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The recent measurement of baryonic acoustic oscillations by the Dark Energy Spectroscopic Instrument
reveals a mild tension with observations of the cosmic microwave background (CMB) within the standard
Λ cold dark matter (ΛCDM) cosmological model. This discrepancy leads to a preference for a total neutrino
mass that is lower than the minimum value inferred from neutrino oscillation experiments. Alternatively,
this tension can be eased within ΛCDM by assuming a higher optical depth (τ ≃ 0.09), but such a value
conflicts with large-scale CMB polarization data. We point out that cosmic birefringence, as suggested
by recent Planck reanalyses, resolves this discrepancy if the birefringence angle varies significantly
during reionization. Specifically, we consider the fact that the measured cosmic birefringence angle
β0 ¼ 0.34� 0.09ð1σÞ deg has the phase ambiguity, i.e., the measured rotation angle is described by
β ¼ β0 þ 180n deg (n∈Z). We show that cosmic birefringence induced by axionlike particles with
nonzero n suppresses the reionization bump, allowing a higher τ consistent with data. We provide a viable
parameter space where the birefringence effect simultaneously accounts for the low-l polarization spectra,
the Planck EB correlations, and the elevated value of τ, suggesting a key role for cosmic birefringence in
current cosmological tensions.
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Introduction—Recent measurements of the cosmic
microwave background (CMB) and baryon acoustic oscil-
lations (BAO) reveal a mild tension within the standard
spatially flat Λ cold dark matter (ΛCDM) framework [1,2].
This discrepancy leads to a preferred value for the sum of
neutrino masses that is lower than the minimal mass
required by neutrino oscillation experiments [3]. When
an effective neutrino mass parameter that allows for
negative values is introduced, the minimal neutrino mass
is excluded at a significance level of approximately 3σ [3–
7], although the exact statistical significance depends on the
Planck likelihood [8,9].
Within the standard cosmological framework, a pro-

posed resolution of this tension involves reinterpreting the
discrepancy as a shift in the CMB optical depth, τ, as
constrained by Planck [10–13]. By disregarding the low-l
polarization data, the discrepancy can be reconciled by
assuming a higher value of τ than that obtained from the
full Planck analysis. For example, a ΛCDM model with
τ ¼ 0.09 is consistent with the minimum mass of the

normal hierarchy model at 0.9σ [12]. A higher value of
τ ¼ 0.09 also reduces the preference for the w0wa dynami-
cal dark energy model over the ΛCDM model to 1.4σ [12],
and also diminishes the significance of both the lensing and
curvature anomalies [10]. However, such a higher τ is
inconsistent with the Planck low-l measurement at 3.8σ
significance [12]. Although the constraint on τ from the
low-l E-mode power spectrum, in principle, depends on
the assumed reionization history [14,15], the constraint on τ
from the current Planck data is robust against the reioniza-
tion history [16], and uncertainties in the reionization
model do not significantly alleviate the tension [13].
Thus, increasing τ within the standard assumptions has
not succeeded in resolving the discrepancy. Setting aside
the possibility that residual systematics remain in the low-l
E-mode polarization, this may point toward new physics
beyond the ΛCDM model.
Another intriguing possibility for the beyond-standard

cosmology arises from recent reanalyses of polariza-
tion data from the Planck and Wilkinson microwave
anisotropy probe, which suggest the presence of cosmic
birefringence—a phenomenon in which the polarization
plane of light rotates as it propagates through space [17–21]
(see Refs. [22,23] for review). The latest measurement by
Ref. [20] shows a preference for isotropic cosmic birefrin-
gence at 3.6σ significance. As a parity-violating phenome-
non, cosmic birefringence presents a promising signal of
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new physics beyond both the ΛCDM model and the
standard model of particle physics [24].
Cosmic birefringence can arise from a pseudoscalar field

ϕ, such as axionlike particles (ALPs), coupled to the
electromagnetic field via a Chern-Simons interaction:

