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Light Gets Y @ Cosmic birefringence



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

Galileo Galilei: Moral Relativist

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.

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



Lorentz invariance violation?

General Relativity (GR) Standard Model (SM)

eBoth GR and SM assume Lorentz Symmetry (special relativity, relativistic
quantum theory, QFT)

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

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



Michelson-Morley: Hold my aether!
[ Luminiferous aether
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CMB DIPOLE < 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!

Sept. 10th

ecliptic

...and this is where
we're going to...

CMB Dipole

This is where
we're coming from...

March 11t
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Is Parity violated? Yes!

o Cobalt-60 cooled to 3 mK (!)

» Applied magnetic field to align all atoms

« Measured electron emission

» Reversed the magnetic field, reversing the spin

o Saw the same anisotropic electron emission

» Preferred emission direction is opposite to the nuclear spin

e Thus we can tell a “mirrored” world from our own — parity
NOT conserved
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Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York
AND
E. Aurer, R. W. Haywaro, D. D. Hopees, ANp R, P. Hubsox,
National Bureaw of Standards, Washinglon, D. C.
(Received January 15, 1957)

N a recent paper' on the question of parity in weak
interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
distribution between 8 and 180°—4 (where 8 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
case of oriented Co®.

It has been known for some time that Co™ nuclei can
be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
zation detected by measuring the anisotropy of the
succeeding gamma rays.’ To apply this technique to the
present problem, two major difficulties had to be over-

sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co™, One might point out here that since the
allowed beta decay of Co® involves a change of spin of

41,5 cm
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Fic. 1. Schematic drawing of the lower part of the cryostat.



Carroll, Field & Jackiw (1990); Harari & Sikivie (1992); Carroll (1998)

Cosmic Birefringence

The effect accumulates over the distance

+ If the Universe is filled with a pseudo-scalar field (e.g., an axion field) coupled
to the electromagnetic tensor via a Chern-Simons coupling:

Turner & Widrow (1988)
the effective Lagrangian for axion electrodynamics is

Chern-Simons term
L=—13,00'0—LF, F* +g,0F F"), (3.7
where g, is a coupling constant of the order a, and the
vacuum angle 0=¢,/f, (¢, =axion field). The equations

tobserved
_ ) The larger the distance the photon travels,
B = 2ga/ dt 0 thelthe.
t

emission
7

Komatsu “Cosmology Talks” YouTube




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

PHYSICAL REVIEW D VOLUME 41, NUMBER 4 15 FEBRUARY 1990

Limits on a Lorentz- and parity-violating modification of electrodynamics

Sean M. Carroll and George B. Field
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

Roman Jackiw*
Department of Physics, Columbia University, New York, New York 10027
(Received 5 September 1989)

The Chern-Simons Lagrangian fhas been studied previously in (2+ 1)-dimensional spacetime,
where 1t 1s both gauge and Lorentz invariant. In 3+ 1 dimensions, this term couples the dual elec-

tromagnetic tensor to an external four-vector. If we take this four-vector to be fixed, the term is
gauge invariant but not Lorentz invariant. In this paper, we examine both the theoretical conse-
quences of such a modification and observational limits we can put on its magnitude. The Chern-
Simons term would rotate the plane of polarization of radiation from distant galaxies, an effect
which is not observed. From the observations we deduce that the magnitude of the vector is
<1.7X107*h, GeV, where h, is the Hubble constant in units of 100 kmsec™! Mpc™'.

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

I. INTRODUCTION

Gauge and Lorentz invariance are two symmetries of
Maxwell’s electrodynamics that have come to dominate
all fundamental physical theory. They provide physical
principles that guide the invention of models describing
fundamental phenomena, and their experimental
status—within electromagnetism—is well established.
The properties of electromagnetic radiation, both in a
natural setting and in high-energy accelerators, are pre-
cisely described by Lorentz-invariant dynamics. Gauge
invariance, interpreted as the masslessness of the photon,
is validated by stringent limits on the photon mass.

