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Cosmic birefringence is predicted if an axionlike particle (ALP) moves after the recombination. We
show that this naturally happens if the ALP is coupled to the dark matter density because it then acquires a
large effective mass after the matter-radiation equality. Our scenario applies to a broad range of the ALP
mass mg < 10728 eV, even smaller than the present Hubble constant. We give a simple model to realize this
scenario, where dark matter is made of hidden monopoles, which give the ALP such a large effective mass
through the Witten effect. The mechanism works if the ALP decay constant is of order of the grand unified
theory scale without a fine-tuning of the initial misalignment angle. For smaller decay constant, the hidden
monopole can be a fraction of dark matter. We also study the implications for the QCD axion, and show that
the domain wall problem can be solved by the effective mass.
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Introduction.—Axions are ubiquitous in string theory
and are known to have interesting effects on various
observables, despite the fact that their interactions are
suppressed by large mass scales such as the string scale.
For instance, the collective excitations, like coherent
oscillations, can be induced during the evolution of the
Universe [1-3], which may explain all or part of dark
matter (DM). A large number of axions are also produced
by the decay of moduli fields, contributing to the effective
number of neutrino species [4-9]. Very light axions can
extract angular momentum from rotating black holes via
superradiance [10-15]. In addition to gravitational inter-
actions, axions can have interactions with the standard
model particles. Among them, an anomalous coupling
with photons is known to cause very diverse phenomena
in cosmology and astrophysics, such as x-ray or y-ray
emission from the decay of axions [16-20] (see Refs. [21—
23] for early works on a similar subject) and cosmic
birefringence (CB), i.e., the rotation of the photon polari-
zation plane [24-31]. Axions coupled to photons are often
referred to as axionlike particles (ALPs).

Recently, it was reported in Ref. [32] that the Planck 2018
polarization data of cosmic microwave background (CMB)
favor a nonzero value of isotropic CB, with statistical
significance of 2.4¢, based on the novel method [33-35].
The suggested rotation angle of the CMB polarization is (a
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positive 3 corresponds to clockwise rotation for an observer.)
f =0.35+0.14 deg, and future observations will reduce
statistical uncertainties by more than 1 order of magnitude
[36]. One plausible explanation of the isotropic CB is an
ALP, which starts to move during or after the recombination
epoch. (Another possibility is the axion domain wall, which
works for heavier ALP masses, and predicts peculiar
anisotropic CB [37].) The ALP mass relevant for this
scenario is in the range of (1073 eV, 1072 eV), because,
for heavier or lighter ALP masses, a large enhancement of
the ALP-photon coupling is required [38].

Interestingly, the isotropic CB implied by the current
observation is very natural from a theoretical point of view.
It is determined by the ratio of the change in the ALP to its
decay constant, and is not sensitive to the decay constant
itself. The observed rotation angle suggests that the ALP
has changed by about the decay constant from the time of
recombination to the present. In other words, no fine-tuning
of the initial value is necessary. Even so, one might wonder
why the ALP has started moving at such a special timing in
the history of the Universe. The timing of when the ALP
begins to oscillate is determined by the balance between the
Hubble parameter and the ALP mass. This may seem
ad hoc, if there were not for any particular theoretical
reason. One might think that, if the ALP masses are
logarithmically distributed on each scale as suggested in
the string axiverse [10], this is naturally explained (see
Ref. [39] for a recent analysis). However, it is by no means
obvious that this is indeed the case, since it is not known
how many axions actually exist in the low energy and
whether they are coupled to photons in the standard model.
In fact, if the string axion masses are logarithmically
distributed, the smallness of the mass itself may not be a
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problem, but it actually implies that there is no natural
lower bound on the axion mass. Therefore, it can still be
regarded as a “coincidence,” i.e., some kind of fine-tuning
problem regarding the timing of the ALP oscillations.

In this Letter, we present a scenario that explains the
reason for the coincidence of the recent ALP oscillations.
Our scenario is based on the observational fact that the
recombination and matter-radiation equality occur in close
proximity. We point out that if the ALP starts to move via
coupling with the DM density after the matter-radiation
equality, it naturally induces the isotropic CB for a broader
range of the mass. From the point of view of a low-energy
effective field theory, such a phenomenon occurs if the ALP
acquires an effective mass of the order of the Hubble
parameter during the matter-dominated era. Such an effec-
tive mass may come from the interaction between the ALP
and (dark) matter with gravitational strength. We will
present a concrete model in which the ALP acquires an
effective mass via the Witten effect of hidden monopole
DM. We discuss that, if the QCD axion acquires a similar
effective mass, the isocurvature and domain wall problems
can also be solved.

