
Dr. Andrew Friedman

5/15/2019 8th Meeting on CPT & Lorentz Symmetry, Indiana University, Bloomington

Constraints on Lorentz Invariance 
and CPT Violation using Optical 
Polarimetry of Active Galaxies

UC San Diego, Center for Astrophysics and Space Sciences
https://asfriedman.physics.ucsd.edu asf@ucsd.edu

Q

U

0o

45o

22.5o

67.5o



Other Collaborators

5/15/2019 8th Meeting on CPT & Lorentz Symmetry, Indiana University, Bloomington 2

Dr. Andrew 
Friedman 1 

Prof. Brian 
Keating 1

cosmic birefringence Team

Prof. David 
Tytler 1

Dr. Grant Teply 
1

Delwin 
Johnson1

David Leon 
(G)1

21

G=Grad Student, U=Undergrad 

H=High School

Kevin D. 
Crowley 

(U)1,4

Gary M. Cole 
2

Roman 
Gerasimov 

(G)1 

Walker 
Stevens 

(U)1

4

Isaac 
Broudy 

(H)1

Prof. David 
Kaiser 3 

3



5/15/2019 8th Meeting on CPT & Lorentz Symmetry, Indiana University, Bloomington 3

1. Lorentz and CPT Violation in SME from 
Vacuum Birefringence 

2. Standard Model Extension Line-of-Sight 
Constraints from Broadband Polarization  

3. The Array Photo Polarimeter (APPOL)  

4. SME Constraints from Optical Polarization 
Measurements of Active Galaxies BL 
Lacertae and S5 0716+714  
(Friedman+2019b = F19b) 

5. Future Work 

outline



5/15/2019 8th Meeting on CPT & Lorentz Symmetry, Indiana University, Bloomington 4

standard model extension (sme)
• SME: Effective field theory approach describing low energy corrections from a 

(presumably) more fundamental Planck-scale theory of quantum gravity 

• Natural framework for Lorentz Invariance Violation (LIV), Charge-Parity-Time 
Violation (CPTV) with electromagnetic radiation (Kostelecky & Mewes 2009)

General Relativity Standard Model

Modifications to Lagrangian

LSME = LGR + LSM + LLIV + LCPTV + . . .
<latexit sha1_base64="YWyUAMzVOkQ34WDqoq3Qm/Rtyfo="></latexit>

• General possible forms of LIV and CPTV 

• Perhaps due to symmetry breaking Planck-scale features 
of spacetime, e.g. discreteness, extra dimensions?

• This talk: astrophysical birefringence tests in photon sector
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astroparticle physics, cosmology, & sMe

Kostelecky & Mewes 2009, Phys. Rev. D 80, 015020 (arXiv:0905.0031)

• Astroparticle Physics: Testing for new physics beyond Standard 
Model with astronomical observations is increasingly vital and 
complementary to Earth-bound particle physics experiments. 

• Leverages vast distances, timescales, energy scales of Cosmology 
to detect small effects unlikely to be discovered in any Earth-
bound or solar system test. 

• SME: useful framework (Kostelecky & Mewes 2009) 

• If no evidence for SME, still increase confidence in Standard 
Model, rule out increasing SME parameter space.  

• If evidence for SME found         new physics!

Win win! 
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SME vacuum birefringence
For nonzero SME 

coefficients, light in 
vacuum would behave 
like light propagating 

through optically 
nontrivial medium.

•Nonzero SME coefficients can produce LIV and/or CPT-violating effects.  

•Modified “Vacuum dispersion” relation: speed of light becomes energy 
dependent. Causes  time delay (or early arrival) for promptly emitted photons of 
different energies. 

•“Vacuum birefringence”: Energy dependent rotation of linear polarization plane 
for photons emitted promptly with the same polarization angle.  

•Effects can be Anisotropic. Need observations of extended sources (e.g. CMB) or 
point sources along many lines of sight to fully test SME parameter space. 
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• Some LIV, CPTV effects likely negligible at energies accessible 
in Earth-bound or solar system experiments. 

• Such effects could accrue to measurable levels as tiny 
deviations from Lorentz and CPT symmetry accumulate 
over cosmological distances. 