Experimental tests of such well-established and univer-
sal physical ideas are best discussed within a theoretical
framework that allows departures to be governed by arbi-
trary parameters; experimental data then set limits on the
magnitude of these symmetry-breaking parameters.
Thus, violations of gauge invariance are parametrized by
a mass u for the photon field 4,. A mass term is hy-
pothesized to modify the electromagnetic Maxwell
Lagrange density Lg),,

-CEL‘=‘_'%F",AI:'Vl (1)
so that the photon becomes massive:

2
Ly=—4FaF*+E-av4,. )

Here F,, is the electromagnetic tensor F,,=3,4;
—3, A4,, and the field equations in the presence of a con-
served current J,, read

0OA4,+u*4,=4nJ,, 3,4*=0, (3)

where O is the d’Alembertian [J=32>—V2 (We set ¢
equal to unity throughout.) Gauge invariance

A,—~A,+3dx @)

is clearly lost. Geomagnetic data then set the limit!

(born June 13, 1831, Edinburgh, Scotland—died November 5, 1879, Cambridge, Cambridgeshire, England)
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1 <3X1072* GeV; observations of the galactic magnetic
field set the more stringent bound? of £ <3X 10736 GeV;
see below.

In this paper we explore the experimental limits on
another modification of Maxwell theory, which also in-
volves a mass parameter p,, but respects gauge
invariance—rather, it is Lorentz invariance that is violat-

The modification we consider involves adding to the
Maxwell Lagrange density a Chern-Simons term:

L,=Lpy+Les - 5)

The Chern-Simons term is given by

where % is the dual -electromagnetic tensor,
F "/’=%E"B“"F‘N. This modification couples the elec-
tromagnetic field to an (as yet unspecified) four-vector p,,.

When electromagnetic phenomena are confined to a
plane, as in the quantum Hall effect and high-T, super-
conductivity, the approximation can be made that no in-
teresting dynamical motion takes place in the direction
perpendicular to the plane. Then the external vector p,
may be chosen to lie in that direction as well, and (6)
reduces to an unconventional electrodynamic action that
is Lorentz and gauge invariant in a three-dimensional
spacetime, i.e., boosts in the plane leave dynamics un-
changed. It was in this context that the Chern-Simons
term was initially investigated as a ‘“‘topological mass”
term for gauge fields in (2+ 1)-dimensional spacetime.’
Models in which L is taken to be the entire gauge field
action have found application in examinations of the
quantum Hall effect® and high-T, superconductivity.’
Moreover, several purely mathematical applications for
L 5 have also been found.®

In this paper we shall consider the (3+ 1)-dimensional
case, where considerations of both Lorentz and gauge in-
variance play a crucial role.

1231 ©1990 The American Physical Society




The action S of Chern—Simons theory is proportional to the integral of the Chern—Simons 3-form S F F
. CS Action CS — 1% X A\

s:—/ tr(AAdA+ 2ANANA).
am Sy 3

7
- -
The constant k is called the /evel of the theory. The classical physics of Chern—Simons theory is independent of the choice of level k. p — p — ( p p)
H 0>

Classically the system is characterized by its equations of motion which are the extrema of the action with respect to variations of the
field A. In terms of the field curvature

FodA+ ANA F/\ F = dK

the field equation is explicitly

0= 5_5 _ iF . . —
0A 27 where K is the Chern-Simons three-form: —

Can break both parity and Lorentz Invariance symmetry
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1. Introduction and Preliminaries

Electromagnetic Field Tensor and Forms
» Electromagnetic 2-form: F = %Fuv dx” A dx”, with
Fuo = 0,A, — 0,A,
» Hodge dual: F = %e‘“’aﬂFag dx,, N dx,
» 4D Action Term:

5= /d4x P(x)F A F (1)

» P(x) is a pseudoscalar field, F = dA



2. Chern-Simons Current and 3D Reduction

Rewriting the Action
» FAF=dK, where K=AAF
> S=[d*xdPAK
» For P(t) (time-dependent):

S = /d4x(aoP(t))€ijkAiij

Physical Implication
» Modification to photon propagation in 4D space-time

» Not symmetric under spatial parity, leading to polarization
asymmetry



3. Physical Interpretation and Final Form

Electromagnetic Interpretation
> KO = eijkA;I:jk as magnetic helicity density
» Topological measure of magnetic field linkage and twist
Axion-Coupled Action
> S=— [d*x(dpa(t))K®
» Observable effect: cosmic birefringence (rotation of CMB
polarization)



