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Outline
Cosmology with CMB Polarization

Cosmic birefringence 

🔭 Experimental Results

PolCal Drones!

Future

https://www.youtube.com/watch?v=E1Ifk9tmwWg


https://www.physicscentral.com/explore/plus/galilean-relativity.cfm

Galileo used this experiment to demonstrate that Earth could, in fact, move without conflicting with our everyday sense of the world. Even if the Earth were moving, everything on 
its surface would move at the same speed. Consequently, doing these experiments in the geocentric universe of the Church and the heliocentric universe Galileo had in mind 

would be indistinguishable.  Galileo had stumbled upon a type of relativity that now bears his own name. Reflecting upon several simple mechanical experiments like the falling 
ball, Galileo concluded:  You will discover not the least change in all the effects named, nor could you tell from any of them whether the ship was moving or standing still.

Galileo Galilei: Moral Relativist



General Relativity (GR) Standard Model (SM)

•Both GR and SM assume Lorentz Symmetry (special relativity, relativistic 

quantum theory, QFT) 

•But GR and Quantum Field Theory/Standard Model are not unified!

Violations of Lorentz symmetry, if detected, would point 
us toward new physics, quantum gravity!

Lorentz invariance violation?



Michelson-Morley: Hold my aether!



Are we sure there isn’t a preferred reference frame?



Sept. 10th

• CMB temp. map has dipole distortion. 
• Each point on sky has blackbody spectrum, but spectrum is 

redshifted/blueshifted in different halves of the sky. 
• Due to Doppler shift caused by net motion of satellite with respect to 

frame in which CMB is isotropic. Net motion toward Virgo cluster!

CMB DIPOLE



Is Parity violated? Yes!

http://www.nist.gov/pml/general/parity/index.cfm

• Cobalt-60 cooled to 3 mK (!) 
• Applied magnetic field to align all atoms 
• Measured electron emission 
• Reversed the magnetic field, reversing the spin 
• Saw the same anisotropic electron emission 
• Preferred emission direction is opposite to the nuclear spin 
• Thus we can tell a “mirrored” world from our own – parity 

NOT conserved

COSMO-LOGICAL



Komatsu “Cosmology Talks” YouTube



HAPPY BIRTHDAY TO CARROLL, FIELD, & JACKIW (1990) 
(Galileo Galilei’s 426th BIRTHDAY 🎉 )

https://www.researchgate.net/publication/13277928_Limits_on_a_Lorentz-_and_parity-violating_modification_of_electrodynamics

https://www.researchgate.net/publication/13277928_Limits_on_a_Lorentz-_and_parity-violating_modification_of_electrodynamics
https://www.researchgate.net/publication/13277928_Limits_on_a_Lorentz-_and_parity-violating_modification_of_electrodynamics


James Clerk Maxwell
(born June 13, 1831, Edinburgh, Scotland—died November 5, 1879, Cambridge, Cambridgeshire, England)



SCS = p × F ∧ F

F ∧ F = dK

CS Action 

K = A ∧ Fwhere K is the Chern-Simons three-form:

Can break both parity and Lorentz Invariance symmetry

⃗p = pμ = (p0, ⃗p)









Birefringence Generating Mechanisms
● New fields (such as axions) with Chern-Simons 

couplings 
● Polarization rotation for a single photon: 

● Δθ ∝ g૪ɸ(ɸabsorbed - ɸemitted) 

● Some axion masses cause polarization oscillation on 
the timescale of hours - months

EM field

Chern-Simons term in the action 
coupling EM field and axion field

particle (e.g. axion) field

coupling



Can we test Lorentz Invariance with the CMB?

Contaldi et al. (2008)

Look for a preferred direction in spacetime!
(Discovered already???)
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Master Equation: 
cosmic birefringence x 4



Example 1: Constant Isotropic  
cosmic birefringence 



Cosmic Microwave Background polarization

• No TB or EB correlations in the standard 
model

BICEP/Keck XVIII: Measurement of BICEP3 polarization angles and  
consequences for constraining cosmic birefringence and inflation 

https://arxiv.org/pdf/2410.12089



Xia et al. claim a first 
detection of CPT 

violation!
Parameterized by 

Chern-Simons 
rotation angle α

August 2009



Assumes all are independent, ignores systematics etc… 
5.4 sigma (BEFORE Minami and Komatsu 2020)

!Toy Example! 



β=+0.35±0.14 deg (68%CL)….excludes β=0 @ 99.2%~CL.

Parity Violation in E&M: Minami & Komatsu PRL 2020:
New extraction of the cosmic birefringence from the Planck 2018 polarization data

Planck (ESA)



Minami & Komatsu (2020) using Planck 2018 data

● Isotropic rotation of each CMB photon’s 
polarization plane: 

● 0.35° ⼟ 0.14° (excludes zero at 2.4σ level/99.2%) 
● Distinguishes between CMB birefringence and 

telescope angle miscalibration. 
● Key idea: galactic foregrounds are local; should 

not be rotated by birefringence mechanism.

Part of fig. 2 from Minami and Komatsu. 
Blue: correlation with CMB birefringence 
angle. Red: correlation with telescope 
miscalibration angle.



This likelihood is a long stretch 
from the 5-sigma confidence 
needed for a discovery, but 
next-generation CMB detectors 
using the new method could 
strengthen the result. 

Data on my website:
https://briankeating.com/cb

M&K 2020 Pipeline validation did not include any 
foregrounds: "Since the FFP10 simulation does not 
have foreground maps convolved with realistic beam 
effects such as the I→P leakage, we only consider 
CMB and noise realizations of the HM maps."  

Their validation only shows that these foreground-less 
simulations didn't yield any bias in α_ν or β. 

Minami &Komatsu



BICEP3 (James C.)

https://briankeating.com/cb

https://briankeating.com/cb


Example 2: Time-varying 
isotropic cosmic birefringence 



Axion Signal in the CMB

● Oscillating classical field description: 

● Cosmic birefringence: 

● CMB polarization angle rotation: (Federreke et. al., PRD 2019)

CMB absorbed 
by POLARBEAR 1

6523 Lyrs
Oscillation period: days-months

Sinusoidal rotation effect: this work
POLARBEAR

ESA/Planck



● Under small 
rotation angle 
𝛼, the maps 
are: 

● Correlate single 
B map with 
coadded E 
maps to 
estimate angle

Estimating an Angle for Each Observation

POLARBEAR 2024



● Test for presence of signal: 

● Compare to a simulated distribution  

● σPTE = 1.7: no significant detection 

● Place 95% upper confidence limit  
on sinusoid amplitude A95 across 
frequency range

POLARBEAR 2023

Results: No Detection



Adachi et al  Crab Nebula 2024 



• Well-motivated from fundamental physics 
and from dark matter


• Constraints coming in


• Reminds me of early days of BICEP and 
inflation searches


• First they ignore you, then they laugh at 
you, then they fight you, then they join you, 
then you win.

Conclusion



END
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