• Broadband polarimetry can constrain birefringent SME 
effects which would increasingly suppress observed 
polarization of cosmological sources via energy-dependent 
drift in polarization angle. 

• Multi-wavelength observations can yield stronger constraints

• Effects increase towards higher redshifts and energies

SME vacuum birefringence
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best Optical sources: AGN

• Active Galactic Nuclei (AGN)

• Some AGN subclasses with 
many objects showing high 
optical polarization (p > 2%) 

• BL Lacertae objects 

• Blazars 

• Highly Polarized Quasars 

• Seyfert galaxies

• Accretion from Matter onto a 
central supermassive black hole 

• Optical polarimetry, spectropolarimetry of high redshift AGN 
(0.01<z<4) feasible with ground based     0.5m telescopes �
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Optical vs. x/gamma-ray polarimetry for sme
• Optical pol of high z sources yields SME line-of-sight constraints 

orders of magnitude less sensitive than x-ray, gamma-ray pol 

• But x-ray, gamma-ray pol (e.g. of GRBs) done from space. 
Transient sources. Larger statistical, systematic uncertainties. 

• Ground-based optical AGN measurements much easier.  

• <20 known sources with good x-ray, gamma-ray GRB pol 
measurements, vs. thousands of optical AGN pol measurements 
(hundreds with spectropolarimetry). 

• For ANISOTROPIC SME model tests, need dozens of sources. 

• Need 100s or 1000s of sources to test redshift dependence. 

• Maybe decades before x-ray, gamma-ray pol have same source 
statistics, sky coverage, and z coverage as optical pol data
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Kislat & Krawczynski 2017, Phys. Rev. D, 95, 3, 083013 (arXiv:1701.00437) = KK17



5/15/2019 8th Meeting on CPT & Lorentz Symmetry, Indiana University, Bloomington 12

Also see Fabian 
Kislat’s talk tomorrow 

Thursday, May 16 
11:00 - 11:30 
Fabian Kislat (New 
Hampshire) 

Constraining the d=4 
Photon Sector of the 
SME with 
Astrophysical 
Polarization 
Measurements 
 

Kislat 2018, Symmetry 10 (2018), 10.3390/sym10110596 
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sMe line-of-sight constraints (CPT-odd)

KM09, KM13, KK17, F19b

� (d)(z) ⇡
�
Ed�3

2 �Ed�3
1

�
L(d)(z)k̄(d)(V )

<latexit sha1_base64="EkUfph8Aj740BokI28EsycegZ2k="></latexit>

Polarization Angle Change

• After traveling from redshift z through our expanding universe, observed polarization 
angles for photons of different energies E1, E2 emitted with same pol angle will differ by

k̄(d)(V ) ⌘
X

jm

Yjm(✓,�)k(d)(V )jm

<latexit sha1_base64="bpo9e0t5rqkhOA06BlExGduTqXM="></latexit>

Linear Combo of d=3,5,7…CPT-odd SME coefficients

Spin-0 spherical 
Harmonics

CPT-odd SME 
coefficients

L(d)(z) =

Z z

0

(1 + z0)d�4

H(z0)
dz0 =

Z 1

a

da0

(a0)d�2H(a0)
<latexit sha1_base64="PlSuNi30ol7m7VaPiDf0ibnQqB0="></latexit>

Modified Comoving Distance

a�1 = 1 + z
<latexit sha1_base64="+HJyo1NMbSxs/3vYBzZufguJSHY=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBEEsexWQS9KwYvHCvYD27Vk02wbms0uSVaoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZ58eCa+M432hhcWl5ZTW3ll/f2NzaLuzs1nWUKMpqNBKRavpEM8ElqxluBGvGipHQF6zhD67HfuORKc0jeWeGMfNC0pM84JQYK92Th/TEHV26x0+dQtEpORPgeeJmpAgZqp3CV7sb0SRk0lBBtG65Tmy8lCjDqWCjfDvRLCZ0QHqsZakkIdNeOrl4hA+t0sVBpGxJgyfq74mUhFoPQ992hsT09aw3Fv/zWokJLryUyzgxTNLpoiAR2ER4/D7ucsWoEUNLCFXc3oppnyhCjQ0pb0NwZ1+eJ/VyyT0tlW/PipWrLI4c7MMBHIEL51CBG6hCDShIeIZXeEMavaB39DFtXUDZzB78Afr8AVSqkAY=</latexit>