Cosmic birefringence from ALP dynamics.—We con-
sider an (almost) massless ALP that couples to photons via
anomaly:

- 1 -
;CD—C igb F”yFMDE_Zg(/;yy¢FuyFMD’ (1)
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where «a is the fine-structure constant, f, the ALP decay
constant, ¢, the U(1)gy,; anomaly coefficient, and F,, and
P =e"°F, /2,/=g the field strength and its dual. In
terms of the electric and magnetic fields we have
F,, F* = —4E - B. The natural values of c, is of O(1),
but it can be much larger than unity in a contrived setup
[40,41]. For simplicity, we assume that the ALP mass is
smaller than the current Hubble constant H, ~ 10733 eV,
and neglect the mass in the following, although it can be
straightforwardly extended to m; < 10728 eV. As we will
see, our scenario not only extends the viable mass region to
smaller masses, but also easily satisfies the upper limit on
the ALP abundance [42]. The rotation angle of the CMB
polarization is related to the change of the ALP field value
from the LSS to the present, Ap = ¢, — Pyss, as [26]
[Note that there is a sign error after their Eq. (4) of
Ref. [26]].

p~0.42 degx (cy %) . (2)
¢

Now we introduce an effective Hubble-induced ALP
mass from the DM density:

1

V(g) = ECHHZDM¢2’ (3)
where we assume cy is a positive constant and H3,,=
PDM /3M12>1, with ppy being the DM energy density, and
Mp, the reduced Planck mass. Here, without loss of
generality, the potential minimum ¢,,;, of the effective
potential is set to be at the origin. The Witten effect on the
ALP potential in a monopole DM model is actually written
in this form as we will see. Alternatively, one may introduce
a coupling to the Ricci scalar R(= 6[(a/a)* + d/a)):
LD —ERg?, where £= (1) is a positive constant.
While the effective mass from this operator is negligibly
small during the radiation-dominated era because of the
conformal symmetry, it is about /6EH during the matter-
dominated era. This term therefore has a similar effect as
Eq. (3) [43]. In the following we use Eq. (3) as an effective
potential for the ALP.

We consider a homogeneous ALP in the following, and
we will later comment on its quantum fluctuations gen-
erated during inflation. The equation of motion for the
homogeneous mode is given by

b +3Hp + cyHbyp = 0, (4)

where the dot represents a derivative with respect to
time and H is the Hubble parameter obeying H?> =
H3(Quqa™ + Quua™> + Q) with the present value of
the scale factor set to be unity. The effective mass is
negligible until the matter-radiation equality because
Hpy < H during the radiation-dominated era. Then, the
ALP starts to move toward the potential minimum after
the equality, and it experiences damped oscillations since
the effective mass is comparable to the Hubble parameter.
As a result, the ALP abundance can be negligibly small at
present. Since the recombination occurs soon after the
matter-radiation equality, a nonzero amount of isotropic CB
is induced.

Numerical results.—We numerically solve the equation
of motion (4) with various values of cy and initial
conditions. We denote the initial ALP field value as ¢;,
the potential minimum as ¢,;,,(= 0), and the correspond-
ing angle, & = ¢/ f 5, with the same indices. Note that ¢, is
not necessarily equal to ¢y g5 especially for ¢y > 1, since
the ALP may start oscillating before recombination.
Similarly, ¢, is not necessarily equal to ¢y, especially
for ¢y < 1, since the mass may be too small for the ALP to
settle down at the potential minimum. Since the ALP
moves toward the origin until present, we have sign[A¢] =
sign[hmin — ¢;] at least for ¢y < 1. Thus, for a positive c,,
we should take ¢; <0 so as to be consistent with the
observational result (2).

In our scenario the ALP tends to start moving slightly
before the recombination because the effective mass
becomes relevant after the matter-radiation equality. We

181103-2



PHYSICAL REVIEW LETTERS 127, 181103 (2021)

0.6

p [deg]

0.01 0.10 1 10 100

FIG. 1. The predicted rotation angle f as a function of cy.
The solid, dashed, and dotted black lines correspond to
¢, = 12, 9, 6, from top to bottom, respectively. We take the
initial condition, (6;,0;) = (—1,0). The shaded region shows
the region favored by the Planck data.

thus need to take account of the thickness of LSS. We
estimate the ALP field value at the LSS by weighing it with
the visibility function ¢(7) [44], such as (¢gs) =
[dTg(T)(T). Then, p is given by Eq. (2) with
Ap = ¢, — (Pss).

