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Constraints on Early Dark Energy from Isotropic Cosmic Birefringence
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Polarization of the cosmic microwave background (CMB) is sensitive to new physics violating parity
symmetry, such as the presence of a pseudoscalar “axionlike” field. Such a field may be responsible for
early dark energy (EDE), which is active prior to recombination and provides a solution to the so-called
Hubble tension. The EDE field coupled to photons in a parity-violating manner would rotate the plane of
linear polarization of the CMB and produce a cross-correlation power spectrum of E- and B-mode
polarization fields with opposite parities. In this Letter, we fit the EB power spectrum predicted by the
photon-axion coupling of the EDE model with a potential V(¢) o [1 — cos(¢p/f)]* to polarization data
from Planck. We find that the unique shape of the predicted EB power spectrum is not favored by the data
and obtain a first constraint on the photon-axion coupling constant, g = (0.04 + 0.16) My, (68% C.L.), for
the EDE model that best fits the CMB and galaxy clustering data. This constraint is independent of the
miscalibration of polarization angles of the instrument or the polarized Galactic foreground emission.
Our limit on g may have important implications for embedding EDE in fundamental physics, such as

string theory.
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Introduction.—The standard cosmological model, called
ACDM, includes new physics beyond the standard model
of elementary particles and fields, such as dark matter and
dark energy [1]. Clues to their physical nature may be
found in possible deviations from the ACDM model. In
recent years, a growing number of such deviations, or
“tensions,” have been reported [2], which may point toward
new physics. In this Letter, we study a fascinating con-
nection between two hints of new physics: early dark
energy (EDE) as a solution to the so-called Hubble tension
(see Refs. [3,4] for reviews) and cosmic birefringence, a
rotation of the plane of linear polarization of photons (see
Ref. [5] for a review).

EDE, which was active prior to the epoch of recombi-
nation at a redshift of z~ 1090 [6-8], can resolve the
Hubble tension [9,10] by modifying the value of the
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Hubble constant H, inferred from the cosmic microwave
background (CMB) data and brings it into agreement with
H, inferred from the local distance ladder [11]. But is EDE
the solution to the Hubble tension? To make progress, one
must look elsewhere for corroborating evidence.

In this Letter, we search for a signature of EDE in the
polarization of the CMB. If the EDE field ¢ is a pseudo-
scalar “axionlike” field, it could couple to electromagnet-
ism in a parity-violating manner in the Lagrangian density
L. We write [12,13]

1 1 1 -
‘C:_E(a¢>2_v(¢)_ZFﬂbF”U_Zg¢FyUF”D’ (1)

where g is the photon-axion coupling constant, and F',, and

F* are the field strength tensor of the photon field and its
dual tensor, respectively.

The last term in Eq. (1) is a Chern-Simons term, which
violates parity symmetry in the presence of a spacetime-
dependent condensate of ¢. This term appears naturally for
an axionlike field with ¢ = ¢, e/ (27f), Where ¢, is an
anomaly coefficient, ., ~ 1/137 the electromagnetic
fine-structure constant, and f the axion decay constant
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[see, e.g., Eq. (24) of Ref. [14] ], and has been considered
for EDE models in Refs. [15-20].

We assume a “canonical” EDE potential, V(¢)=V,[1-
cos(¢/f)]?, where V, is the normalization. This model can
resolve the Hubble tension [10,21-27]. See Refs. [28-35]
for other constraints on this model. For other EDE models
that can resolve the Hubble tension, see Ref. [4] and re-
ferences therein.

To probe violation of parity symmetry in the polarization
pattern of the CMB, one can decompose a pixelized map of
the observed Stokes parameters into eigenstates of parity
called E and B modes [36,37]:

fmax 2

Q(R) £iU(R) == Y (Epy £iBp,) ,Y2(R),  (2)

=2 m=—¢

where 1 is the direction of an observer’s line of sight, E,,,
and B,,, are the spherical harmonics coefficients of the £
and B modes, respectively, ., Y”/(fi) are the spin-2 spherical
harmonics, and 7, is the maximum multipole used for
the analysis. The coefficients transform under inversion of
spatial coordinates, A — —f, as E,, — (—1)"E,, and
By, — (=1)"*'By,,. The cross-power spectrum of the E
and B modes, CE8 = (2¢+1)"'Y, Re(E,,B;,,), has
odd parity and is sensitive to parity violation [38].

