Cosmic Birefringence and Its Implications for
Physics beyond the Standard Model

Ippei Obata (Institute of Particle and Nuclear Studies, KEK)
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Parity transformation in physics
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M Inversion of spatial coordinate: P (y) — (y)
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(right-handed) | I (left-handed)
P-trans.
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B Parity-symmetry : Physics does not change under the P-transformation.
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Standard cosmology is P-symmetric

(almost)

Micro scale - Standard Model

Macro scale : general relativity

Standard Model of Elementary Particles

three generations of matter
(fermions)
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B (except weak force) Standard Model and GR is P-symmetric theories.
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Quadrupole

CMB polarization map
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Parity flip in polarization pattern
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P-trans.

Parity-even: C} 1, C7¥, C7PP, O}F

Parity-odd:
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(parity-invariant theory, well measured)
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|sotropic polarization rotation in CMB

Lue, Wang & Kamionkowski (1999); Feng+ (2005,2006); Liu, Lee & Ng (2006); ...

M Parity-violating interactions
1 Rl %
ﬁmt:>zﬁm¢4%qu 7pMAVFW
convert E- and B-mode polarization as
Eon, obs _ (cos(28) —sin(28)\ ( Ewm CMB
Bom - \sin(28)  cos(26) Bom

I observed D intrinsic

Credit: Y. Minami

M |t produces a parity-odd EB correlation

1
€70 = S sin(ap) (CFF M — CPPONP) 4 cos(ag)Cf M

Massuming 0
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History of observations

First measurement: Feng, Li, Xia, Chen, Zhang (2006);

I 1
WMAP3

WMAPS + BO3 (TT.TG,GG,CC) | m Joint analysis of WMAP and BOOMERANG data

10 | —— WMAP3 + B03 full dataset

B With BO3 data of TC and GC,

Aa = —6.0 & 4.0 deg

0.5

B Only statistical error

o_nu.luu.ulu.uul.u
-20 -10 0 10 20

Ac(deg)
Follow-up measurements
WMAP Collaboration : Aa = —1.14+ 1.4+ 1.5 deg (Komatsu+ 2009)
QUaD Collaboration : Aa = 0.55 +0.82 + 0.5 deg (Wu+ 2009)
Planck Collaboration : Aa = 0.31 + 0.05 £ 0.28 deg (Planck XLIX 2016)
ACT Collaboration : Aa = 0.12 + 0.06 deg (Namikawa+ 2020)
SPT Collaboration : Aa = 0.63 4+ 0.04 deg (Bianchini+ 2020) 7125




Miscalibration of rotation angle

Wu (2008); Miller (2009); Komatsu (2010); ...
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Credit: I\/Iinar“n‘i & Kor:natsu

(intrinsic polarization rotation) (no intrinsic but a rotation of detector)

B Miscalibration of the polarization angle a also contributes to the birefringent signal

B Conventional measurements have detected the angle AO& =

B
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New calibration method

Minami, Ochi, Ichiki, Katayama, Komatsu, Matsumura (2019);

B Assuming intrinsic rotation is proportional to path, galactic emission is not relevant for

,m
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+cos(4oz) ¢ cos(4a) ¢

Ep ., = Eggm cos(2a) — Bégm sin(2a) 4+ Ejp P cos(2a + 28) — By P sin(2a + 28) + Ep,,.

B} = Eégm sin(2ar) + ngm cos(2a) + E-MBsin(2a 4+ 23) + BEMB cos(2a + 258) + Bgm.

