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We highlight the importance of taking into account the redshift evolution of cosmic birefringence
(rotation of linear polarization angle) in order to evaluate CMB polarization power spectra.
Focusing particularly on isotropic birefringence from axion-like dark matter we discuss the limits
on axion-photon coupling constant.
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1. Introduction - redshift dependent isotropic birefringence

One of the most studied interactions in order to look for pseudoscalar particles 𝜙 is their
coupling with photons:

−
𝑔𝜙

4
𝜙𝐹𝜇𝜈 𝐹

𝜇𝜈 , (1)

where 𝑔𝜙 is the photon-axion coupling constant and 𝐹𝜇𝜈 is the dual of the electromagnetic tensor
𝐹𝜇𝜈 . Several limits on this coupling constant are present in literature both from laboratory experi-
ments (photon polarization, light shining through walls, microwave cavity, . . . ) and astrophysical
observations (stellar energy-loss limits, conversion of astrophysical axion fluxes in magnetic fields,
axion helioscopes, . . . ); see [1] and references therein for more details.

When a photon propagates in an evolving pseudoscalar field background it experiences a
rotation of the linear polarization plane (cosmic birefringence) [2, 3]. In this work we focus on the
isotropic and frequency independent rotation, therefore the effect is fully characterized by an angle
𝛼(𝜂), where 𝜂 is the conformal time1:

𝛼(𝜂) =
𝑔𝜙

2

∫ 𝜂

𝜂em

𝜙′(𝜂1)𝑑𝜂1 , (2)

here 𝜂em is time at emission and 𝜙′ is the derivative with respect conformal time. Cosmic Microwave
Background (CMB) polarization is a very good probe to study this effect on cosmological timescales.

In this work we do not consider only the total variation of the linear polarization angle, but
we also take into account its time/redshift dependence during propagation along the line-of-sight.
We study the Boltzmann equation for the linear polarization Stokes parameters 𝑄 and 𝑈 with an
additional term (second line) due to isotropic birefringence [5–7]:

Δ′
𝑄±𝑖𝑈 (𝑘, 𝜂) + 𝑖𝑘𝜇Δ𝑄±𝑖𝑈 (𝑘, 𝜂) = −𝑛𝑒𝜎𝑇𝑎(𝜂)

[
Δ𝑄±𝑖𝑈 (𝑘, 𝜂) +

∑︁
𝑚

√︂
6𝜋
5 ±2𝑌

𝑚
2 𝑆

(𝑚)
𝑃

(𝑘, 𝜂)
]

∓𝑖2𝛼′(𝜂)Δ𝑄±𝑖𝑈 (𝑘, 𝜂) . (3)

The cosine of the angle between the CMB photon direction and the Fourier wave vector is indicated
by 𝜇, 𝑛𝑒 is the number density of free electrons, 𝜎𝑇 is the Thomson cross section, 𝑠𝑌𝑚

2 are spherical
harmonics with spin-weight 𝑠, 𝑆 (𝑚)

𝑃
(𝑘, 𝜂) is the source term generating linear polarization, and

𝛼′(𝜂) is the derivative of the rotation angle with respect conformal time. In order to consider also
the effects due redshift/time dependence of the birefringence angle we numerically solve Eq. (3)
using a modified version of the Boltzmann code CAMB [8].

Isotropic birefringence is frequently described considering only the total variation of the linear
polarization angle during propagation from recombination (rec) to today. Under this assumption
polarization power spectra are modified following these relations [7, 9–12]:

𝐶
𝑇𝐸,const
ℓ

= 𝐶
𝑇𝐸,rec
ℓ

cos(2�̄�), 𝐶𝐸𝐸,const
ℓ

= 𝐶
𝐸𝐸,rec
ℓ

cos2(2�̄�), 𝐶𝐵𝐵,const
ℓ

= 𝐶
𝐸𝐸,rec
ℓ

sin2(2�̄�),(4)

𝐶
𝑇𝐵,const
ℓ

= 𝐶
𝑇𝐸,rec
ℓ

sin(2�̄�) , 𝐶𝐸𝐵,const
ℓ

=
1
2
𝐶

𝐸𝐸,rec
ℓ

sin(4�̄�) , (5)

1We use natural units, ℏ = 𝑐 = 1, and assume flat Λ𝐶𝐷𝑀 cosmological model with Planck 2018 estimates of
cosmological parameters [4]: Ω𝑏 ℎ2 = 0.02237, Ω𝑐 ℎ

2 = 0.120, 𝜏 = 0.0544, 𝑛𝑠 = 0.9649, ln
(
1010𝐴𝑠

)
= 3.044,

𝐻0 = 100 ℎ km s−1 Mpc−1 = 67.36 km s−1 Mpc−1.
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here �̄� ≡ 𝛼(𝜂rec) −𝛼(𝜂0) is the total rotation of the linear polarization angle between recombination
and today; we have assumed no odd power spectra at recombination (𝐶𝑇𝐵,rec

ℓ
= 𝐶

𝐸𝐵,rec
ℓ

= 0) and
𝐶

𝐵𝐵,rec
ℓ

= 0.
In Fig. 1 we consider different phenomenological time dependencies of the birefringence angle,

with the same total variation �̄�. According to the widely used approximation of Eqs. (4)-(5) we
should obtain the same power spectra, but using the modified version of CAMB based on Eq. (3)
we clearly see that different time evolution profiles induce different multipole dependencies of the
power spectra [5, 6, 13–15].
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Figure 1: (a) Evolution of the birefringence angle as a function of conformal time (𝜂 − 𝜂rec) /(𝜂0 − 𝜂rec): in all four
phenomenological cases 𝛼 starts from 𝛼(𝜂rec) = 0 deg and arrives at 𝛼(𝜂rec) = 1 deg, the green line corresponds to a
growth proportional to √