Birefringence Generating Mechanisms

New fields (such as axions) with Chern-Simons
particle (e.g. axion) field

couplings EM field

Polarization rotation for a single photon:

o AB - gx¢(¢absorbed - ¢emitted) COUpImg

Some axion masses cause polarization oscillation on O F; F ny
P g¢’7 v

the timescale of hours - months
Chern-Simons term in the action
coupling EM field and axion field

- direction of polarisation
4 f (out of plane)

lutein
"% molecule




Can we test Lorentz Invariance with the CMB?
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“This Side Up’ May Apply
To the Universe, After All

Continued From Page Al

ward Sextans or Aquila, would be a
matter of arbitrary choice.

The discovery was made by Dr.
Borge Nodland of Rochester and Dr.
John Ralston of Kansas, using radio-
‘'wave observations made by different
astronomers around the world. In a
report to be published on Monday in
Physical Review Letters, the two
physicists concluded on a note of
excitement tempered with caution.

“Barring hidden systematic bias
in the data,” they wrote, the behavior
of electromagnetic radiation propa-
gating over vast distances “indicates
a new cosmological effect.”

In an announcement by the Uni-
versity of Rochester yesterday, Dr.
Nodland said: ““The big news is that
perhaps not all space is equal, for as
far back as we can peer in time. This
work defies the notiocn that there is
no ‘up’ or ‘down’ in space.”

Dr. Ralston said, ‘“‘Our observa-
tional data suggest that there is a
mysterious axis, a kind of cosmologi-
cal north star that orients the uni-
verse.”

Few other physicists and cosmolo-
gists have had a chance to read the
journal report, but they agreed that
the research must be tested thor-
oughly before the conclusions can be
accepted.

‘It would be a really profound
change in physics, if it is true,” said
Dr. P. James E. Peebles, a Princeton
University astrophysicist.

Dr. Stephen P. Maran, an astrono-

mer at the Goddard Space Flight
Center in Greenbelt, Md. said:
‘‘Anytime you find a new effect glob-
ally in the sky, the crucial issue is
always whether you have correctly
taken account of systematic errors
4n the observations. And any result of
this potential magnitude is going to
be viewed with considerable skepti-
cism until new experiments can be
done to verify it.”

In their report, Dr. Nodland and
Dr. Ralston constructed a mathe-
matical theory that could explain the
observations. The data indicate that
light actually travels through space
at two slightly different speeds. Such
a mismatch in speeds would cause
the polarization plane to rotate in a
certain familiar manner. It is the
way physics students see when they
pass light through corn syrup and
look at the light with polarizing fil-
ters.

The physicists say the axis of ori-
entation they have inferred would
appear to be along different lines in
different parts of the universe, but
they would be parallel to the cne
observed from Earth.

Because the findings run counter
to the idea that all space is uniform
and that the speed of light in a vac-
uum is always the same, the implica-
tions of the research could be enor-
mous. For example, scientists might
have to reconsider the concept that
the Big Bang, the theorized moment
of cosmic origin, was completely
symmetric.

‘“Perhaps it was not a perfect Big
Bang, but a Big Bang with a twist to

A CLOSER LOOK

e CiF R

generally assumed it is uniform.

Radlo waves
from Galaxy A

The consteliation
Aquila

A Universe With Ups and Downs? Wit

Scientists have discovered that radio waves traveling in one * ' - -
direction across the universe behave differently from radio waves’t -
traveling at right angles to that direction. This implies thatthe ' -
universe is not uniform in all directions. Astrophysicists have

Surprisingly, the radio waves corkscrew faster when they travel ,
along an apparent axis of orientation, running in a direction roughly
between the constellation Sextans and the constellation Aquila, with .
Earth in the middle. This could mean that there is an “up” and a
“down” in the universe, but which is which remains purely arbitrary.

Waves from ?;::"G:;me constellation - .

Galaxy A, along Xy Sextans .

the axis, rotate

faster than those P

from Galaxy B. " Axis of
orientation

Source: Dr. Borge Nodland, University of Rochester -

Tl VAT

The -

-

space and time,” Dr. Ralston said.
“‘Such a twist would be seen today as
a ripple of nonuniformity, perhaps as
the axis represents.”