Scale Factor and Redshift

H(z) = H(a) = H0

p
⌦ra�4 + ⌦ma�3 + ⌦ka�2 + ⌦⇤

<latexit sha1_base64="Po5s/y2yNowcxOTKdJRuxW8AAus="></latexit>

Hubble Parameter as a function of cosmological parameters

q(d)(z) + iu(d)
(z) =

Z E2
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<latexit sha1_base64="0R/lylfzw8SYL2lxxSE1MFtXkkE="></latexit>

Stokes Parameters

p(d)
max

(z) =
⇣
[q(d)(z)]2 + [u(d)(z)]2

⌘1/2

<latexit sha1_base64="7iZt4kgMwiWVh6iSBOw7+nsciPQ="></latexit>

Theoretical Max Observed Polarization

⇣(d)(z) ⌘ L(d)(z)k̄(d)(V )
<latexit sha1_base64="o8SfEScTCKZlSaXerbNG5y1+vns=">AAACHXicbZDLTgIxFIY7eEO8jbp000hMYENmkERXhsSNCxeYyCUBJJ1ygIbOxbZDApN5ETe+ihsXGuPCjfFtLDALBE/S5s/3n5P2/E7AmVSW9WOk1tY3NrfS25md3b39A/PwqCb9UFCoUp/7ouEQCZx5UFVMcWgEAojrcKg7w+upXx+BkMz37tU4gLZL+h7rMUqURh2z1JqAIg9RrpuPc5M8bsFjyEb4doE4RETDeA46Ua6mbzNrFaxZ4VVhJyKLkqp0zK9W16ehC56inEjZtK1AtSMiFKMc4kwrlBAQOiR9aGrpERdkO5ptF+MzTbq45wt9PIVndHEiIq6UY9fRnS5RA7nsTeF/XjNUvct2xLwgVODR+UO9kGPl42lUuMsEUMXHWhAqmP4rpgMiCFU60IwOwV5eeVXUigX7vFC8K2XLV0kcaXSCTlEO2egCldENqqAqougJvaA39G48G6/Gh/E5b00Zycwx+lPG9y8F6qCe</latexit>

SME + cosmology (d=odd)

p
?

± n�
p? < p(d)

max

(z)
<latexit sha1_base64="k85g9FkqmWr9NFq4fn8oMbaeIJ0=">AAACHXicbVBNSwMxEM36WetX1aOXYBHqpexqQQ8iBS8eFawWunWZTdMaTLIhyYp12T/ixb/ixYMiHryI/8a0FlHrg4HHezPMzIsVZ8b6/oc3MTk1PTNbmCvOLywuLZdWVs9MkmpCGyThiW7GYChnkjYss5w2laYgYk7P46vDgX9+TbVhiTy1fUXbAnqSdRkB66SoVFNRFhoLOsehEliGhvUERNm3nON9rC6ySmcrjzIBN3nldisqlf2qPwQeJ8GIlNEIx1HpLewkJBVUWsLBmFbgK9vOQFtGOM2LYWqoAnIFPdpyVIKgpp0Nv8vxplM6uJtoV9LiofpzIgNhTF/ErlOAvTR/vYH4n9dKbXevnTGpUksl+VrUTTm2CR5EhTtMU2J53xEgmrlbMbkEDcS6QIsuhODvy+PkbLsa7FS3T2rl+sEojgJaRxuoggK0i+roCB2jBiLoDj2gJ/Ts3XuP3ov3+tU64Y1m1tAveO+fDK+idw==</latexit>

Observed Polarization

Constrain linear combo of SME 
coefficients          or               to k̄(d)(V )