The resulting rotation angle £ is shown as a function of
cy in Fig. 1. The solid, dashed, and dotted black lines
represent the cases with ¢, = 12, 9, 6 from top to bottom,
and the red shaded region shows the allowed region by the
Planck polarization data. We take the initial condition

(0,,0,) = (=1,0) as an example. One can rescale our
result for a different 6; by using f « (O, — 6;), since
the equation of motion Eq. (4) is linear in ¢. (This is a good
approximation even for a cosine function instead of the
quadratic term, as long as the anharmonic effect is small.)
As a result, the observational hint for the isotropic CB can
be explained if ¢, (0, — 6;) 2 6 for ¢y = O(1).

For ¢y < 1, the effective mass is too small and the ALP
does not move much even during the matter-dominated era.
On the contrary, for cy > 1, the ALP starts to oscillate well
before the matter-radiation equality and it already settles
down at the potential minimum by the recombination.
Because of the balance between these effects, the rotation
angle is maximum at cy ~ 2. For a moderately large
cy = O(10), the ALP oscillates a few times around the
minimum by the recombination and can have an opposite
sign at the LSS. This oscillatory behavior can be seen
in Fig. 1.

In Fig. 2 we show a contour of the rotation angle f as a
function of ¢y and ¢, (Oyin — 0;)/(27). For ¢y = O(1), we
need ¢, (Oyin —6;)/(27) = O(1) to obtain the observed
value. In other words, no fine-tuning of the initial condition
is required in this case, for ¢, = O(1). We can see that
larger values of 6, — 0; and/or c, are required for larger or
smaller values of cg.

¢, Ornin — 0127
N
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FIG. 2. The contour plot of the rotation angle f as a function of
cy and ¢, (0, — 6;)/2x. The shaded region shows the obser-
vational hint for the isotropic CB.

Effective mass from the Witten effect.—Now we provide
an explicit model in which the ALP acquires the effective
mass via the Witten effect from hidden monopole DM.
A monopole associated with a hidden U(1) is stable due
to its magnetic charge, and is therefore a good candidate for
DM. If the ALP has an anomalous coupling to the U(1),
photons, we obtain the aforementioned coupling between
the ALP and DM density as in Eq. (3).

First let us see the effect of the ® term on monopoles.
The Lagrangian of the hidden U(1), gauge field is
given by

Lo —%XWX”” - %Xﬂyfw, (5)
where ay is a fine-structure constant for U(1),, ® is a CP
violating angle, and X, =0,X, —9,X, denotes the
field strength of the U(1), gauge field X,. Although the
second term is a total derivative, it modifies the Maxwell
equation as

a
V. Ey =529 (0By), (6)

where (Ey); = Xo;, (By); = —€;3X/2. A magnetic
monopole with a magnetic charge gy sitting at the origin
generates a magnetic field, satisfying the Gauss’s law,
V-By = g46%)(0). Equation (6) implies that the magnetic
monopole acquires an electric charge proportional to the ®
parameter, and becomes a dyon. This is known as the
Witten effect [45].

Now we introduce the ALP with an anomalous coupling
to the U(1), gauge field. To this end we promote © to the
ALP field by the replacement of ® — ¢/ f . According to
Eq. (6), a nonzero field value of ¢ induces an electric field
around the monopole. This means that the total electric
energy around a monopole V,, depends on ¢ as
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ag  ¢*
M= 32x%r, fgs ' ™
where r. is the radius of the monopole core. Considering
the ’t Hooft-Polyakov monopole [46,47], we have
re ~myl ~ (agmy)~", where my, and my, are the mass
of a heavy gauge field and the monopole, respectively. See
Refs. [48-50] for the production and abundances of the
hidden monopole and heavy gauge bosons. Taking the
spatial average, we obtain the energy density of the ALP
ground state as V() = ny Vy (@), where ny =ny, +
ny_ denotes the number density of monopoles and anti-
monopoles. Thus, the ALP potential is given in the form of

Eq. (3) with
Pm ay Mp\?
= 3 E— —_— N 8
o (pDM> (4” f¢ > ®)

where p,, denotes the energy density of the monopole [51].

Here let us comment on an upper bound on ay in our
analysis. We expect that monopoles appear from sponta-
neous symmetry breaking of some non-Abelian gauge
theory, such as SU(2),. Then the instanton effect of
SU(2), gives rise to an additional mass term about
¢ = 0, though it is suppressed by the instanton exponent,
~e 7/ [52-54]. This additional mass is negligible [except
the effective mass Eq. (3) via the Witten effect] when
ay < 0.02. Although our analysis can be straightforwardly
extended to a larger gauge coupling if m, < 1072 eV, we
assume this inequality for simplicity.

As we have seen above, c; = O(1) is needed to explain
the isotropic CB. This is realized for the ALP decay
constant of the order of the grand unified theory scale
and ay ~ a. To be explicit, for ay = 0.02, py; = ppm» and
fp=5x10" GeV, we obtain ¢y ~ 2 from Eq. (8). This
shows that the ALP coupled to hidden monopole DM can
generate the isotropic CB without a fine-tuning of 6;, and
the grand unified theory scale decay constant suggests that
such an ALP may be one of the string axions.