Dr. Nodland also speculated that
the observed rotations could be the
first evidence for physicists who
have theorized the existence of other
universes. If the universe in which
people live was asymmetric at cre-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The New York Times ,

ation, he said, it raises the possibility, .
of the simultaneous creation of an- .
other universe with an opposite.:
twist. o
Concluding a summary of the find-
ings for the Internet, Dr. Nodland.
said, ‘“At this point, the question of -
what is truly underlying the effect
we see is as wide open as space -
itself.” ’



~Y(w,t,n): Coupling terms

M aSte r Eq u atl 0 n : — Cross-terms between different effects
— Example: v x a(7) -1 X w"

CO S m i c b i refri n g e n Ce x 4 — Higher-order corrections

The total rotation angle including all possible birefringence effects can be expressed as:

r
—_ A A A - /
AP(7,nyw, t) = / [ Q + a(n) L+ B(w) + at) + ~v(w,t,n) |dr
constant 1sotropic  direction-dependent frequency-dependent time-yarying coupling terms
ag: Constant isotropic birefringence o(7): Anisotropic birefringence tensor o(t): Time-varying component

— Direction-d dent rotati A

— Uniform rotation independent of direction and frequency Hrection-cependent Totation — Can be periodic: a(t) = a; cos(2t)
_ o — Can be decomposed into spherical k

— Simplest case of cosmic birefringence — Or monotonic: a(t) = ayt

- L = mYm 7
— Units: [rad/Mpc] () = 3 g, @emYem(7)

B(w): Frequency-dependent term

Notes

— Accounts for dispersive effects

e Integration is along the photon path from emission to observation

— Generally modeled as power law: B(w) o< w™
e 7, represents the direction of observation

e & is the photon frequency — Important for multi-frequency observations

e Effects can be constrained through CMB observations




~(w,t,n): Coupling terms

Example 1 : ConStant ISOtropiC — Cross-terms between different effects
cosmic birefringence — Example: v x a(n) -7t X w

— Higher-order corrections

The total rotation angle including all possible birefringence effects can be expressed as:

Q + a(n) ‘N + + y(w,t,n) |dr'

S~~~ N~ N—

constant isotropic  direction-dependent frequency-dependent  time-varying coupling terms

ap: Constant isotropic birefringence

— Uniform rotation independent of direction and frequency

— Simplest case of cosmic birefringence
— Units: [rad/Mpc]

Notes

e Integration is along the photon path from emission to observation
e 7, represents the direction of observation

e w is the photon frequency

e Effects can be constrained through CMB observations




Cosmic Microwave Background polarization
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BICEP/Keck XVIII: Measurement of BICEP3 polarization angles and
consequences for constraining cosmic birefringence and inflation
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CMB Rotation Angle Measurements from Different Experiments

=2 _
3 I'Toy Example!
= [
2 R R R e e e il (SEhhb bl ® -
G - [
= @ o @ @
(o _3 ®
-
_5—
-7 —
S A S
A4 O S ) < O RS N e
s & F S ¥ T K&
< &) S O ~N D SR X S
VT B D LK K NS Y <&
5 O o K<
> T O O
S &

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

Error bars show total uncertainty (statistical and systematic combined in quadrature
where both are available)

Weighted mean: -0.914° + 0.169° (x?*/dof = 7.6/9)



P=+0.35+0.74 deg (68%CL)....excludes =0 @ 99.2%~CL.
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Minami & Komatsu (2020) using Planck 2018 data

143 GHz-HM1 x 143 GHz-HM2
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Key idea: galactic foregrounds are local; should e fitted cmb EE-BB
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Part of fig. 2 from Minami and Komatsu.
Blue: correlation with CMB birefringence
angle. Red: correlation with telescope
miscalibration angle.



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 |- 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 a_v or .

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 resulit.