L ⊃ −
1

4
gϕFμνF̃μν; ð1Þ

where g is the coupling constant, Fμν is the electromagnetic
field tensor, and F̃μν is its dual. This mechanism has
been widely explored in various cosmological contexts,
including ALPs as dark energy candidates [25–33],
early dark energy scenarios [21,29,34,35], and axion dark
matter models [36–41]. Additional sources proposed
include topological defects [42–46] and possible quantum
gravity effects [47–49].
In this Letter, we point out that cosmic birefringence

resolves the “τ tension” if the birefringence angle varies
significantly during the epoch of reionization. A large
variation of the rotation angle causes the polarization
signals generated during reionization to acquire different
phases along the line of sight. When these rotated signals
are integrated, the reionization signals are partially can-
celed due to different phases, leading to a suppression of
the reionization bump in the E-mode power spectrum.
Consequently, a larger value of τ than that obtained in the
standard ΛCDM model can be accommodated, thereby
explaining the low-l E-mode power spectrum. To illustrate
this effect, we focus on an “nπ-phase ambiguity” in
the recent birefringence measurement of β0 ¼ 0.34�
0.09ð1σÞ deg—i.e., the rotation angle that fits the data
is degenerate with β0 þ 180n deg for n∈Z [50]. We
demonstrate that if cosmic birefringence is induced by
ALPs with n ≠ 0, it can accommodate a larger value of τ,
thereby alleviating the tension between the CMB and dark
energy spectroscopic instrument (DESI) results, while
simultaneously being consistent with the birefringence
angle constrained by the EB power spectrum.
CMB angular power spectra with cosmic birefringence—

Let us introduce the CMB angular power spectra induced
by cosmic birefringence from ALPs [26,34,36,51–56].
When cosmic birefringence is sourced by an ALP field,
the rotation angle becomes time dependent. The net
rotation angle for a photon observed today and emitted
at conformal time η is given by

βðηÞ ¼ g
2
½ϕðη0Þ − ϕðηÞ� ¼ gϕini

2

ϕðη0Þ − ϕðηÞ
ϕini

; ð2Þ

where η0 is the present conformal time and ϕini is the
initial value of ϕ. To compute the impact of this time-
dependent rotation on the CMB polarization, we solve the
Boltzmann equation for the polarized photon distribution
[26,36,51,52]:

�2Δ0
P þ iqν�2ΔP

¼ aneσT

�
−�2ΔP þ

ffiffiffiffiffiffi
6π

5

r
�2Y20ðνÞΠðη; qÞ

�

� igϕ0
�2ΔP; ð3Þ

where �2ΔP are the Fourier modes of the linear polarization
Q� iU and are functions of conformal time η, wave vector
magnitude q, and angle cosine between line-of-sight direc-
tion and wave vector ν. The other symbols are a (scale
factor), ne (electron number density), σT (Thomson scatter-
ing cross section), Π (polarization source term) [57], and

�2Y20 (spin-two spherical harmonics). Primes denote deriv-
atives with respect to conformal time. The evolution of ϕ is
governed by

ϕ00 þ 2
a0

a
ϕ0 þ a2m2

ϕϕ ¼ 0; ð4Þ

assuming a quadratic potential VðϕÞ ¼ m2
ϕϕ

2=2. To derive
the angular power spectra, �2ΔP is expanded as [57]

�2ΔPðη0; q; νÞ≡ −
X
l

i−l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2lþ 1Þ

p

× ½ΔE;lðqÞ � iΔB;lðqÞ��2Yl0ðνÞ; ð5Þ

where the formal solution for the E- and B-mode sources is
given as a line-of-sight integral [26]:

ΔE;lðqÞ � iΔB;lðqÞ ¼
3

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlþ 2Þ!
ðl − 2Þ!

s

×
Z

η0

0

dη aneσTe−τðηÞΠ
jlðxÞ
x2

e�2iβðηÞ:

ð6Þ

Here, jlðxÞ is the spherical Bessel function, x ¼ qðη0 − ηÞ,
and τðηÞ ¼ R

η0
η dη1aneσT . Note that, the E-mode generated

at time η is multiplied by cos½2βðηÞ�. Thus, a large variation
of βðηÞ during reionization leads to cancellations of signals
among different epochs, resulting in a suppression of
reionization signals in the E-mode power spectrum. The
CMB angular power spectrum is then calculated as

CXY
l ¼ 4π

Z
dðln qÞPsðqÞΔX;lðqÞΔY;lðqÞ; ð7Þ

whereX; Y ∈E;B andPsðqÞ is the dimensionless primordial
scalar curvature power spectrum. Solving Eq. (7) yields the
full shape of the birefringence-induced EB power spectrum.
We can systematically compute all CMB auto- and cross-
power spectra by appropriately modifying the polarization
transfer function, ΔX;l, within the CLASS code [58]. We now
incorporate the nπ-phase ambiguity in the calculation of the
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CMB power spectra. The high-l Planck polarization data
favor a constant rotation, and this is consistent with ALP
masses below approximately 10−28 eV, as inferred from the
high-l Planck EB power spectrum [41]. For ALP masses in
the range 10−31 eV≲mϕ ≲ 10−30 eV, the ALP field evolves
such that ϕðη0Þ ¼ 0 today and ϕðηÞ ¼ ϕini at recombination
[50,54]. In this case, Eq. (2) reduces to βrec ¼ −gϕini=2,
where βrec denotes the rotation angle at recombination.
Recent measurements of the cosmic birefringence angle
rely on the high-l EB power spectrum, which is sourced
predominantly at recombination. This implies that
βrec ¼ β0 þ 180n deg, where β0 ¼ 0.34 deg and n is an
integer reflecting thenπ ambiguity. Accordingly, for themass
range considered, the relation −gϕini=2 ¼ β0 þ 180n, deg
holds. We use this relation to compute the CMB power
spectra.
Parameter search—To quantitatively assess whether

cosmic birefringence can account for the large value of τ,
we investigate the parameter space of μ≡ log10ðmϕ; ½eV�Þ,
τ, and n that provides a good fit to the low-l CMB
polarization power spectra. In particular, we identify the
regions of overlap with the observational constraint τ ¼
0.095� 0.014 (1σ). We do not consider variations around
each integer n, as the resulting power spectra remain nearly
unchanged—even when setting β0 ¼ 0 deg. Thus, n is
treated as a discrete parameter.
We adopt the low-l lollipop likelihood,L, which includes

the EE, EB, and BB spectra [59]. Although cosmic
birefringence also affects the TE and TB spectra, their
modifications remain negligible compared to observational
uncertainties within the parameter range of interest. We
therefore focus exclusively on the low-l polarization spec-
tra. Among these, the EE spectrum provides the dominant

constraint on the parameters, while EB carries some
sensitivity in cases with n ¼ 1. The BB spectrum, in
contrast, is largely insensitive to the parameter variations.
The theoretical power spectra are computed using the best-
fit cosmological parameters of the ΛCDMþP

mν model
from Ref. [12], which excludes the low-l polarization data.
We compute the log-likelihood difference λ≡

− lnL=Lmax in the μ-τ plane for fixed integer values of
n. We evaluate the 2σ likelihood bound assuming that λ
follows an approximate chi-squared distribution with
2 degrees of freedom. We also show the χ2 value at the
maximum-likelihood point. The degree of freedom for the
fitting is the total multipoles used in the EE, EB, and BB
spectra included in our analysis, minus the number of
parameters used to fit. We also check that, within the
parameter ranges of interest, modifications to the high-l
power spectra are negligible.
Figure 1 presents the contour plots of the log-likelihood

difference for n ¼ 1 and n ¼ 2. In both cases, there exist
regions in the μ-τ plane where the 2σ confidence region
from the low-l polarization spectra overlaps with the 2σ
constraints on τ. We also examine the case of n ¼ 3, and
similarly find the overlapped regions. As n increases, the
preferred value of μ that fits both the low-l polarization and
the higher τ increases correspondingly. Note that the distinct
regions in the μ-τ plane originate from the nonmonotonic
dependence of EB on μ and τ. For example, certain μ values
produce low-lEB features inconsistentwith the data around
−30.9 and −30.7 for n ¼ 1. For n ¼ 2 with μ ≃ −30.5, an
excluded range 0.07≲ τ ≲ 0.11 appears. As τ increases,
reionization occurs earlier and the reionization-induced
polarization is enhanced, causing the EB signal to be
inconsistent with data. Beyond a certain threshold, however,