In this Letter, we use the EB power spectrum presented
in Ref. [39] to constrain the Chern-Simons term in Eq. (1).
Specifically, this term makes the phase velocities of the
right- and left-handed circular polarization states different,
which rotates the plane of linear polarization by an angle
p(n) =1g[p(n,) — ¢p(ne. rit)] as the photons have traveled
from the conformal time of emission 7, to the observation
1o [40-42]. Here, r = c¢(n, — 1) is the conformal distance
to the emitter. As there is no evidence for anisotropic
birefringence [43—47], we assume that /8 is independent of
n. See Refs. [15,19] for a study on anisotropic birefrin-
gence from the EDE field.

A distinct feature of the EDE field is that ¢ evolves
significantly during the epoch of recombination, which has
profound implications for observational tests of EDE
models with photon-axion coupling [18,20,48]. If ¢ were
constant during the epoch of recombination and evolved
only later, the observed E and B modes (denoted by the
superscript “0”) would be given by ES, = E,, cos(2f) —
By sin(2p) and BY,, = E,, sin(2f) + By, cos(2f), res-
pectively, and [49]

cve =) e _cam) 4 cosiap)cEn. ()
where the last term is the intrinsic EB correlation at the time
of emission, and CEE and C2® are the autopower spectra of
E and B modes at emission, respectively.

Equation (3) has been assumed in all of the previous
constraints on isotropic cosmic birefringence, including

Refs. [39,50-52], which reported a tantalizing hint of
with a statistical significance of > 3¢. However, if ¢
evolved significantly during the epoch of recombination,
C?B “° would no longer be given by Eq. (3) and would
exhibit a complex dependence on ¢ [53,54], allowing us to
distinguish between different origins of cosmic birefrin-
gence [18,20,48].

In this Letter, we present a first constraint on the photon-
axion coupling constant g from the shape of the EB power
spectrum. This is a powerful new approach that breaks the
degeneracy between cosmic birefringence and an instru-
mental miscalibration of polarization angles of detectors a.
Specifically, Eq. (3) can be generated not only by cosmic
birefringence, but also by a [55-58]. Therefore, # in Eq. (3)
needs to be replaced by the sum a4+ f, and we cannot
distinguish between « and f unless one calibrates a well
[59] or uses other information such as the Galactic fore-
ground emission [60] and the so-called ‘“reionization
bump” at £ < 10 [61]. Because of this complication, the
current hint of f remains somewhat inconclusive [62].
Our new approach, based on the shape of the EB power
spectrum different from CEE — CBB, is free from this
complication.

Method—We use the official Public Release 4 (often
called “NpiPE-processed” data) full-sky polarization maps
from the high-frequency instrument of the Planck mission
at frequencies of v = 100, 143, 217, and 353 GHz [63,64].
The NPIPE processing improved the sensitivity of frequency
maps by including more data and better instrumental
modeling compared to previous Planck data releases. In
addition to releasing full-mission and time-split maps,
NPIPE also divided the set of detectors for each frequency
band into two groups, and produced eight full-sky maps in
total. We work with these detector-split maps as their cross-
correlations yield less correlated noise and instrumental
systematics than time-split maps.

Unlike in Ref. [39], we do not include WMAP or Planck
Low-Frequency Instrument data for simplicity of the data
analysis. Including them would modestly improve the
constraints by about 10%.

We use two masks [39,52]. One is a small mask, leaving
nearly full-sky data available for the analysis. The other is a
large mask, removing 30% of the Galactic plane. Both
masks remove pixels containing polarized point sources
given in official Planck point-source maps and pixels where
the carbon-monoxide (CO) emission is brighter than
45 Kgykms™!, where Kg; denotes the Rayleigh-Jeans
temperature. These masks leave the sky fractions of fg, =
0.92 and 0.62 for small and large masks available for
analysis, respectively.

We calculate the EB power spectra of eight masked
polarization maps using PolSpice [65,66]. We then beam-
deconvolve the EB power spectra using the official NPIPE
beam transfer functions and the pixel window functions
from the HEALPix library [67].
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TABLE 1. Best-fitting cosmological parameters under the

Planck + BOSS (base) and base + SHOES data sets [27].
Base Base + SHOES

SfEDE 0.0872 0.1271

logg 2. 3.560 3.563

0; 2.749 2.768

100w, 2.265 2.278

@cpm 0.1282 0.1324

1006, 1.041 1.041

In (10194,) 3.063 3.071

ng 0.983 0.992

T 0.0562 0.0568

We calculate the inverse-variance weighted average of
the beam-deconvolved EB power spectra from

_ 1-m;'-C*
C,‘?'f“’EE(C,‘fB@):7T e n (4)
M

which we call a “stacked EB power spectrum” [39]. The
variance is given by

1
Var (CbEB’()) = m . (5)
-M; -

Here, 1 is a unit vector, 553 is the binned set of all
combinations of the observed beam-deconvolved EB

