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ABSTRACT: We present a study on using delensing to enhance cosmic birefringence mea-
surements based on full-sky, map-based simulations. In our analysis, we neglect foreground
contamination and instrumental systematics to isolate the intrinsic impact of delensing on
both isotropic and anisotropic birefringence. For the isotropic case, assuming a constant
rotation angle of § = 0.35°, delensing reduces the lensing-induced variance in the EB power
spectrum, yielding an improvement in sensitivity of approximately 10% at 6uK-arcmin noise
for £ < 200 and 25-40% at lower noise levels for ¢ < 1000. For the anisotropic case, using
simulations at 1 pK-arcmin noise, we reconstruct the birefringence angle for a scale-invariant
spectrum and mitigate lensing bias by delensing, achieving a 50% reduction in the leading
N(g) bias and a 30% improvement in the constraints on the amplitude Acg. Our results
demonstrate that delensing is an effective tool for enhancing the detectability of subtle parity-

violating signals in the CMB with forthcoming experiments such as the Simons Observatory,
CMB-54, and LiteBIRD.
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1 Introduction

The cosmic microwave background (CMB) serves as a potent observational tool for probing
the early universe, encoding invaluable information about fundamental physics. Among the
diverse phenomena accessible through CMB polarization, cosmic birefringence—the rotation
of the linear polarization plane of CMB photons as they traverse cosmological distances—has
recently attracted considerable attention as a potential indicator of new physics beyond
the Standard Model [1-7]. A robust detection of cosmic birefringence would provide strong
evidence for parity-violating interactions in the universe.

Cosmic birefringence (CB) is broadly classified into isotropic and anisotropic categories.
In the isotropic case, the CMB polarization undergoes a uniform rotation across the sky,
potentially signaling a isotropic pseudoscalar field interacting with photons, which may
approximate the behavior of dark energy [2, 8-14]. Conversely, anisotropic CB exhibits a
position-dependent rotation angle, driven by fluctuations in the pseudoscalar field. Various
cosmological phenomena — including dark matter [15-17], early dark energy [10, 18, 19],
dark energy [2, 8-14], and topological defects [20-23] — have been proposed as sources of
axion-like particles(ALP) that could induce CB via Chern-Simons coupling [5]. If ALPs are
responsible for CB, this phenomenon provides a robust indirect probe of their properties,
including mass, coupling strength, and cosmic evolution. Furthermore, the temporal evolution
of pseudoscalar fields during recombination and reionization can alter the FB power spectrum,
affecting both its amplitude and shape. Precise reconstruction of this spectral structure
offers a tomographic window into the dynamics of pseudoscalar fields throughout cosmic
history [10, 15, 19, 24-29], while also mitigating degeneracies arising from instrumental



systematics [30-34]. Additionally, CB may reveal observable signatures of parity-violating
physics predicted by quantum gravity theories [35-37].

Recent analyses, including measurements from Planck [33, 38-42], ACT [43], and joint
analyses of Planck and WMAP [44, 45], indicate a non-zero isotropic birefringence angle.
There are also measurements from QUaD [30], WMAP [46], POLARBEAR [47], SPT [48],
and BICEP [49] that have explored the isotropic birefringence angle. However, these findings
require further confirmation through upcoming experiments such as the Simons Observa-
tory [50, 51], LiteBIRD [52, 53], CMB-S4 [54], AliCPT [55, 56] and CMB-HD [57]. For
anisotropic CB, the most stringent constraint on the amplitude of the scale-invariant rotation
spectrum is Acg = L(L + 1)C#%/21 < 0.044 x 1074 [rad?] at the 95% confidence level [58];
additional constraints based on Planck data have also been reported [59-61]. Future obser-
vations are expected to enhance these constraints even further, improving our sensitivity
to spatial fluctuations in the rotation angle.

However, a recent study has shown there is a measurable gravitational lensing impact
on CB [62]. Gravitational lensing alters CMB polarization by deflecting photon trajectories
through large-scale structures, which converts E-modes into B-modes and increases the overall
variance [63]. In this work, we build on prior work by applying delensing techniques—developed
to tighten constraints on primordial gravitational waves [64—66], sharpen acoustic peaks [67],
improve cosmological parameter estimation [68, 69], probe primordial non-Gaussianity [70]—to
measure CB [49] with enhanced precision. Our analysis focuses on reducing lensing-induced
variance to refine constraints on both isotropic and anisotropic birefringence, systematically
assessing potential biases and quantifying improvements in statistical sensitivity.

This paper is structured as follows: in section 2, we outline the theoretical framework of CB
and its connection to new physics. Section 3 describes our simulation methodology, detailing
the modeling of CMB polarization, lensing, and birefringence effects. In section 4, we present
the quadratic estimation techniques used for both lensing and birefringence reconstruction.
Section 5 focuses on delensing, including its impact on isotropic and anisotropic birefringence
measurements, as well as the possible biases introduced. Finally, in section 6, we discuss
the broader implications of our findings and future directions for improving CB constraints
in upcoming CMB experiments.