<latexit sha1_base64="Srql8Qzv1FaEMy7xobS0xwpPQjM=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBItQNyWpgq6k4MZlBfuANpbJZNIOnUzCzEQIIf6KGxeKuPVD3Pk3TtsstPXAvRzOuZe5c7yYUals+9sora1vbG6Vtys7u3v7B+bhUVdGicCkgyMWib6HJGGUk46iipF+LAgKPUZ63vRm5vceiZA04vcqjYkbojGnAcVIaWlkVoceEtk0f8jq/lk+yupd3c2a3bDnsFaJU5AaFGiPzK+hH+EkJFxhhqQcOHas3AwJRTEjeWWYSBIjPEVjMtCUo5BIN5sfn1unWvGtIBK6uLLm6u+NDIVSpqGnJ0OkJnLZm4n/eYNEBVduRnmcKMLx4qEgYZaKrFkSlk8FwYqlmiAsqL7VwhMkEFY6r4oOwVn+8irpNhvOeaN5d1FrXRdxlOEYTqAODlxCC26hDR3AkMIzvMKb8WS8GO/Gx2K0ZBQ7VfgD4/MHHGKUZg==</latexit>

n��
<latexit sha1_base64="hhFIeFVKe7PgYJJpMrRWShz3vtI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksghdLUgU9ScGLxwr2A5pQNtttu3SzCbsTIYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZeEAuuwXG+rdLK6tr6RnmzsrW9s7tn7x+0dZQoylo0EpHqBkQzwSVrAQfBurFiJAwE6wST26nfeWRK80g+QBozPyQjyYecEjBS3z6Smaep4jFoSAXD57mn+Sgkfbvq1JwZ8DJxC1JFBZp9+8sbRDQJmQQqiNY914nBz4gCTgXLK16iWUzohIxYz1BJQqb9bPZAjk+NMsDDSJmSgGfq74mMhFqnYWA6QwJjvehNxf+8XgLDaz/jMk6ASTpfNEwEhghP08ADrhgFkRpCTArmVkzHRBEKJrOKCcFdfHmZtOs196JWv7+sNm6KOMroGJ2gM+SiK9RAd6iJWoiiHD2jV/RmPVkv1rv1MW8tWcXMIfoD6/MHSFaW0w==</latexit>⇣(d)(z)

<latexit sha1_base64="DGJZqTmeaK2fUONLho6q3AVs548=">AAAB9XicbVBNS8NAEN34WetX1aOXxSK0l5JUQU9S8OKxgv2ANi2bzaZdutmE3YnShv4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4sF12Db39ba+sbm1nZuJ7+7t39wWDg6buooUZQ1aCQi1faIZoJL1gAOgrVjxUjoCdbyRrczv/XIlOaRfIBxzNyQDCQPOCVgpF53woD00pJfnpYm5X6haFfsOfAqcTJSRBnq/cJX149oEjIJVBCtO44dg5sSBZwKNs13E81iQkdkwDqGShIy7abzq6f43Cg+DiJlSgKeq78nUhJqPQ490xkSGOplbyb+53USCK7dlMs4ASbpYlGQCAwRnkWAfa4YBTE2hFDFza2YDokiFExQeROCs/zyKmlWK85FpXp/WazdZHHk0Ck6QyXkoCtUQ3eojhqIIoWe0St6s56sF+vd+li0rlnZzAn6A+vzB6CEkew=</latexit>

Kostelecky & Mewes 2009, 2013 

Kislat & Krawczynski 2017 
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sMe CPT-odd vacuum ISOTROPIC MODELS

Kostelecky & Mewes 2009, Phys. Rev. D 80, 015020 (arXiv:0905.0031)

• CPT-odd models have vacuum isotropic subclass when j=m=0

• SME effects constant over sky in these models

• Observations of a single source can constrain            !k(d)(V )00
<latexit sha1_base64="ncyERhEfO6VKEtwSg6yqtBd56Qg=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJViE9lKSKuhJCl48VrCt0Maw2WzapZtN2N0INeSXePGgiFd/ijf/jds2B219MPB4b4aZeX7CqFS2/W2U1tY3NrfK25Wd3b39qnlw2JNxKjDp4pjF4t5HkjDKSVdRxch9IgiKfEb6/uR65vcfiZA05ndqmhA3QiNOQ4qR0pJnVicPWT1o5F5W7zVsO/fMmt2057BWiVOQGhToeObXMIhxGhGuMENSDhw7UW6GhKKYkbwyTCVJEJ6gERloylFEpJvND8+tU60EVhgLXVxZc/X3RIYiKaeRrzsjpMZy2ZuJ/3mDVIWXbkZ5kirC8WJRmDJLxdYsBSuggmDFppogLKi+1cJjJBBWOquKDsFZfnmV9FpN56zZuj2vta+KOMpwDCdQBwcuoA030IEuYEjhGV7hzXgyXox342PRWjKKmSP4A+PzByM/khU=</latexit>