FIG. 1. Likelihood bound on the ALP logarithmic mass, μ ¼ log10ðmϕ; ½eV�Þ, and the optical depth, τ, for a fixed value of n ¼ 1 (left)
and n ¼ 2 (right). We plot the log-likelihood difference with the 2σ confidence region (the black contour) that corresponds to
λ≡ − lnL=Lmax ¼ 3.0. The constraints are obtained using the low-l EEþ EBþ BB. The black stars are the maximum likelihood
(ML) points. χ2ML=d:o:f: is the χ

2 value at the ML points divided by the degree of freedom. The top gray bands, enclosed by black dashed
lines, indicate the marginalized 2σ constraints on τ from Ref. [12] derived without low-l CMB data. The bottom thin black dashed line
with the orange hatched region corresponds to the 2σ constraint on τ from Planck PR4 [60].
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the EB amplitude decreases because contributions from
different reionization epochs partially cancel through line-
of-sight integration of the rotated polarization, bringing the
EB signal back into agreement with observations.
Figure 2 shows the low-l polarization power spectra for

specific values of μ and τ taken from the overlapped
regions. The power spectra for the n ¼ 1 and n ¼ 2 cases
show good agreement with the data for specific combina-
tions of μ and τ. For comparison, we also show the spectra
for ðn; τÞ ¼ ð0; 0.095Þ and (0,0.058) with μ ¼ −31. Note
that the spectra are nearly insensitive to variations in μ. The
case ðn; τÞ ¼ ð0; 0.095Þ yields χ2=d:o:f: ¼ 88.5=40, cor-
responding to a discrepancy greater than 5σ with the data,
and thus clearly fails to reproduce the low-l polarization
power spectra. Additionally, we present the TE power
spectrum, which was not used in the fitting procedure. The
predicted TE spectrum agrees well with the Planck data.
We also check the low-l TB spectrum obtained from

Planck PR2 data [61] and confirm that the theoretical
predictions remain well within the observational uncertain-
ties, owing to the large noise level in the TBmeasurements.
Summary and discussion—We pointed out that cosmic

birefringence helps to resolve the tension in the neutrino
mass inferred from CMB and DESI BAO observations if
the birefringence angle varies significantly during reioni-
zation. Specifically, we have demonstrated that cosmic
birefringence with a nonzero integer n can simultaneously
explain the recent Planck EB power spectrum signal
and a large value of τ ≃ 0.09, which helps alleviate the
tension.
The constraint on the cosmic birefringence rotation

angle can be translated into a bound on the photon-ALP
coupling constant g. Based on the results in Refs. [28,29],
a rotation angle of β0 ¼ 0.34 deg corresponds to
g≳ 1.5 × 10−20 GeV−1 for the μ range relevant to this
Letter, where the lower bound arises from large-scale

FIG. 2. Angular power spectra of EE (top left), EB (top right), BB (bottom left), and TE (bottom right) for selected values of μ, τ, and
n that provide a good fit to both the low-l polarization data and the optical depth constraint τ ¼ 0.095� 0.014 (1σ). The black solid and
dashed curves correspond to the theoretical spectra for n ¼ 0 with τ ¼ 0.095 obtained without the low-l CMB data [12] and with
τ ¼ 0.058 obtained from the Planck PR4 analysis [60], respectively. In these two curves, we fix μ ¼ −31, but the dependence of the
spectra shown here on μ is negligible in the figures. The vertical axis shows Dl ¼ lðlþ 1ÞCl=ð2πÞ. Observational data points for EE,
EB, and BB are taken from the Planck PR4 release [59], while TE data points are from Planck PR3 [62].
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structure constraints on ALP energy density. For nonzero n,
the coupling constant increases by a factor of approxi-
mately 180jnj=0.34 ≃ 5.2 × 102 [50]. For example, for
n ¼ 2, we obtain g≳ 2.8 × 10−17 GeV−1, which is still
well below the upper bound from Chandra x-ray observa-
tions (g≲ 10−12 GeV−1) [63].
We have considered the case of a large rotation