)
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EB power spectrum, (CFB [uK?)
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Measurements of cosmic birefringence

B Nonzero isotropic cosmic birefringence (ICB) angle was reported by Planck data:
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Pr3: 5 = 0.35 £ 0.14 deg
Pré: 5 = 0.30 = 0.11 deg

Stacked observed E'B power spectrum
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Eskilt & Komatsu(2022)

Minami, Komatsu (2020);

Diego-Palazuelos+ (2022);

4
—— -

B Planck/WMAP joint analysis:
Eskilt & Komatsu (2022);

8 =0.34 £ 0.09 deg (3.60)
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Cosmic birefringence angle,  [deg]

—0.5

Another important observational fact

Eskilt (2022);
B Constraint on a frequency-dependence of the birefringence angle B:

B, =8 ) zat
v = Po Vo — 150G 1z (Planck DR4 polarization maps)

1.5

0.33° +0.10°
B For a nearly full-sky measurement,

O._
— 0+0.10°
Bo = 0.29 —0.11°
l{'?_
< — +0.48
n = —0.35+048

0.0

B Consistent with
frequency-independent

044 70 100 143 - 353 (excluding Faraday rotation effect)
Frequency, v [GHz] 11/25



|CB recent measurements overview

Credit: Fumihiro Naokawa
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a+ B [deg] in the HEALPix notation

> the calibration method as in Planck PR3, PR4 & WMAP is not used in these measurements
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Future forecast with LiteBIRD

de la Hoz, Diego-Parazuelos, Errard, Gruppuso, Jost, Sullivan,

Bortolami, Chinone, Hergt, Komatsu, Minami, 10, Paoletti, Scott, Vielva+ (2025)

=§-= Harmonic-based, D-estimator |
= 0.3 1 Pixel-based estimator ~  =———— "Hl' """
g =§- Template-based extension of the Minami-Komatsu estimator
.y =#- CAB-SeCRET
15 0.2 4 4= Generalized pixel-based parametric component separation, J23
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1
Phase 4

Pipeline Phase 1 Phase 2 Phase 3 Phase 4
B [x1072 deg] B [x1072 deg] B [x1072 deg] S [x1072 deg]
D-cstimator 0.2+ 1.0 0.1 +1.0 0.4+ 4.6 29.7+4.7
Pixel-based estimator —0.3 £ 3.0 —0.5+3.7 0.2+4.1 28.1 +£4.0
Template-based MK —0.24+1.5 —0.24+1.7 —0.3+2.1 29.3 £ 2.2
CAB-SeCRET —04+34 1.4+34 1.7+ 3.5 2944+ 3.6
J23 —0.2+5.1 —1.0+£5.5 —1.8+5.6 282 +5.6
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Cosmic birefringence by axion

Harari & Sikivie (1992); Carroll (1998); ... LD 1 Gy HF

4

B Dispersion relation of left- and right-handed polarization is modified:

k-

/_\ /\ — leading to the rotation of

v linear-polarization direction
Cr, > CR/,

< > :_\

B Rotation angle is given by the integration of phase velocity difference

lobs tobs .
B = % /t dt(wL —_ WR) ggy /t dtgp = % [Qb(tobs) - Cb(temit)]

emit emit

A ot AR =0, o= = = \/ 1+ 99
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|ICB from axion dark energy (DE)

g [GeV™]

Fujita, Murai, Nakatsuka & Tsujikawa (2020);...
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|CB constraints on heavier axions

Sherwin & Namikawa (2021); Nakatsuka, Namikawa & Komatsu (2022); ...

B Axion dynamics at reionization/recombination provides unique EB spectral shapes

reionization

Nakatsuka, Namikawa, Komatsu (2022)
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B Several constraints on...
Early dark energy Murai, Naokawa, Namikawa, Komatsu (2022); Eskilt+ (2023);

Gravitational lensing  Naokawa & Namikawa (2023);

Polarized SZ effect Lee, Hotinli, Kamionkowski (2022); Namikawa & 10 (2023);

Topological defects Takahashi & Yin (2020); Ferreira, Gasparotto, Hiramatsu, 10, Pujolas (2023);
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Birefringence from axion dark matter

1 2 1 2 1 2 1 2 1 2
2,,,z¢,(t) m’ (1) 2m2qo(t) 2mzqo(t) 2mzqott)