d=3,5,7,9,….k(d)(V )jm

• CPT-even models have NO vacuum isotropic sub cases. 

• For all SME models, −j ≤ m ≤ j. 

• For birefringent SME models, if d is CPT-odd, j ∈ 0,1,...,d − 2, and 
if d is CPT-even, j ∈ 2,3,...,d − 2, so j = m = 0 terms do not exist 
for these models  

d=4,6,8,10,….k(d)(E)jm k(d)(B)jm
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Friedman+2019b, Phys. Rev. D, 99, 3, 035045 (arXiv:1809.08356)
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appol: the array photo polarimeter

• Located at StarPhysics Observatory (Reno, Nevada) 
Elevation: 1585-m  

• Automated telescope, filter, and instrument control 
system, 5 co-located telescopes on two mounts.  

• Used two small, Celestron 11 and 14-in, primary 
telescopes for polarimetry with effective collecting 
area equivalent to a 17.8-inch (0.45-m) telescope. 

• 2019: Ugraded to two Celestron 14-in telescopes, 
equivalent to a 20-inch (0.5-m) collecting area
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dual beam ccd polarimeter

Image Credit: Gary Cole

• Optical polarimetry with Savart plate analyzers rotated through image 
sequence with various half-wave-plate (HWP) positions.  

• Yields Ordinary (“O”) and Extraordinary (“E”) point source images on CCD. 

• Dual beam polarimetry procedures (Tinbergen 2005, Berry & Gledhill 2014). 

CCD

Credit: Gary Cole
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Q

U

Polarization Fraction

p =
p

q2 + u2
<latexit sha1_base64="UHubtJnwRYfzR1tiMA3NMdwF3qM=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAZBEMLMGNCLEPDiMYJZIJmEnk5P0qRnSXePEIfgr3jxoIhX/8Obf2MnmYMmPih4vFdFVT0v5kwqy/o2ciura+sb+c3C1vbO7p65f1CXUSIIrZGIR6LpYUk5C2lNMcVpMxYUBx6nDW94M/UbD1RIFoX3ahxTN8D9kPmMYKWlrnkUo2vUliOh0lHHQeco6TiTrlm0StYMaJnYGSlChmrX/Gr3IpIENFSEYylbthUrN8VCMcLppNBOJI0xGeI+bWka4oBKN51dP0GnWukhPxK6QoVm6u+JFAdSjgNPdwZYDeSiNxX/81qJ8q/clIVxomhI5ov8hCMVoWkUqMcEJYqPNcFEMH0rIgMsMFE6sIIOwV58eZnUnZJ9UXLuysVKOYsjD8dwAmdgwyVU4BaqUAMCj/AMr/BmPBkvxrvxMW/NGdnMIfyB8fkDdouT5Q==</latexit>

Image 1,     HWP 0o

Image 3,  HWP 45o

Image 2, HWP 22.5o

Image 4, HWP 67.5o

from ccd images to polarimetry

Images Credit: Gary M. Cole

I =
Io0 + Ie45 + Io22.5 + Ie67.5 + Io45 + Ie0 + Io67.5 + Ie22.5

4
<latexit sha1_base64="Suk9Ca9A9rjjJ0QEfGDIGYohx0U="></latexit>

Average Total Intensity

Polarization 
Angle Rules 
(Degrees)

Bagnulo 2009
⇥0 =

8
<

:

0 if q > 0 and u � 0,
180� if q > 0 and u < 0,
90� if q < 0.

<latexit sha1_base64="x17XKzRc03pQAkH9t5sknj9kJ8w="></latexit>

 =

⇢
45� if q = 0 and u > 0,
135� if q = 0 and u < 0.

