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- Axion-like particles (axions) have rich phenomenology in cosmology!
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Cosmic birefringence from axion
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- The polarization plane of CMB photon is rotated when an axion moves after 
the recombination epoch. 

and      (rather than     and    ) satisfy free wave equations. 
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The polarization plane is rotated by 

String axion can have an observable effect.

�

<latexit sha1_base64="cGikEJA3ZkRHm9NoJSXfvBn/duY="></latexit>

��/f� = O(1)

<latexit sha1_base64="98X8AAiqdHFk5QSp7w4Tvp98x4s="></latexit>

S.M.Carroll, G.B.Field,R.Jackiw '90
D.Harari, P.Sikivie '92
S.M.Carroll, '98

L = �1

4
Fµ⌫F

µ⌫ � c�
↵

4⇡

�

f�
Fµ⌫ F̃

µ⌫

' 1

2

"✓
~E + c�

↵

2⇡

�

f�
~B

◆2

�
✓
~B � c�

↵

2⇡

�

f�
~E

◆2
#

<latexit sha1_base64="UT2WtVITqQa0NfyNYQOQ5Fdblr8="></latexit>

� = O(1)

<latexit sha1_base64="8CPM8yMdxItKdM+PgRdVcVuTdQk="></latexit>

Cosmic birefringence from axion

~E

<latexit sha1_base64="BqvDwsMlYnc5RNi/G9RCSsUbV+Q="></latexit>

~D

<latexit sha1_base64="vhC5w7aC2vDXas7yLgSKYikCkyI="></latexit>

~H

<latexit sha1_base64="NouwGMoqPbwr3T3/A6XVb/4NbIo="></latexit>

~B

<latexit sha1_base64="F78NI2oMfU5qqUJSrQCFb7xqIQo="></latexit>

�

<latexit sha1_base64="BtY3WAnBhGO2cHyb402V/EiRP6s="></latexit>

~B, ~H

<latexit sha1_base64="9YjwJVC/74V+Tl5nNuLdXgihIto="></latexit>

~E, ~D

<latexit sha1_base64="f/OHTKYHz++FHsT1XTQfDQHM8dE="></latexit>



Masaki Yamada 4

New Extraction of the Cosmic Birefringence from the Planck 2018 Polarization Data

Yuto Minami⇤

High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

Eiichiro Komatsu†

Max Planck Institute for Astrophysics, Karl-Schwarzschild-Str. 1, D-85748 Garching, Germany and
Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU, WPI),

Todai Institutes for Advanced Study, The University of Tokyo, Kashiwa 277-8583, Japan
(Dated: November 24, 2020)

We search for evidence of parity-violating physics in the Planck 2018 polarization data, and
report on a new measurement of the cosmic birefringence angle, �. The previous measurements are
limited by the systematic uncertainty in the absolute polarization angles of the Planck detectors.
We mitigate this systematic uncertainty completely by simultaneously determining � and the angle
miscalibration using the observed cross-correlation of the E- and B-mode polarization of the cosmic
microwave background and the Galactic foreground emission. We show that the systematic errors are
e↵ectively mitigated and achieve a factor-of-2 smaller uncertainty than the previous measurement,
finding � = 0.35± 0.14 deg (68%C.L.), which excludes � = 0 at 99.2%C.L. This corresponds to the
statistical significance of 2.4�.

INTRODUCTION

Violation of symmetry in a physical system under par-
ity transformation is sensitive to new physics beyond the
standard model (SM) of elementary particles and fields.
So far, parity violation has been observed only in the
weak interaction [1, 2]. In the SM of cosmology, called
the ⇤ cold dark matter (⇤CDM) model, the energy bud-
get of the present-day Universe is dominated by uniden-
tified dark matter and dark energy [3]. If dark matter
and energy originate from new physics beyond the SM,
do either or both of them violate parity?