𝜂, the yellow line to a linear growth, the orange line to a growth proportional to 𝜂2, and the
blue continuous line to a detector miscalibration of −1 deg; (b) 𝐶𝐵𝐵

ℓ
obtained using the approximation of Eqs. (4)-(5)

for �̄� = −1 deg (�̄� = −0.1 deg) blue continuous (dash-dotted) line, and the modified version of CAMB (green, yellow,
and orange line); we plot for comparison also the signal induced by gravitational lensing (black dotted line), primordial
signal for a tensor to scalar ratio 𝑟 = 10−2 (black dashed line), and 𝑟 = 10−3 (black dot-dashed line); (c) 𝐶𝑇𝐵

ℓ
; (d) 𝐶𝐸𝐵

ℓ
.

2. Cosmic birefringence for axion-like dark matter

Review of Particle Physics [1] reports now also a limit on 𝑔𝜙 obtained from CMB birefringence
[16]:

|𝑔𝜙 | ≲ 9.6 × 10−14 GeV−1 , (6)

for an axion like particle of mass 𝑚 = 10−22 eV, using existing Planck results [4] and neglecting the
details of the redshift evolution of the axion field along the line-of-sight.

Assuming that the pseudoscalar particles contribute to dark matter density, we reconstruct the
evolution of the field as a function of time 𝜙(𝜂), see [6]. The evolution of the birefringence angle
is obtained using Eq. (2). We solve numerically the modified Boltzmann Eq. (3) and obtain the

3
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rotated CMB power spectra taking into account also the time dependence of the linear polarization
angle, see Fig. 2 for 𝐶𝐵𝐵

ℓ
.

Recent analyses of Planck data combined with WMAP 9-year data provide hints of isotropic
cosmic birefringence with �̄� = 0.342+0.094

−0.091 deg [17]. If we want obtain a rotation of this order of
magnitude with our modified version of CAMB we have to consider a coupling constant:

𝑔𝜙 ∼ 1.5 × 10−14 GeV−1 , (7)

always assuming𝑚 = 10−22eV. See Fig. 2 for𝐶𝐵𝐵
ℓ

induced by a coupling of this order of magnitude.
If we want to obtain the same birefringence for heavier masses (𝑚 = 10−20eV), we have to

consider a bigger coupling constant 𝑔𝜙 ∼ 8.0 × 10−13 GeV−1; on the contrary for lighter masses
(𝑚 = 10−24eV), the coupling constant is smaller 𝑔𝜙 ∼ 2.3 × 10−16 GeV−1. In Fig. 3 we plot 𝐶𝐵𝐵

ℓ

obtained by the modified version of CAMB for the values considered above, and compare them
with the 𝐶𝐵𝐵

ℓ
obtained by Eq. (4) assuming �̄� = 0.34 deg. For a detailed 𝜒2 comparison of the

polarization power spectra we refer to [18].
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Figure 2: Axion-like dark matter: 𝐶𝐵𝐵
ℓ

with time dependent isotropic cosmic birefringence fixed 𝑚 = 10−22eV and
𝑔𝜙 = 9.6× 10−14GeV−1 (𝑔𝜙 = 1.5× 10−14GeV−1) green continuous (dotted) line; we plot for comparison also the power
spectra obtained using Eq. (4) for �̄� = 0.34 deg (red dotted line); the signal induced by gravitational lensing (black dotted
line), primordial signal for 𝑟 = 10−2 (black dashed line), and 𝑟 = 10−3 (black dot-dashed line).
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Figure 3: (a) Axion-like dark matter: 𝐶𝐵𝐵
ℓ

with time dependent isotropic cosmic birefringence fixed 𝑚 = 10−20eV
and 𝑔𝜙 = 8.0 × 10−13GeV−1, we plot for comparison also the power spectra obtained using Eq. (4) for �̄� = 0.34 deg (red
dotted line); the signal induced by gravitational lensing (black dotted line), primordial signal for 𝑟 = 10−2 (black dashed
line), and 𝑟 = 10−3 (black dot-dashed line); (b) same plot for lighter mass (𝑚 = 10−24eV) fixed 𝑔𝜙 = 2.3 × 10−16GeV−1.

4



P
o
S
(
I
C
H
E
P
2
0
2
2
)
1
2
6

Redshift dependent cosmic birefringence from axion-like dark matter Matteo Galaverni

3. Conclusions - limits on axion-photon coupling

We highlighted the importance of taking into account the time/redshift evolution of the bire-
fringence angle in order to evaluate CMB polarization power spectra. We discussed first the
phenomenological case of birefringence angles varying from 0 to 1 deg with different time de-
pendencies and showed the effects on the power spectra. Later, in Section. 2, we considered a
pseudoscalar acting as dark matter. In Fig. 4 we compared the limits on the axion-photon coupling
obtained from isotropic cosmic birefringence with the other limits present in literature [1, 19]. CMB
cosmic birefringence nicely complements other experimental/astrophysical tests. We provided here
a qualitative description of the importance of taking into account time/redshift evolution of the
birefringence angle and we refer to [18] for a more detailed discussion.
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Figure 4: Limits for the axion-photon coupling constant 𝑔𝜙 as a function of mass 𝑚 (coloured regions are excluded).
Dark blue region corresponds to CMB birefringence limits presented in [6], blue dashed line corresponds to CMB
birefringence limits discussed in [16], light blue dotted line corresponds to CMB birefringence of the order of 0.34 deg
[17] taking into account the redshift dependency of the birefringence angle, as discussed here in Section 2. Plot created
with the AxionLimits code [19], we refer to online documentation for references on the other constraints.
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