<latexit sha1_base64="iaVgSv0LqOdhHQkObwuEAo+kDAE="></latexit>

u =
U

I
<latexit sha1_base64="+ip0ALR77PrNv0yeG3SaAjZQjRw=">AAAB9HicdZBLS8NAFIVv6qvWV9Slm8EiuCpJLehGKLjRXQXTFtpQJtNJO3QyiTOTQgn5HW5cKOLWH+POf+P0IdTXgYHDOfcyly9IOFPacT6swsrq2vpGcbO0tb2zu2fvHzRVnEpCPRLzWLYDrChngnqaaU7biaQ4CjhtBaOrad8aU6lYLO70JKF+hAeChYxgbSI/veyGEpPMy7ObvGeX3YozE3J+ma+qDAs1evZ7tx+TNKJCE46V6rhOov0MS80Ip3mpmyqaYDLCA9oxVuCIKj+bHZ2jE5P0URhL84RGs3R5I8ORUpMoMJMR1kP1s5uGf3WdVIcXfsZEkmoqyPyjMOVIx2hKAPWZpETziTGYSGZuRWSIDQVtOJWWIfxvmtWKe1ap3tbK9doCRxGO4BhOwYVzqMM1NMADAvfwAE/wbI2tR+vFep2PFqzFziF8k/X2CfHPkis=</latexit>

q =
Q

I
<latexit sha1_base64="TF1j4tAo0FDNG9dvZ1ZJazrxJCI=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQS9CwYveWrAf0Iay2W7apZtNursplJDf4cWDIl79Md78N27TItr6YODx3gwz87yIM6Vt+8vKbWxube/kdwt7+weHR8Xjk5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfHd3G9PqVQsFI96FlE3wEPBfEawNpI7ue35EpOkkSYPab9Ysst2BvRDnFVSgiXq/eJnbxCSOKBCE46V6jp2pN0ES80Ip2mhFysaYTLGQ9o1VOCAKjfJjk7RhVEGyA+lKaFRpv6eSHCg1CzwTGeA9UitenPxP68ba//GTZiIYk0FWSzyY450iOYJoAGTlGg+MwQTycytiIywSUGbnAomhLWX10mrUnauypVGtVSrLuPIwxmcwyU4cA01uIc6NIHABJ7gBV6tqfVsvVnvi9actZw5hT+wPr4B5V2SIw==</latexit>

q =
Rq � 1

Rq + 1
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appol: the array photo polarimeter

Image Credit: Gary M. Cole
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appol: the array photo polarimeter
Image Credit: Gary M. Cole
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appol: the array photo polarimeter
Image Credit: Gary M. Cole
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appol: the array photo polarimeter

Image Credit: Gary M. Cole
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appol: transmission functions

• (FIG 8 Friedman+19b) optical components, filters, and CCD 
detectors for C11 (Lum) and C14 (Ic) polarimetry telescopes. 

• Total transmission function T(λ) (black curve) for C11, C14 
needed to constrain SME parameters via max pol via T(E).  

• Do not model transmission: Celestron StarBright coatings, 
Savart Plates, half-wave plates (~uniform in 400-900 nm.  

• Neglect atmospheric transmission and source spectra. 
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appol: lum+IC transmission functions

(FIG 2 Friedman+19b) Total transmission function from optics, filters, and CCD 
detectors for APPOL Lum and Ic-bands, which we combine into a single, 
effective broadband Lum+Ic filter from ∼400–900 nm (with minimal overlap at 
∼700 nm), using simultaneous data from two telescopes.  
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max polarization fraction (d=5)

(FIG 4 Friedman+19b) Max pol fraction pmax vs d=5 CPT-odd vacuum birefringence param                         
Ic (blue), Lum (orange), and Lum+Ic (red). Observed pol fraction p⋆=0.15 (horizontal black 
line), upper limits on          (dashed vertical lines). For p⋆ ≳ 0.02, Lum+Ic gives tightest upper 
limit. For p⋆=0.15, Lum+Ic constraint         ≲5.0×1017 GeV-2, ∼10 x better than Ic.  
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max polarization fraction (d=6)