Connection to the QCD axion.—If the QCD axion is
coupled to the hidden photons, it acquires the effective
mass given by Eq. (3) with the replacement of ¢y by cy,
(To be precise, it is a combination of the QCD axion and
ALP that acquires mass from the Witten effect, but if
fa < fy,itis mostly the QCD axion before the QCD phase
transition.), which is given by

N, \2 Mo 2
oo =) ) 72) - 0

pom/ \Npw 4r fa
where f, is the decay constant for the QCD axion and Npyw
and Ny are domain wall numbers associated with SU(3),

and U(1)y, respectively. The potential minimum of this
term is generically different from the one for the QCD

vacuum. The effective mass Eq. (3) is negligible at present
and does not spoil the success of the Peccei-Quinn (PQ)
mechanism [55,56], while it is stronger in the early universe
and can affect the evolution of the QCD axion.

In the pre-inflationary PQ symmetry breaking scenario,
the effective mass can be used to avoid the isocurvature
problem or suppress the QCD axion abundance [57-61].
However, since the hidden gauge coupling considered here
is smaller than in the previous studies, the Witten effect
might become relevant only for small f, < 10'' GeV.

In the postinflationary PQ symmetry breaking scenario,
the effective mass can be used to solve the domain wall
problem [57,60]. First, we note that cosmic strings form at
the time of the PQ symmetry breaking when the temper-
ature is expected to be of order f,. Then if the effective
mass due to the Witten effect becomes larger than the
Hubble parameter before the QCD phase transition, each
cosmic string will be attached by a single domain wall if
Ny = 1. The cosmic strings therefore soon disappear due
to the tension of the domain wall. This sets an approxi-
mately homogeneous initial condition on the QCD axion at
the QCD phase transition, in which case domain walls do
not form when the QCD nonperturbative effect turns on
even if Npyw > 1. Thus we require cy ,Hpy, 2 H* at the
QCD phase transition, namely, ¢y, 2 108. This can be
satisfied if f, < f, since cy,~ (f4/fa) cy; for
cy =0(1), f, =107 GeV, and f, = 10" GeV, we
have ¢y, = O(108710). Therefore, the domain wall prob-
lem for the QCD axion can be simultaneously solved by the
Witten effect.

Finally, we comment on the deviation of the QCD @
angle by the Witten effect during the BBN epoch.
According to Ref. [62], the success of the BBN theory
is spoiled if Ogcp = O(1) during the BBN epoch. In our
model, Ogcp at the minimum of the potential is less than

10~'® even at the BBN epoch. The amplitude of the QCD
axion is also very small because it starts to oscillate earlier
in our model. We thus conclude that the Witten effect on the
QCD axion is small enough not to spoil the success of the
BBN theory.

Discussion.—So far we have focused on the isotropic
CB, but anisotropic CB is also generated if the ALP
acquires quantum fluctuations 6¢ ~ H,,;/2x during infla-
tion. The anisotropic CB can be sizable especially for a
smaller decay constant satisfying f, ~ Hi,¢(< 10'¢ GeV).
Note that the monopole abundance required for our
scenario can be correspondingly smaller, and it may only
be a fraction of DM. Note also that the ALP with g,,, 2
O(107'2) GeV™' can be searched for by Fermi-LAT
satellite [63] and solar axion experiments such as IAXO
[64-66]).

Let us comment on cosmological aspects of the
hidden monopole. The hidden monopole behaves as self-
interacting DM, which could have an interesting effect on
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the DM distribution [67-70]. [The massive SU(2), gauge
bosons also behave as self-interacting DM, although their
abundance as well as stability depend on the hidden matter
spectrum.] The kinetic mixing between U(1), and hyper-
charge is suppressed because it is forbidden by the SU(2),
symmetry at high energy. In the low energy, a tiny kinetic
mixing is induced from a higher dimensional operator as a
result of the spontaneous breaking of SU(2), [57,71,72].
The hidden monopoles then acquire a small electric charge,
though they are well below the current sensitivity [73].

The hidden photon contributes to dark radiation. (In
addition, if axions are thermalized, they contribute to dark
radiation [74].) Their contributions to the effective neutrino
species, N, depend on details of the coupling between the
hidden sector and the standard model sector, as well as
hidden matter spectrum. It predicts AN ; > 0.054 and
typically O(0.1). See Refs. [49,50,60] for detailed calcu-
lations. The predicted AN may be probed by future
observations such as CMB-S4 [75,76] and PICO [77].
Observations of the 21 cm line radiation from the reioni-
zation epoch also have its sensitivity [78].
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