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

Rotation Angle (degrees)

Rotation Angle Measurements Across Experiments
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BICEP/ Keck XVIII Measurement of BICEP3 polarization angles
cosmic bir and inflation

Experiment/Dataset Frequency [GHz] ¢ range o= stat(tsyst)[°] Measurement Method
BICEP/Keck Collaboration: P A. R. Ade,! Z. Ahmed®,>* M. Amiri®,* D. Barkats®,® R. Basu Thakur®,®
100 —1.89 + 224(:|:05) . C. A. Bischoff®,” D. Beck®® J. J. Bock,%? H. Boenish,” V. Buza,'® J. R. Cheshire IV©,'! J. Connors,'

QUaD [26] 200-2000 Polarized source J. Cornelison®,5* M. Crumrine,'* A. J. Cukicrman,® E. Denison,'® L. Duband,* M. Eiben,® B. D. Elwood®,55
150 +0.83 4 0.94(+0.5) S. Fatigoni®,® J. P. Filippiui©, %7 A, Fortes,% M. Gao,’ C. Giannakopoulos,’ N. Goeckner-Wald,*

D.C. Goldfnger®.* 1. A. Grayson.® P. K. Grimes? G, Hall 2% G. Fiall M Hablpenﬂ E. Hand, 7“
BOOMO3[27] 143 150-1000 —4.3 = 4.1(+0.69) Pre-flight polarized source S R, Ko 55 G Ko K. Tart. M. Tnutieniser? A Tentox:? T 1o K. G- N
L. Minutolo,’ L. Moncelsi®,® Y. Nakato,® H. T. Nguyen,® R. O’brient,”® A. PatelS M. A. Petroffo,>
ACTPol 146 500-2000 —0.2 + 0.5(—1.2) As-designed S St B S & S T 5% Gersie? . Scre ¢ B, Snbadht . Sl
WMAP9[28] 23-94 2-800 0.36 +£1.24(+1.5) Pre-launch polarized source / Tau A P A T RV S S S s B
BICEP2[29] 150 30-300 —1+02(£1.5) Dielectric Sheet e i e g o oo, St ety Sinfo, 4 550
AC Natinal Aceelorior Labomtors, e Pock, C1. 4055, 1
_2.77 j: 0.86(i1.3) DIeleCtI’lC Sheet 4 Department of Physics and Astronomy, University of British Columbia,
BICEP1[30] 1004150 30-300 ~1.71 + 0.86(+1.3) Polarized source
-1.08 + 0.86(+1.3) As-designed
POLARBEAR|31] 150 500-2100 —1.08 & 0.2(+£0.5) Tau A
Planck[32] 30-353 100-1500 —0.35 +0.05(+0.28)  Pre-flight source / Tau A [33, 34]
ACTPol (Choi et al., Murphy et al.)[14, 15] 150 600-1800 —0.07 +0.09(+ ~ 0.1) Metrology+modeling+point sources

“Service des Basses Temperatures, Commissariat o UEnergic Atomique, 38054 Grenoble, France
#2Department of Physics, Harvard University, Cambridge, MA 02138, USA
1 Department of Physics, University of llinois at Urbana- Champaign, Urbana, IL 61801, USA
1" Department of Astronomy, University of Rlinois at Urbana-Champaign, Urbana, IL 61801, USA

We use a custom-made calibrator to measure individual detectors’ polarization angles of BICEP3,
a small aperture telescope observing the cosmic microwave background (CMB) at 95GHz from the
South Pole. We describe our calibration strategy and the statistical and systematic uncertainties
associated with the We reach an precision for such on
a CMB experiment, with a repeatability for each detector pair of 0.02°. We show that the relative
angles measured using this method are in excellent agreement with those extracted from CMB data.
Because the absolute measurement is currently limited by a systematic uncertainty, we do not derive
cosmic birefringence constraints from BICEP3 data in this work. Rather, we forccast the sensitivity
of BICEP3 sky maps for such analysis. We investigate the relative contributions of instrument
noise, lensing, and dust, as well as astrophysical and instrumental systematics. We also explore the
constraining power of different angle estimators, depending on analysis choices. We establish that
the BICEP3 2-year dataset (2017-2018) has an on-sky sensitivity to the cosmic birefringence angle