(FIG 6 Friedman+19b) pmax vs. d=6 CPT-even vacuum birefringence parameter        . For 
observed pol fraction p⋆=0.15 (horizontal black line), tightest upper limit of         ≲ 7 × 1025 
GeV−3 (dashed red line) from Lum+Ic, ∼30 x better than Ic limit (dashed blue line).  
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1. Lorentz and CPT Violation in SME from 
Vacuum Birefringence 

2. Standard Model Extension Line-of-Sight 
Constraints from Broadband Polarization  

3. The Array Photo Polarimeter (APPOL)  

4. SME Constraints from Optical Polarization 
Measurements of Active Galaxies BL 
Lacertae and S5 0716+714  
(Friedman+2019b = F19b)  

5. Future Work 

outline
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Optical galaxy images

BL Lacertae (z=0.07)
Credit: Zsófia Nagy and Szilárd Csizmadia, 1m 
RCC telescope of the Konkoly Observatory.

S5 0716+714 (z=0.31)
Credit: Fig 2 of Bychkova+2006, Astron. Rep., 50, 10, pp. 802–
808. Direct image of S5 0716+714. A, B: reference stars. G1, 
G2, G3: galaxies near S5 0716+714

Friedman+19b
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POL fraction, angle measurements
BL Lacertae  
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Combined Lum+Ic Filter
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POL fraction, angle measurements
BL Lacertae  
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observed SME Lum & Ic constraints

(Table II F19b) Upper limits on linear combinations of SME coefficients of Lorentz and 
CPT violation along specific lines of sight and vacuum isotropic limits from Lum, Ic 

observations of BL Lacertae, S5 B0716+714. Pol measurements corrected for statistical, 
systematic errors, including interstellar polarization calibrated with local field stars. 

Vacuum Isotropic

CPT-even

CPT-odd
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observed SME Lum+Ic constraints

Combined Lum+Ic Filter

Vacuum Isotropic

CPT-even

CPT-odd



• KK17 used pol data obtained, e.g. with a 3.6-m telescope with ~64 
times the collecting area of APPOL (ESO La Silla, EFOSC2 polarimeter) 

• F19b best max pol Lum constraint from S5 B0716+714, z=0.31+/-0.08           
,         < 1 × 10−23 GeV−1 within an order of mag of all line-of-sight 
KK17 constraints for 36 QSOs in z ∈ [0.634, 2.936] (γmax =         ). 

• F19b best d=5 constraint comparable to least sensitive KK17 constraint 
γmax < 9.79 × 10−24 GeV−1 
(FIRST J21079-0620, p⋆=1.12 +/- 0.22% , z=0.644) 

• F19b best constraint only ∼10 times less sensitive than best KK17 
constraint γmax < 0.97 × 10−24 GeV−1  
(PKS 1256 229, p⋆=22.32 +/- 0.15%, z=1.365).  

• F19b more conservative than KK17, in modeling transmission 
functions, polarimetry systematics corrections, including redshift 
uncertainties.
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d=5 SME vacuum birefringence
How do the F19b constraints compare to KK17?
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1. Lorentz and CPT Violation in SME from 
Vacuum Birefringence 

2. Standard Model Extension Line-of-Sight 
Constraints from Broadband Polarization  

3. The Array Photo Polarimeter (APPOL)  

4. SME Constraints from Optical Polarization 
Measurements of Active Galaxies BL 
Lacertae and S5 0716+714  
(Friedman+2019b = F19b) 

5. Future Work 

outline
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sMe anisotropic vacuum birefringent 
coefficients

Kostelecky & Mewes 2009, Phys. Rev. D 80, 015020 (arXiv:0905.0031)

• SME models anisotropic in general. Need many line-of-sight constraints to 
toward sources at different angles on the sky           to constrain, e.g.               
not just linear combo        
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• Need even more sources, M >> N(d) to also constrain redshift dependence. e.g. to do 
anisotropic SME model analysis over the whole sky in multiple redshift bins!

How many vacuum birefringent SME coefficients N(d)?
CPT-odd

N(d)=(d-1)2 
N(d)=4,16,36,64,… for d=3,5,7,9,…

CPT-even

N(d)=2(d-1)2 - 8 
N(d)=10,42,90,154,… for d=4,6,8,10,…
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(Similarly for CPT-even).

