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1. Introduction



1. Introduction
An axion enjoys a (discrete) shift symmetry,
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which implies the existence of degenerate  
vacua.

The properties of the axion is characterized by mass  and 
decay constant  .
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fϕ

<latexit sha1_base64="uzTuJB/WkGTAbZBZdnr1SfCy+Qc="></latexit>m�

If the axion is very light and it has only feeble interactions, it may 
play an important role in cosmology (DM, DE,…).



Axion couplings to the SM particles:

• Photons

• Electrons

• Nucleons
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c� = O(1)

models, but model-
dependent.

in most 

cf. clockwork axion,  
　Higaki et al 1603.02090 
　Farina et al 1611.09855

Axion coupled to photons is often 
referred to as ALP.
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https://cajohare.github.io/AxionLimits/

Ultralight axion

Searching for axion/ALP



Cosmic birefringence (CB) due to ALP
The polarization plane of CMB gets rotated 
     if the ALP moves after the recombination (isotropic CB),  
     if it has fluctuations (anisotropic CB).

https://physics.aps.org/articles/v13/s149
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Hint of isotropic CB?
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d⌦�(⌦) = 0.35± 0.14 deg

Minami, Komatsu, Phys. Rev. Lett. 125, 221301 
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Carrol, astro-ph/9806099 
Lue, et al, astro-ph/9812088



What we did
•We show that ALP domain walls can induce both isotropic and 
anisotropic CB.

•The CMB polarization is either not rotated at all or rotated by a 
fixed angle, depending on the vacuum at the last scattering.

KiloByte Cosmic Birefringence (KBCB)
•The number of domains is O(103-4), thus the name

•The reported isotropic CB can be naturally 
explained if              .
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2. Cosmic birefringence



2. Cosmic birefringence
The axion dynamics rotates the polarization plane of linearly 
polarized light through the axion-photon coupling.

Thus, 
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CMB photons are polarized (dominated by E-mode)

Color: CMB temperature 
Texture: direction of polarization



Last scattering surface (LSS)

CMB
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Last scattering surface (LSS)
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Last scattering surface (LSS)

CMB
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Last scattering surface (LSS)

CMB
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Last scattering surface (LSS)

CMB
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CMB constraints on the CB

https://physics.aps.org/articles/v13/s149



CMB constraints on the CB
Isotropic CB

https://physics.aps.org/articles/v13/s149
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based on a new method that uses both the CMB and Galactic foreground 
to distinguish between CB ( ) and detector orientation miscalibration ( ).β α

Minami et al, PTEP 2019  083E02 , Minami PTEP 2020 063E01, Minami and Komatsu PTEP 2020 103E02

cf. The reported isotropic CB in the past:
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from Planck 18 pol. data

<latexit sha1_base64="/EBWDR18iGTHxz+ENNc+DuXZHyI="></latexit>

�syst(↵) =

(
1.5 deg WMAP

0.28 deg Planck



CMB constraints on the CB
Anisotropic CB

 

for a scale-invariant CB; e.g. the axion 
fluctuation 

generated during inflation.
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during inflation, then a cross-correlation signal with CMB
temperature fluctuations is also expected (e.g., [23,24]).
It is interesting then to cross-correlate the reconstructed

rotation angle map α with the CMB temperature fluctua-
tions over the same patch of the sky. In Fig. 7 we show the
cross spectrum CαT

L reconstructed in ten band powers in the
range 100 ≤ L ≤ 2000. We derive the uncertainties by
cross-correlating the simulated temperature and cosmic
rotation maps (that have no common cosmological signal)
and computing the variance for each band power. Similar to
the autospectrum case, we compute the χ2null under the no-
correlation hypothesis, finding χ2null ¼ 9.8. This corre-
sponds to a PTE of 55.8% meaning that, in this case
too, we do not reject the null hypothesis. In addition, the
number of simulations with an absolute value of χnull ¼P

b C
αT
Lb
=σðCαT

Lb
Þ larger than that of the data results in a PTE

of 16%. Despite the reported nondetection, we note that the

CαT
L cross-correlation is still informative and can provide

tight constraints on the axionlike-photon coupling constant
gaγ in certain models, even tighter than those provided by
cosmic rotation spectrum (e.g., [24]). The reason is that
while the autospectrum Cαα

L depends quadratically on the
coupling constant, the cross spectrum scales as gaγ , and as
such, it is more sensitive to small values of the coupling.