Polarization of the cosmic microwave background
(CMB) is sensitive to parity-violating physics. Combi-
nations of the Stokes parameters of linear polarization
measured in a direction of n̂, Q(n̂)± iU(n̂), transform as
a spin ±2 quantity under rotation of n̂. We can use the
spin-2 spherical harmonics to decompose these into the
so-called E- and B-mode polarization as Q(n̂)± iU(n̂) =
�
P

`m(E`m± iB`m)±2Y`m(n̂) [4, 5]. Under parity trans-
formation n̂ ! �n̂, the coe�cients transform as E`m !
(�1)`E`m and B`m ! (�1)`+1B`m. When defining an-
gular power spectra as CAA0

` ⌘ (2` + 1)�1
P

m A`mA0⇤
`m

with A = {E,B}, then CEE
` and CBB

` are invariant un-
der parity transformation, whereas the cross-power spec-
trum, CEB

` , changes the sign. Therefore, nonzero values
of CEB

` indicate parity violation [6].

Pseudoscalar, “axionlike” fields, �, can act as dark
matter, energy, or both (see [7, 8] for reviews). A Chern–
Simons coupling of a time-dependent �(t) to the electro-
magnetic tensor and its dual, 1

4
g���Fµ⌫ F̃µ⌫ , in the La-

grangian density rotates the plane of linear polarization
of photons [9–11]. This e↵ect, called the “cosmic birefrin-
gence,” rotates the CMB linear polarization by an angle
� = 1

2
g��

R t0
tLSS

dt �̇, and yields a nonzero observed EB

spectrum as CEB,o
` = 1

2
sin(4�)(CEE

` � CBB
` ) [6, 12–14],

where the subscript “o” denotes the observed value, the
spectra on the right-hand side the intrinsic EE and BB
spectra at the last scattering surface (LSS), and t0 and
tLSS the times at present and LSS, respectively.

To determine �, we must know the polarization-
sensitive directions of detectors at the focal plane with re-
spect to the sky coordinates. This requires accurate cali-
bration of the polarization angles. Any remaining miscal-
ibration angle, ↵, leads to the same e↵ect as isotropic �,
i.e., � and ↵ are degenerate in CMB [15–17]. Recent de-
terminations include ↵+ � = �0.36± 1.24 deg from the
Wilkinson Microwave Anisotropy Probe (WMAP) [18],
0.31 ± 0.05 deg from the Planck mission [19], �0.61 ±
0.22 deg from POLARBEAR [20], 0.63 ± 0.04 deg from
the South Pole Telescope (SPTpol) [21], and 0.12 ±
0.06 deg [22] and 0.09± 0.09 deg [23] from the Atacama
Cosmology Telescope (ACT) (also see [24] for a summary
of other experiments). Here the error bars show the 68%
confidence levels (C.L.) for the statistical uncertainty. To
isolate �, an independent estimation of ↵ is required. For
WMAP and Planck the ground calibration yields the sys-
tematic uncertainty of �syst(↵) = 1.5� and 0.28�, whereas
the estimates of systematic uncertainty are not yet avail-
able for POLARBEAR, SPTpol, and ACT.

There is no evidence for nonzero � so far. For the
Planck measurement �syst(↵) = 0.28� is the dominant
source of uncertainty for �. How do we make progress
in distinguishing between � and ↵? In Refs. [25–27] we
showed that we can simultaneously determine ↵ and �
if we use the CMB and Galactic foreground emission, as
both are rotated by ↵, whereas only the CMB is rotated
by �. Our method thus relies on the di↵erent frequency
and multipole dependence of the CMB and foreground
polarization power spectra. In this Letter, we use this
new method to recalibrate the Planck high frequency in-
strument (HFI) detectors [28] and measure the cosmic
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- Recently, Minami and Komatsu have found hints of a faint birefringence signal 
in the Planck data by developing an approach to mitigate its systematic error.

Cosmic birefringence from axion
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- Cosmic birefringence can be induced if an axion moves before present 
and after the recombination epoch. 
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✓ Is this related to dark matter?
Naively, the answer is negative because the recombination epoch 
is (just) after the matter-radiation equality.

This is another cosmic coincidence problem or "why now" problem.

- Recombination 
(z ~ 1100)

- Matter-radiation 
equality (z ~ 3400)

- BBN (z ~ 1010)

- Now (z = 0)

- We have positive answers if the axion has an effective mass 
that triggers its oscillation after the matter-radiation equality.