angle, which requires a large value of jgϕini=2j. Writing
g ¼ α=ð4π2fϕÞ, with α ≃ 1=137 denoting the QED fine-
structure constant and fϕ the decay constant, we obtain
gϕini=2 ¼ ðα=4πÞðϕini=2πfϕÞ. To realize gϕini=2 ≃ π, one
needs ϕini=ð2πfϕÞ ∼ 4π2=α ≃ 5.4 × 103. This shows that
such a large rotation angle cannot be realized if ϕini is
restricted to a compact field space of circumference 2πfϕ.
Several mechanisms, such as the clockwork mechanism
and kinetic mixing [64–68], have been proposed to realize
an enhanced photon-ALP coupling, which could in turn
produce a large rotation angle. A detailed exploration of
such models in the context of cosmic birefringence has not
yet been fully developed and remains an interesting avenue
for future work.
In this Letter, we assumed a single ALP with a quadratic

potential to account for cosmic birefringence. However,
multiple ALPs may also contribute to the effect. For
instance, Ref. [69] considers a two-ALP model in which
one ALP begins to oscillate between recombination and
reionization, while the other oscillates after reionization.
Denoting the rotation angles induced by each ALP
as β1 and β2, the total rotation angle becomes β1 þ β2.
In this scenario, the rotation angle at recombination is
βrec ¼ β1 þ β2, while at reionization it is approximately
βrei ≃ β2. If the two ALPs have opposite-sign initial field
values with similar magnitudes and a large photon-
ALP coupling, the two contributions can nearly cancel,
yielding βrec ≃ 0.34 deg and βrei ∼Oð180 degÞ ≫ βrec.
This mimics the observational effect of the nπ-phase
ambiguity. More generally, any model that realizes βrec ≃
0.34 deg and βrei ∼Oð180 degÞ would produce similar
polarization spectra.
While we focused on the preference of negative neutrino

mass arising from the mild tension between DESI BAO
and CMB, other cosmological probes can yield slightly
different constraints on ΛCDM parameters. For example,
combining CMB with type Ia supernova luminosity dis-
tances leads to a smaller best-fit value of τ [13]. Recently,
Ref. [70] pointed out that the patchy kinematic Sunyaev–
Zel’dovich (pkSZ) effect, measured by South Pole
Telescope, may be in tension with a large τ. However,
pkSZ constraints are derived from high-l power spectra
and may be affected by systematic uncertainties from
extra-Galactic sources. Moreover, the amplitude of the
pkSZ signal depends sensitively on the underlying reioni-
zation model.
Future measurements of large-scale EE, EB, and BB

polarization spectra by cosmology large angular scale

surveyor [71] and LiteBIRD [72,73] will offer a stringent
test of the cosmic birefringence scenario proposed here.
Additional late-time observables can also provide comple-
mentary constraints. For example, radio galaxies have been
used to probe birefringence, although current analyses are
limited by uncertainties in the intrinsic polarization direc-
tions due to a limited number of sources [74–76]. Other
promising methods include using galaxy shapes [77] and
the polarized Sunyaev–Zel’dovich effect [69,78,79]. A
birefringence signal consistent with our constraint implies
a time-dependent rotation angle at low redshift. Therefore,
by observing large samples of low-redshift objects with
well-characterized intrinsic polarization, we may be able to
constrain the redshift dependence of the birefringence angle
and further test the parameter space identified in this Letter.
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