters g = Q/I,
u = U/I and total linear polarization fraction p are

q = cos 2% cos 2y, — |(cos @)|? sin 2¥ sin 2y, (A12)
u = cos2¥ sin 2y, + |(cos ®)|>sin2¥ cos 2y,,  (A13)
p= \/COSZZ‘P + (cos @)%sin?2. (A14)

Due to the many unknowns in Eq. (A14), it is impractical to
use time delays between each ¢ and u time series, for
example, to constrain SME vacuum birefringent parame-
ters. Circular polarization measurements could potentially
break certain degeneracies, but the maximum observed
polarization approach will, in general, yield more sensitive
SME constraints than any approaches using optical time
delays.

APPENDIX B: DATA PLOTS AND TABLES

All data in this paper were observed with APPOL from December 2017 to January 2018. Samples of the observed data
for BL Lacertae and S5 B0716 + 714 are shown in Tables V-VIII, and the full machine-readable data are available at [63].
Polarimetry is plotted in Figs. 9 and 10 for BL Lacertae and in Figs. 12 and 13 for S5 B0716 + 714, with photometry in
Figs. 11 and 14, respectively.

TABLE V. Three nights of data for BL. Lacertae were observed using APPOL on December 13, 14, and 17, 2017. For each modified
Julian date (MJD), we show our observed polarimetric and photometric data for both the Lum and I, bands, denoted by L and [
subscripts, respectively. Columns include the observed polarization p (in %), the polarization angle y (in degrees), the intensity
normalized Stokes parameters ¢ and u (note that both can be negative, even when expressed as percentages), and the observed
magnitude m. (A portion of this table is shown for guidance. This table is available in its entirety in machine-readable form.)

MID (days) pp (%)  p; (%) i (deg) w; (deg) g (%) qr (%) up (%) u; (%) mg (mag)  m; (mag)

58101.072 10.34+0.6 9.5+0.4 59.04+2.0 59.0+1.0 -49+0.6 —44+04 9.0+0.5 84+0.4 13.69 +0.03 12.93 + 0.04
58101.079 9.0+04 7.7+0.3 63.0+£1.0 580+1.0 =52+04 —3.4+0.3 7.3+0.4 6.9+0.3 13.82+0.03 12.96 + 0.04
58101.085 82+04 7.9+0.3 60.0+1.0 59.0+1.0 —4.1+04 =3.7+0.3 7.1+0.4 7.0+0.3 13.74 £0.03 12.95 + 0.04
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TABLE VI. Same as Table V, but with all data for S5 B0716 + 714, which we observed using APPOL over five nights—December
11-14 2017 and January 1, 2018. (A portion of this table is shown for guidance. This table is available in its entirety in machine-readable
form.)

MID (days) pg (%) pr (%) i (deg) i (deg) qp (%) qr (%) up, (%) u; (%) my, (mag)  my; (mag)

58099.300 8.8+£0.7 83+£0.5 88.0£2.0 920+2.0 -88+0.7 =83 +0.5 0.8+0.7 -0.7+0.5 14.93+£0.04 14.39 £ 0.05
58099.306 6.9+0.7 53+0.5 81.0£3.0 88.0£3.0 -6.6+0.7 =53+0.5 2.1+0.8 03+0.6 15.00=£0.04 14.39 £0.05
58099.319 85+0.7 7.6 £0.5 84.0£2.0 88.0£2.0 -83+£0.7 =7.6+05 1.9+£0.7 0.6+0.5 1493 £0.04 14.32 £0.05

TABLE VII. Same as Table V for BL Lacertae, but for the combined Lum + I, band. (A portion of this table is shown for guidance.
This table is available in its entirety in machine-readable form.)

MIJD (days) Prii (%) Wi (deg) qri1 (%) u .y (%)
58101.072 99+04 59.0+1.0 -47+04 8.8+04
58101.079 84403 61.0+1.0 -454+03 7.1+03
58101.085 8.1+0.3 59.5+0.9 -394+03 7.1+£03

TABLE VIII. Same as Table VI for S5 B0716 + 714, but for the combined Lum + I, band. (A portion of this table is shown for
guidance. This table is available in its entirety in machine-readable form.)

MID (days) P (%) Wi (deg) qr41 (%) up.; (%)
58099.300 8.6 04 89.0+1.0 —-8.61+04 02+04
58099.306 6.2+0.5 84.0 +£2.0 —-6.1+£0.5 1.3+£0.5
58099.319 8.1+04 85.0+2.0 -8.0+04 1.3+£04
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FIG. 9. Polarization p (in %) and polarization angle y (in degrees) for BL Lacertae in the Lum and I, bands. Intensity normalized
Stokes parameters ¢ = Q/I and u = U/I for both bands are available in the full machine-readable tables [63].
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FIG. 10. BL Lacertae light curves for polarization p (in %) and polarization angle y (in degrees). Intensity normalized Stokes
parameters ¢ = Q/I and u = U/I for the combined Lum + I, band are available in the full machine-readable tables [63].
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FIG. 12. Polarization p (in %) and polarization angle y (in degrees) for S5 BO716 + 714 in the Lum and I. bands. Intensity
normalized Stokes parameters ¢ = Q/I and u = U/I for both bands are available in the full machine-readable tables [63].
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