C. Cosmological and fundamental physics implications

The cosmic rotation power spectrum Ĉαα
L reconstructed

from SPTpol data is consistent with the null line. In order to
turn the nondetection into an upper limit on the amplitude
of the scale-invariant CB power spectrum ACB, we follow
the approach of Namikawa et al. [21] and construct an
approximate likelihood for the recovered CB power spec-
trum that takes into account small deviations from
Gaussianity at the largest scales. This log-likelihood is
based itself on the one proposed by Hamimeche and Lewis
[72] and reads

−2 lnLαðACBÞ ¼
X

bb0
gðÂLb

ÞCf
Lb
C−1
LbLb0

Cf
Lb0
gðÂLb0

Þ; ð6:1Þ

where

ÂL ¼ Ĉαα
L þ N0

L þ Nlens
L

ACBðCαα
L þ N1

LÞ þ N0
L þ Nlens

L
ð6:2Þ

is the amplitude of the recovered power spectrum relative to
that of simulations including the cosmic birefringence
signal Cαα

L at a given bin Lb, and gðxÞ ¼ signðx −
1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðx − ln x − 1Þ

p
for x ≥ 0. The fiducial spectrum Cf

L

FIG. 6. Anisotropic cosmic rotation power spectrum measured
from SPTpol 500 deg2 polarization data (red circles) and from
the ACTpol experiment (blue squares) [21]. The black solid line
shows the fiducial scale-invariant cosmic rotation power spec-
trum assuming ACB ¼ 1 [see Eq. (2.7)]. The PTE under the no-
rotation hypothesis is 76.5% and therefore cannot be rejected.

TABLE III. Cosmic rotation band powers from SPTpol 500d.

½Lmin Lmax& Lb Ĉαα
Lb

[×105 deg2]

[50 99] 75 0.427' 3.569
[100 133] 117 −7.225' 3.949
[134 181] 158 −3.253' 3.040
[182 244] 213 2.939' 2.563
[245 330] 288 1.222' 1.972
[331 446] 389 −0.500' 1.933
[447 602] 525 0.088' 1.690
[603 813] 708 −0.977' 1.398
[814 1097] 956 0.140' 1.328
[1098 1481] 1290 0.274' 1.174
[1482 2000] 1741 −0.293' 0.948

FIG. 7. Cross-power spectrum between the SPTpol CMB
temperature fluctuations and the anisotropic CB angle. The inset
panel shows the distribution of χ2null from simulations (blue
histogram) and the value from data (red vertical line). The cross
power is consistent with the hypothesis of no signal between
the maps.

F. BIANCHINI et al. PHYS. REV. D 102, 083504 (2020)

083504-12

by a magnetic field [11]. A PMF present at and just after
last scattering would induce a rotation angle along the line-
of-sight n̂ given by (e.g., [36])

αðn̂Þ ¼ 3

16π2eν2

Z
dl · _τB; ð2:5Þ

where _τ is the differential optical depth, B is the comoving
magnetic field strength, and ν is the observed frequency.
Magnetic fields are ubiquitous in the universe: they are

observed in stars, low- and high-z galaxies, galaxy clusters,
as well as in filaments, and have typical strengths of the
order of few-to-tens of μG (see [37,38] for reviews). While
dynamo and compression amplification mechanisms are
currently hypothesized to be responsible for the observed
magnetic fields, they still require the presence of an initial
nonzero magnetic “seed” field. The specific details of the
generation of such PMFs are still unclear but the main
candidates mechanisms include inflationary scenarios,
phase transitions, or other physical processes (see [39]
and references therein). An improved constraint on the
strength of a PMF would therefore help discriminating
among different early-universe scenarios.
The simplest proposed inflationary models of magneto-

genesis predict a scale-invariant PMF (e.g., [40,41]), which
results in a scale-invariant cosmic rotation power spectrum
[42,43]:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LðLþ 1ÞCαα

L

2π

r
¼ 1.9 × 10−4

"
ν

150 GHz

#−2"B1 Mpc

1 nG

#
:

ð2:6Þ

Thanks to its characteristic frequency dependence, Faraday
rotation can in principle be disentangled from other sources
of birefringence by performing a multifrequency analysis.
Note that, in addition to the frequency-dependent B modes
induced by Faraday rotation, the metric perturbations and
Lorentz force associated with the PMF also generate vector
and tensor B modes with angular spectra whose shape
resembles those produced by primordial gravitational
waves and lensing (e.g., [44,45]). Considering that these
unaccounted contributions from PMF to B modes can bias
future constraints on inflationary gravitational waves (e.g.,
[46]), a 4-point function analysis such as the one presented
in this paper provides an informative cross-check on the
sources of polarized B modes.
Since the majority of the physical mechanisms discussed

above generically predict a scale-invariant power spectrum
at large scales (L≲ 100), and to facilitate a comparison
with previous studies, we consider our reference power
spectrum to take the following form:

LðLþ 1Þ
2π

Cαα
L ¼ ACB × 10−4 ½rad2&: ð2:7Þ

This will be used to generate Gaussian realizations of the
cosmic birefringence field αðn̂Þ, as discussed in Sec. III B,
and to fit the reconstructed power spectrum in Sec. VI.
From Eq. (2.7) it is clear that the ability to map out the
largest scales on the sky translates into more stringent
constraints on the amplitude of the scale-invariant cosmic
rotation power spectrum.
Note that here we only consider the scale-invariant

cosmic rotation power spectrum that, despite being the
simplest and most widely predicted one, does not cover all
the possible scenarios. For example, causal PMFs tend to
have very blue CB power spectra and so do axionlike
models where the symmetry breaking scale is below that of
inflation.

III. DATA AND SIMULATIONS

In this section we discuss the SPTpol dataset, the data
processing, and the suite of simulated skies used in the
analysis.

A. SPTpol 500 deg2 data

This work makes use of data at 150 GHz from the
SPTpol camera on the South Pole Telescope. Details on the
telescope and camera can be found in [47–50].
The SPTpol survey field is a 500 deg2 patch of the

southern sky extending from 22h to 2h in right ascension
(R.A.) and from −65° to −50° in declination. In this
analysis we use the same dataset employed in the CMB
lensing analysis of Wu et al. [51], and we refer the reader to
that work for a detailed description of the data reduction.
Here we briefly summarize the main properties of the
dataset and the resulting maps.
The dataset comprises 3491 independent observations of

the 500 deg2 field taken between April 30, 2013, and
October 27, 2015. Each observation consists of time-
ordered data (TOD) for each SPTpol bolometer. TOD
are filtered and calibrated relative to each other before
being binned into maps. For every constant-elevation scan3

and for every bolometer, a third- or fifth-order Legendre
polynomial (depending on that specific scan observing
strategy) is subtracted from the TOD. This effectively acts
as a high-pass filter to suppress atmospheric fluctuations
(e.g., [52]). TOD are additionally low-pass filtered at a
frequency corresponding to an effective multipole of l ¼
7500 to prevent aliasing at the pixelization scale. Electrical
cross talk between detectors is also corrected at the TOD
level as described in Henning et al. [53].
We calibrate the individual bolometer TOD relative to

one another by using a combination of regular observations
of the Galactic HII region RCW38 and an internal chopped

3We define a scan as a sweep of the telescope from one side of
the field to the other.

F. BIANCHINI et al. PHYS. REV. D 102, 083504 (2020)

083504-4
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N.B. The limit mainly comes from low multipole L <100.

https://physics.aps.org/articles/v13/s149



•The hint of the isotropic CB:                                              

Implications for ALP
<latexit sha1_base64="h9P9HbG/HziU2rRIVE8EW+Sk5uE="></latexit>

� =
1

4⇡

Z
d⌦�(⌦) = 0.35± 0.14 deg

•The ALP prediction:
<latexit sha1_base64="mZmL5f5CMiQfGybys7nK5sc6U54="></latexit>

�(⌦) ' 0.42c�

✓
�today � �LSS(⌦)

2⇡f�

◆
deg

The ALP must have moved by                       for               
<latexit sha1_base64="4+b4q3IBaEmmbeV45jvhcshjb5A="></latexit>

�� = O(⇡f�)
<latexit sha1_base64="WYoEIfJ6TxFuRGhL63vJMLL5thY="></latexit>

c� = O(1)

<latexit sha1_base64="+uqgZVmTUkOfW7m8muQ2I4tzTKo="></latexit>

�
<latexit sha1_base64="m6Ym7Mr+D9ZMNhoMbHgRxKSGX2I="></latexit>

2⇡f�

<latexit sha1_base64="uzTuJB/WkGTAbZBZdnr1SfCy+Qc="></latexit>m�

after recombination

<latexit sha1_base64="dHp5y/ucFs9h0/0/P2mY4ULmOY0="></latexit>

L�� = �c�
↵

4⇡

�

f�
Fµ⌫ F̃

µ⌫ = �1

4
g����Fµ⌫ F̃

µ⌫ ,



•The hint of the isotropic CB:                                              

Implications for ALP
<latexit sha1_base64="h9P9HbG/HziU2rRIVE8EW+Sk5uE="></latexit>

� =
1

4⇡

Z
d⌦�(⌦) = 0.35± 0.14 deg

•The ALP prediction:
<latexit sha1_base64="mZmL5f5CMiQfGybys7nK5sc6U54="></latexit>

�(⌦) ' 0.42c�

✓
�today � �LSS(⌦)

2⇡f�

◆
deg

The ALP must have moved by                       for               
<latexit sha1_base64="4+b4q3IBaEmmbeV45jvhcshjb5A="></latexit>

�� = O(⇡f�)
<latexit sha1_base64="WYoEIfJ6TxFuRGhL63vJMLL5thY="></latexit>

c� = O(1)

We study the ALP domain wall connecting the 
two adjacent vacua separated by                 .               