Cosmic history

Axion oscillation triggered by DM domination

✓ Why does the axion start to oscillate just before the present epoch?  
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- Suppose that the axion has an effective mass that is 
proportional to the dark matter density. 

This triggers the axion oscillation after the matter-radiation equality, 
which is just before the recombination epoch. 
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Axion oscillation triggered by DM domination
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- Recombination 
(z ~ 1100)

- Matter-radiation 
equality (z ~ 3400)

- BBN (z ~ 1010)

- Now (z = 0)

Cosmic history

Coincidence of matter-radiation equality 
and recombination epoch

"Why now" problem of axion oscillation

- Cosmic birefringence can be induced if an axion moves before present 
and after the recombination epoch. 

S.M.Carroll, G.B.Field,R.Jackiw '90, D.Harari, P.Sikivie '92, S.M.Carroll, '98

✓ Why does the axion start to oscillate just before the present epoch?  
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Axion oscillation triggered by DM domination

Field difference for massless ALP
β
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- Low-energy EFT:
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UV models for the DM-induced mass

Is there a complete UV model for the effective mass term?

- Yes, there is.

- Low-energy EFT:
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UV models for the DM-induced mass
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- UV origin: Witten effect on hidden monopole DM

- Low-energy EFT:

We introduce an SU(2)H gauge theory, which is spontaneously broken to U(1)H 
by an adjoint Higgs field. Then a hidden monopole is a good candidate for DM.  

If the axion couples to U(1)H, the monopole has an electric charge of                
by the Witten effect: 

Murayama, Shu '09, 
Baek, Ko, Park '13, 
Khoze, Ro '14
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UV models for the DM-induced mass

- UV origin: Witten effect on hidden monopole DM

- Low-energy EFT:

We introduce an SU(2)H gauge theory, which is spontaneously broken to U(1)H 
by an adjoint Higgs field. Then a hidden monopole is a good candidate for DM.  

If the axion couples to U(1)H, the monopole has an electric charge of                
by the Witten effect:  

The axion acquires an effective mass in the monopole plasma to minimize the 
energy of the electric field around monopoles.
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- The "why now" problem can be addressed if an axion couples to dark matter density.
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Field difference for massless ALP
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- UV complete model: 
Hidden monopole dark matter 

- The birefringence signal in Planck data implies an axion moves after the recombination epoch. 

Coincidence of matter-radiation equality 
and recombination epoch

"Why now" problem of axion oscillation

- can explain DM density for  

- has a self-interaction via U(1)H  

- may have mini-electric charge via kinetic mixing 

- predicts dark radiation from U(1)H gauge fields

mM = 104 - 10 GeV
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Appendix: related works
- Studies for the effect of fluctuations generated during inflation 

Pospelov, Ritz, Skordis 0808.0673 (Considering massless axion) 
Fujita, Minami, Murai, Nakatsuka 2008.02473 (Taking into account local fluctuations of axion)  

- Studies that relates the axion and DM 
Fedderke, Graham, Rajendran 1903.02666 (Considering the washout effect by axion oscillation) 
Nakagawa, Takahashi, Yamada 2103.08153 (This work!)  

- Studies that relates the axion and dark energy 
Fujita, Murai, Nakatsuka, Tsujikawa 2011.11894 (Considering early dark energy to solve H0 tension simultaneously) 
Choi, Lin, Visinelli, Yanagida 2106.12602 (Providing a small mass by a small EW instanton effect)  
Obata 2108.02150 (Considering two-axion alignment mechanism and also relating DM)  
Gasparotto, Obata 2203.09409 (Considering monodromic axion dark energy)  

- Studies considering the formation of topological defects  
Agrawal, Hook, Huang 1912.02823 (Considering anisotropic birefringence from cosmic strings) 
Jain, Long, Amin 2103.10962 (Considering anisotropic birefringence from cosmic strings) 
Takahashi, Yin 2012.11576 (Considering isotropic and anisotropic birefringence from domain walls without cosmic strings)