EB;. . .
power spectra C,' 7 where i and J denote frequency

bands, and I\E/I is the binned covariance matrix for 658.
We bin C, 7 and M, as

2EB 1 >EB o 1
G, —A—ffch, My =13 M (6)
€b Zeb

where

E.E,o BiB,0
EBjo ~E,B ,0) c, e
~

M :COV(C” ol P A SR )
‘ ‘ ‘ 22+ 1)fay

E;B,.0 ~E,B;. Lo
We neglected the term C,' "OC,/ 7 which is much

smaller than the other term. As we use the observed power
spectra in My, this term fluctuates around zero and biases
M, when included; thus, it is best to neglect it [60]. We also
excluded autopower spectra (i = j) due to noise domina-
tion at high ¢ for the EE and BB power spectra. This does

not affect Cf"B'/' directly, but it does affect M,,. Following
the previous work [39,50-52,68], we bin the power spectra
over 20 multipoles, i.e., AZ = 20. Our multipole range is
from £, =51 to £ = 1490, which gives a total of
72 bins. The stacked EB power spectrum is publicly
available [69].

The aim of this Letter is to constrain the coupling g to
prerecombination EDE while marginalizing over postre-
combination cosmic birefringence and miscalibration
angles, a + p. To this end, we fit the stacked EB power
spectrum for g and a4+ f simultaneously. We sample
these parameters using a Markov Chain Monte Carlo
sampler EMCEE [70]. The log-likelihood function is

—2InL =3, v}/Var(C;*°), where

vy = CpP° — cos [4(a + B)|gMp Cy PP

in [4(a +
_sm[ (g ) <C£E.CMB _CEB,CMB) (8)

We compute the CMB EE and BB power spectra using
CcAMB [71,72] with the best-fitting ACDM parameters of
the Planck 2018 analysis [73]. The EDE EB power
spectrum is computed using a modified version of the
CLASS code [75] developed in Ref. [18,74] with g = My,
as g just gives the amplitude of C?B EDE and can be rescaled
later. Here, Mp ~2.4 x 10'® GeV is the reduced Planck
mass.

The EDE model has three parameters in addition to the
standard ACDM parameters: fgpg, Z¢, and 6;. Here, fgpg is
the maximum energy density fraction of the EDE field
reached at a redshift z., while 6; is a dimensionless initial
value of the EDE field, 0; = ¢,/ f. The first two are related
to the fundamental parameters in the potential, V and f.

We fix all EDE and ACDM parameters to the best-fitting
parameters from Ref. [27] for two different data sets (see
Table I) and sample only g and a + . As described in
Ref. [27], the baseline data set includes the Planck temper-
ature and polarization power spectra [76] and the galaxy
power spectra of the Baryon Oscillation Spectroscopic

%1075 Stacked EB power spectrum
2.01 Sampling o + 3
| —— Base - Sampling ¢
1.5 ‘ —— Base + SHOES - Sampling g
1.0
S
= 0.51
a
o 0.0t
—0.51
—1.01
0 250 500 750 1000 1250 1500
{
FIG. 1. Stacked observed EB power spectrum (black points

with error bars), compared to the best-fitting models of a +
(red) and g for two EDE models with parameters shown in Table I
(blue and green). The ;(2 18 65.8, 77.5, and 103.5 for the red, blue,
and green lines, respectively, for 71 degrees of freedom.
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FIG. 2. Posterior distributions of g/Mp,' and a + f3 for the best-
fitting EDE parameters under the base and base + SHOES data
sets, and two Galactic masks.

Survey (BOSS) Data Release 12 [77] (second column),
while the second data set additionally includes the SHOES
measurement of Hy [11] from the local distance ladder
method (third column).

Results.—Before performing a simultaneous inference
for o + f and g, we first fit the stacked EB power spectrum
for each of these parameters alone. The black points with
error bars in Fig. 1 show the stacked EB power spectrum
for the nearly full-sky data. The red shaded area shows the
1o band from the a + f fit, while the blue and green areas
show those from g for the two EDE parameter sets. The
shapes of the best-fitting EB power spectra are different for
all cases, indicating that we can easily distinguish them.

As shown in Refs. [18,20,48], the shape differences in
CEB come from the time evolution of ¢. In the EDE cases, ¢
flips the sign during the recombination epoch, and photons
from the early stage of the recombination make a positive
contribution to CEB, while those from the later stage make a
negative contribution. Then, C §B can be negative for some 7
and has peaks at higher # compared to the o + f fit. We find
that @ 4 f fits the data better, especially at the acoustic peak
around 7 ~ 400, which is reflected in a lower )(2 value for
this model (see the caption of Fig. 1).