<latexit sha1_base64="+uqgZVmTUkOfW7m8muQ2I4tzTKo="></latexit>

�
<latexit sha1_base64="m6Ym7Mr+D9ZMNhoMbHgRxKSGX2I="></latexit>

2⇡f�

<latexit sha1_base64="uzTuJB/WkGTAbZBZdnr1SfCy+Qc="></latexit>m�

<latexit sha1_base64="8wUAqfAed0gZlxxPeiomuiWNNBk="></latexit>

�� = 2⇡f�

The interpretation in terms of a homogeneous 
ALP was studied in e.g. Fujita et al 2011.11894

after recombination

<latexit sha1_base64="dHp5y/ucFs9h0/0/P2mY4ULmOY0="></latexit>

L�� = �c�
↵

4⇡

�

f�
Fµ⌫ F̃

µ⌫ = �1

4
g����Fµ⌫ F̃

µ⌫ ,



Fujita et al 2011.11894

Case of a homogeneous ALP

In their setup, there are four free 
parameters: 
(1)mass  
(2)decay constant   → fixed to be 
the Planck mass in the right figure. 
(3) axion-photon coupling  
(4) The ALP abundance  (or initial 
misalignment angle)

m

f

g (or cγ)

Ωϕ

Note that the mass is lighter than 
  in most region.∼ 10−29eV ≃ HLSS
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3. ALP domain walls w/o strings



3. ALP domain walls without strings
Let us consider the axion potential
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Specific scenarios to obtain  will be described later.δθ = O(1)
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Scaling solution of domain walls
The scaling solution is such that the 
Hubble horizon contains on average 
about one wall:

Press, Ryden, Spergel `89
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which decreases more slowly than 
matter, and there is a CMB bound on 
stable domain walls,
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Note that the mass is heavier than ∼ 10−29eV ≃ HLSS
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KiloByte CB from ALP domain walls
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There will be O(103-4) domains on the LSS, and the CMB polarization from each 
domain is either not rotated at all or rotated by a fixed angle,                        .
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Orange:

N.B. This figure is NOT a result of numerical simulations, but just a mock sample.
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Isotropic CB

Predictions of KBCB
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The predicted isotropic CB is the same over 
the viable parameter space (green triangle).
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Anisotropic CB

Predictions of KBCB
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4. Specific models for ALP domain 
wall formation



4.1 A model with a negative Hubble mass
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During inflation, the effective decay 
constant can be as large as Hinf, and the 
axion acquires quantum fluctuations of 
O(Hinf).
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If the  acquires a periodic potential with , the ultralight 
ALP has a decay constant,               . 

φ2 φ2 → φ2 + 2πpf2

4.2 A model with mixing b/w QCD axion and ALP
Consider two axions whose linear combinations become the QCD axion 
and the ultralight ALP in the low energy.

QCD axion: with

Ultralight ALP:
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Suppose that  develops a nonzero VEV after inflation, while  
already has a VEV during inflation. Then,  randomly takes values 
between  and  (here  is assumed) and strings are formed.
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−π π NDW = 1



Suppose that  develops a nonzero VEV after inflation, while  
already has a VEV during inflation. Then,  randomly takes values 
between  and  (here  is assumed) and strings are formed.

S1 S2
φ1/f1

−π π NDW = 1

During the QCD phase transition, 
the QCD axion string-wall network 
is formed and disappears soon 
because of . 

A part of fluctuations is left along 
the ultralight ALP,

NDW = 1
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independent of  and mϕ fϕ .

5. Summary

•It naturally explains the recent hint on the isotropic CB over a 
wide range of the axion mass and axion-photon coupling.

• The predicted anisotropic CB has a peculiar feature determined 
by the domains on the LSS: determined by domains on the LSS,  
which may be checked by future CMB observations. 

• Axion domain walls w/o strings induce both isotropic and 
anisotropic CB: KiloByte CB
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