• Need at least as many line-of-sight constraints M as N(d) SME coefficients: M > N(d)
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Broadband vs. spectropolarimetry
FIG 6  
Kislat & Krawczynski 2017, 
Phys. Rev. D, 95, 3, 083013 
(arXiv:1701.00437) = KK17

• Should do both, but method is more complicated, model dependent 
than broadband “averaged polarization” approach used in KK17, F19b 

• In addition, spectropolarimetry of AGN at z > 0.1 often requires many 
hours of integration time on > 2-m class telescopes 

• Only a few hundred sources with published optical spectropolarimetry

• KK17 show that optical 
spectropolarimetry can 
yield line-of-sight 
constraints up to ~2-3 
orders of mag better 
than broadband pol. 
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multi-band vs. spectropolarimetry

One can test d = 5 SME models with spectropolarimetry by constraining linear trends of 
polarization angle ψ with wavelength λ, with ψ(λ) = ρλ + C (ρ = slope, C = constan; KK17). 
Example simulating 4000-7500 Å spectropolarimetry for one of 12,007 Steward Observatory 
observations with p > 2% (Sluse+2005, Smith+2009) through broadband B, R filters.  
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Preliminary catalog: optical agn pol

Preliminary sky catalogue in galactic coordinates of 828, z < 3.5 AGN with broadband 
optical polarimetry. Note sparse coverage along the galactic plane (horizontal). Plot colors 
indicate optical filter. Data source: H17: (Hutsemekers+2017), G12: (Goyal+2012), A16: 
(Angelakis+2016), S05 (Sluse+2005), I16: (Itoh+2016), W11: (Wills+2011). Sky coverage 
shown with |b| +55 deg fields for planned PASIPHAE survey (Tassis+2018), with equatorial 
coordinates overlaid (gray).  

  

Galactic Plane
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follow up multi-band pol survey

10 × 10 grid of equal-area sky pixels, color coded by up to top 5 sources per pixel, ranked 
according by pz for 169 sources in catalog with B,V,R or I < 17 mag and p > 2% (some pixels 
have fewer than 5 sources or no sources). Such maps provide candidate targets with 
previously measured polarizations that are as high as possible for a given redshift. Ideal for 
survey strategy with follow-up observations of known BL Lacs, Blazars, and HPQs using 
multi-band optical polarimeters optimized to improve anisotropic SME constraints. 
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multi-band follow up with appOL

• Compare APPOL to KVA 0.60-m telescope in the Canary Islands using DIPOL-2, 
capable of simultaneous BVR-band polarimetry (Piirola+2014).  

• In 2019, began campaign to use 2 APPOL bands simultaneously (e.g. Lum,Ic and/or 
B,R) to re-observe ∼6-7 sources per year with known optical spectropolarimetry, V < 
15 mag, z < 1.5, to test whether 2-band APPOL data can yield SME constraints 
comparable to spectropolarimetry. 

• Prototype polarimeters to eventually be used on >= 1-m class telescopes.

•APPOL recently upgraded with two 14-
inch telescopes, equivalent to a 20-inch 
(0.50-m) telescope. 

•Can observe simultaneously in two 
optical filters, with BVRIc and Lum 
available on either or both telescopes. 

•Can also trigger polarimetry targets with 
real-time flux monitoring with two 14-
inch or two separate 8-inch telescopes. 
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SME tests with optical polarimetry 
of high redshift active galaxies

• Optical polarimetry feasible with ground based telescopes 

• Many bright, highly polarized (p>2%) AGN: e.g. BL Lacertae 
objects (BL Lac), Blazars, Highly Polarized Quasars (HPQs). 

• AGN archival data: 1000s (polarimetry), (100s) spectropol 

• Multi-band polarimetric survey more cost effective than 
spectropol for constraining Anisotropic SME models on 
timescale of years 

• On decade+ timescales, x-ray, gamma-ray pol from space will 
eventually dominate, but why wait! 

• Optical data could test redshift dependence of SME parameters   

• Who knows what we might find!
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