VL
VAR SRV VRN

» Axion field with much heavier mass (behaving as dark matter) induces the
polarization rotation oscillating in real time measurement scales

» Possible to observe by several observational approaches! 17/25



Oscillatory effects in Stokes parameters

Finelli & Galaverni (2008); Fedderke, Graham, Rajendran (2019);
Zhang, Ferreira, 10, Namikawa (2024);
@© @
QA1) £ iU (R, 1) = Jo(gs (6:)) exp [igs, do cos(mt + a)] (Qo(R) = iU(#))

1

J()

E[ﬁ,,f{ﬂ

|/ Eln. t)
1. Washout effect of axion at decoupling ey

Pobs. (tﬂ) =0

A rapidly-oscillating axion field in the
decoupling epoch (~100,000 years) could
suppress the polarization intensity

2. Local Axion DM Oscillation on Earth Fedderke+ 2019

We could measure the time-dependent polarization modulation oscillating
on the order of hours to years (corresponding to 10~ eV to 107%%eV )
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Constraints on time-dependent cosmic

birefringence (SPT, BICEP/Keck)
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ALP-Photon coupling: g, (GeV™1)
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Birefringence is testable not only with
CMB

Dark energy Fuzzy DM QCD axion DM (Axion mass)
1 L 1 > ma [eV]
10733 10722 1075
(tosc ~ hour — year) (tose ~ ms — hour)

< - » Laboratory (optical cavity) search

Astrophysical search

o

Credit: EHT

.(})

.4y

Lensing galaxy bends the polarized light rays

Credit: Y. Urakawa 21/25
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Axion-photon constraints overview

Protoplanetary

=
Jayy[GeV '] W CMB (S4)
- ) 2 s /'l"',
10_10 - Rl E ;ill ¢ —":::l:ql:;/
. el “/DANCE Act-1----~" A
| . Chandra L A A % (I
“ "“‘. ____," 'l' ] I
1grL? i gi KAGRA R (i
5 ' Plan::lk - /',/'Stronglense LIDA’ =
(washout) /aq/ (SKA) ADBC
10_14 I'/';,&
10 Pulsars ',.'
(5-years) ',' ________
A —
[ P4 DANCE
o M87 (EHT)
100 Pulsars
10-18 {0k yers) Experimental
Astrophysical
/CMB QCD Axion
10—-20
a2 1 . M 1 . M 2 . 1 . M 2 . 1 a M 1 . 1
1 1= (1 (T 1gee 1077

n: phase ambiguity of ICB (Naokawa, Namikawa, Murai, 10, Kamada 2024)

22/25



Birefringence from vector-type CS operator

Carroll, Field, Jackiw (1990); ... Nakai, Namba, 10, Qiu, Saito (2024)

J K KF=2A,F" J,, : matter field
B This operator form is rewritten as the form of scalar-type CS operator:
cesl - B, ceB =|Jo ~ HcEp

Problem?

B Gauge-dependent operator (but solvable by introducing Stueckelberg trick)

B It may allow a presence of photon mass: My 5 10_18€V
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|ICB from cosmic neutrino background

Geng, Ho, Ng (2007);...

LD

2M2 Uy v A, Frv

B The ICB angle is given by the asymmetry of
neutrino and anti neutrino number density

0
b= 2]\22/ An,dt
An, =n, —ng
_ 9L, 3y g S

o (& [(TI9TeV®
p=03" (0.05 M

/[TeV2]

B
M2

Neutrino Asymmetry

Zhou, Huang, Geng (2023)  24/25



Summary & Outlook

* Cosmic birefringence is a phenomenon of polarization rotation effect in the
presence of parity-violating physics, such as axion-photon interaction.

* Recent measurements of isotropic cosmic birefringence angle in CMB is hard to
explain by the Standard Model. It might give us a hint for several cosmological
axion scenarios.

* Parity-violating photon coupling to the cosmic neutrino background is also
potentially testable with the measurement of cosmic birefringence.

* More observational tests are to come!

Cam onl
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