Vancouver, British Columbia, V6T 1Z1, Canada
Center for Astrophysics | Harvard & Smithsonian,
Harvard University, Cambridge, MA 02138, USA
ED('PWMPYAI of Physics, California [w;t‘luk of Te(imolﬂﬂy Pasadena, CA 9/125 UsA
ACTPol (Namikawa et al., Murphy et al. )[15, 25] 98 + 150 200-2048 0.12+0.06(+ ~ 0.1) Metrology+modeling+point sources
Planck PR3 HFI (Minami et al.)[19]) 100-353 50-1500 —0.354+0.14 Galactic foregrounds
Planck PR4 HFI (Diego-Palazuelos et al.)[20] 100-353 50-1500 —0.30+0.11 Galactic foregrounds
Planck PR4 HFI + LFI (Eskilt et al.)[21] 30-353 50-1500 —0.33+0.10 Galactic foregrounds
078%, which could be improved to g = 0.055° by adding all of the existing BICEP3

arXiv:2410.12089v1 [astro-ph.CO] 15 Oct 2024

’Deymmm of Physics, Stanford University, Stanford, CA 94305, USA
Planck PR4 HFI + LFI + WMAP (Eskilt et al.)[22] 23-353 50-1500 —0.34215:051 Galactic foregrounds ,
data (through 2023). Furthermore, we emphasize the possibility of using the BICEP3 sky patch
BICEP3 2_y ear (thl S Wi ork) 95 40-500 a+0.078 ( +0. 3) Polarized source as a polarization calibration source for CMB experiments, which with the present data could reach

“Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
a precision of 0.035°. Finally, in the context of inflation searches, we investigate the impact of

1Kali Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
“ Minnesota Institute for Astrophysics, University of Minnesota, Minneapolis, MN 55455, USA

“2National Institute of Standards and Technology, Bowlder, CO 80305, USA
detector-to-detector variations in polarization angles as they may bias the tensor-to-scalar ratio r.
. _: i q We show that while the effect is expected to remain subdominant to other sources of systematic
Forecast: BICEP3 7-year + RPS improved performance 95 40-500 o4 0.055(+ ~ 0.07) Polarized source ity e il e i Pl sl esmmts B S 5 ot

o BICEP3 (James C.)
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Example 2: Time-varying (011 Couplng terms

— Cross-terms between different effects

Isotropic cosmic birefringence - Brample: (i) X"

— Higher-order corrections

The total rotation angle including all possible birefringence effects can beNxpressed as:

AP(7, 1, w, t) =/ [ a + a(n) N+ +
0

~ S~~~

constant isotropic  direction-dependent frequency-dependent  time-varying coupling terms

ay: Constant isotropic birefringence o(7): Anisotropic birefringence tensor o(t): Time-varying component

. .. . — Direction-d dent rotati ..

— Uniform rotation independent of direction and frequency frection-dependent Totation — Can be periodic: a(t) = oy cos(Qt)
_ o — Can be decomposed into spherical k

— Simplest case of cosmic birefringence — Or monotonic: a(t) = ot

- L = mYm 7
— Units: [rad/Mpc] () = 3 g, @emYem(7)

B(w): Frequency-dependent term

Notes _ _

— Accounts for dispersive effects

e Integration is along the photon path from emission to observation

— Generally modeled as power law: B(w) o< w™
e 7 represents the direction of observation

— Important for multi-frequency observations

e w is the photon frequency

e Effects can be constrained through CMB observations




Axion Signal in the CMB

e Oscillating classical field description:

H(Z,t) = Po(Z,t) sin (myt + 6(Z))

Oscillation period: days-months
_ _ _ 6523 Lyrs
e Cosmic birefringence:

ﬁ — %((p(fabs,tabs) - Qb(f temit))

e CMB polarizaanle rotation: (Federreke et. al., PRD 2019)

. g¢7¢0 .
Boms(t) = 9 sin(met + 6) SyM POLARBEAR 1

Sinusoidal rotation effect: this work




Estimating an Angle for Each Observation
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Results: No Detection

—— QObserved
=== Observed median=0.65"

1o region in sims
20 region in sims
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POLARBEAR 2023

Test for presence of signal:
AXZ - XZ(A — 0) . XZ(Amle, fmle, emle)
Compare to a simulated distribution

opte = 1.7: no significant detection

Place 95% upper confidence limit
on sinusoid amplitude Ags across

frequency range



Oscillation period (day)

Adachi et al Crab Nebula 2024
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Oscillation period (day)
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 Reminds me of early days of BICEP and
inflation searches

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




Data &

https://briankeating.com/cb



https://briankeating.com/cb