We now present results from jointly sampling a +
and g. In Fig. 2, we show the posterior distributions of
a + f and g for the two sets of EDE parameters. To show
the robustness of the results against the choice of the
Galactic mask, the results are shown for both small
(fsy = 0.92) and large (fg, = 0.62) masks. We find that
all combinations yield similar results.

x1075 Stacked EB power spectrum
—_— =0.2
151 a—&-[i 0.27 deg
— g/Mp =0.04
1.0 | |
< o |||| | |’“
=
Q ]
S. 0.01 ==l ' :
| R
705 4
—1.01 }
0 250 500 750 1000 1250 1500
l
FIG. 3. Quality of the fit for the baseline result. The red area

shows the 1o band of the a + f term, while the blue area shows
that of the EDE term given in Eq. (8). The y? is 65.8 for
70 degrees of freedom.

As also examined in Ref. [39], we find similar stacked
EB power spectra for all sky fractions between f g, = 0.92
and 0.62, suggesting that the Galactic foreground emission
does not contribute significantly to the stacked EB power
spectrum. This is because foreground-dominated channels
such as 353 GHz have large M, and are downweighted in
the sum given in Eq. (4). The foreground EB power
spectrum plays a role only when used to calibrate «a
[51]. As we do not separate a and f in this Letter but
marginalize over a + f, our results are insensitive to the
Galactic foreground emission.

We choose the nearly full-sky result with the base EDE
parameters as our baseline result, whose quality of the fit is
shown in Fig. 3. We report o+ f = 0.27°+0.08° and
g/M5! = 0.04 £0.16 (68% C.L.). The former agrees well
with those reported in the literature [39,47,50-52,68],
while the latter is a first constraint on g for the EDE model
with V(¢) = V[l — cos(¢p/f)]*. The data strongly favor
a + f over g from EDE.

We also check whether the choice of EDE parameters
affects the results. We repeat the analysis for the best-fitting
cosmological parameters for fgpg fixed to a grid of values
between 0 to 0.15 reported in Ref. [27]. We find that the
minimum y? for the stacked EB power spectrum varies less
than Ay?> < 0.1 when sampling a +  and g jointly, and
obtain similar constraints on the parameters regardless of
the value of fgpg. This is because the shape of the observed
EB power spectrum is well described by a + f. This result
confirms the robustness of our baseline result.

Conclusions.—We presented a first constraint on the
photon-axion coupling constant for the EDE model.
Thanks to the unique shape of the predicted EB power
spectrum, we were able to derive a constraint on g/Mp! =
0.04 + 0.16 (68% C.L.) independent of the miscalibration
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angle or the Galactic foreground emission. We find that the
Planck data do not favor cosmic birefringence caused by a
coupling to canonical pre-recombination EDE, g, but favor
cosmic birefringence that occurred after the epoch of
recombination, S, or a miscalibration of polarization angles
of the Planck detectors, a.

The derived value of g is much weaker than the strength
of the gravitational interaction, |g| << Mp/'. This may have
important implications for embedding EDE in fundamental
physics, such as string theory. Although previous attempts
[78-80] have not yet studied a Chern-Simons coupling for
the EDE field in string theory, it is conceivable that such a
term appears.

In particular, Ref. [80] finds that the best-fitting axion
decay constant, f ~(0.2Mp;, requires fine-tuning of the
microscopic parameters to respect the weak gravity con-
jecture [81], which states that any gauge force must mediate
interactions stronger than gravity for some particles [82].
Similarly, |g| < My may also be in tension with the
requirement for a consistent theory of quantum gravity,
including the weak gravity conjecture. Whether such a
constraint exists on g remains to be studied. See
Refs. [83,84] for some discussion on the weak gravity
conjecture in the presence of a Chern-Simons coupling.

The EDE parameters given in Table I yield f = 0.15Mp,
and 0.18Mp, for the base and base + SHOES parameters,
respectively. If we take g= ¢, @/ (22f) with f=0.15Mp,
our constraint on g yields ¢y, = 5.2 + 21 (68% C.L.). If the

weak gravity conjecture demands |g| > Mp!, we find
|cyy| 2 130, which may be too large for an anomaly
coefficient, although a natural value for Coy depends on
the precise mechanism by which the Chern-Simons term
arises. In any case, such a large anomaly coefficient is ruled
out by our measurement.

Our work opens up a new research area in the EB power
spectrum analysis. While we have focused on a particular
EDE model with V(¢) = V[l — cos(¢p/f)]" for n = 3, the
same analysis can be repeated for any other model, e.g.,
n =2 [20]. As our approach is independent of the mis-
calibration angle or the Galactic foreground emission, it can
be applied to both current and future CMB experiments
[85-89].
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