2 Theoretical framework

In this section, we establish the theoretical framework essential for understanding the influence
of gravitational lensing and CB on CMB polarization. We first examine weak gravitational
lensing, which distorts the polarization pattern and generates B-modes, thereby introducing
an additional source of noise into birefringence measurements. We then delineate the physics
underlying CB, distinguishing between its isotropic and anisotropic manifestations. Our
analysis is focused on how these phenomena modify the polarization of the CMB.

2.1 Weak gravitational lensing of CMB

As CMB photons traverse the Universe, their trajectories are deflected by the gravitational
potentials associated with intervening large-scale structures. This phenomenon, known as



gravitational lensing, distorts the observed CMB anisotropies and modifies the intrinsic polar-
ization patterns [71-73]. In particular, gravitational lensing remaps the Stokes parameters
Q' and U’, which describe the linear polarization of the CMB, according to

Q +iU(h) = [Q +iU')(h + d), (2.1)

where 7 is the unit vector along the line of sight and d is the deflection vector. The deflection
vector can be decomposed into a gradient (curl-free) component and a curl component:

d=V¢+Vx1, (2.2)

where ¢ is the lensing potential and 1 represents the curl mode. Under the standard
assumptions of weak lensing and the Born approximation, the curl component is expected to
vanish (¢ ~ 0) [74, 75], so that the deflection is well approximated by

d=~ V. (2.3)

The lensing potential ¢ is given by the line-of-sight projection of the three-dimensional
gravitational potential (also referred to as the Weyl potential ¥ [72]), which is sourced by
the matter distribution:

~ X X — X ~
() = —2/ dx U(xn,m0 — X), (2.4)
0 XxX

where y is the conformal distance, 79 is the conformal time today, and y, is the conformal
distance to the last-scattering surface. The gravitational potential W(x7n,ny — x) is evaluated
along the unperturbed photon trajectory, consistent with the Born approximation, which
assumes that photons travel in straight lines prior to being lensed [76-78].

One of the key observational consequences of CMB lensing is the conversion of E-mode
polarization to B-mode polarization. The lensing-induced B-mode power spectrum introduces
additional noise, comparable to a 5 puK-arcmin white noise up to degree scales [63]. This
lensing B-mode signal has been detected by CMB experiments and poses a significant
challenge for detecting primordial gravitational waves [79-84]. Understanding and mitigating
the effects of weak gravitational lensing is crucial for improving the precision of cosmological
measurements, including constraints on how CB affects the polarization of the CMB.

2.2 Cosmic birefringence

CB arises when CMB photons interact with a pseudoscalar field, such as ALPs, which
couples to electromagnetism through a Chern-Simons term [1, 3, 85]. The presence of CB
introduces parity-violating signatures in the CMB, specifically generating nonzero T'B and
EB correlations that are absent in the standard ACDM model [27, 86, 87].
The interaction responsible for CB is described by the following Lagrangian density:
1 1 -
LD _ZFWFW - ZgaF’“’FW, (2.5)

where F'* is the electromagnetic field strength tensor, FM ig its dual, a is the pseudoscalar
field (such as an ALP), and g is the axion-photon coupling constant. This interaction results



in a rotation of the linear polarization angle of CMB photons as they traverse space filled
with a nontrivial a field. The total birefringence rotation angle is given by:

1 [t da
8= 59 e dt@’ (2.6)
where t1,g5 denotes the time of last scattering and ty is the present time. This equation
shows that the observed birefringence angle depends on the evolution of the a field along
the photon’s trajectory.

Studying CB offers a unique avenue to probe physics beyond the Standard Model, includ-
ing the nature of dark energy, axionic dark matter, and potential violations of fundamental
symmetries. In this work, we consider two primary manifestations of CB. The first, isotropic
CB, examines a uniform rotation of the CMB polarization plane across the entire sky, while
the second, anisotropic CB, accounts for spatial variations in the rotation angle. These
variations provide critical insights into the distribution and evolution of the underlying
pseudoscalar field. The following subsections provide a brief exploration of these cases.

2.2.1 Isotropic case

For the isotropic case, where the birefringence angle, 8 is uniform across the sky, the
transformation of the Stokes parameters ) and U due to a rotation can be expressed as follows:

Q' +iU' = (Q +iU)e™?P, (2.7)
Here, Q" and U’ denote the observed Stokes parameters after rotation, while @ and U

represent the intrinsic polarization before the effect of birefringence. Thus, the polarization
components transform as:

B\ [cos(2B) —sin(2B8)\ [ Eem (2.8)
B}, sin(253) cos(25) Bom | .
which leads to modifications in the observed EB angular power spectra [27, 86, 87]:
! R/ 1
CF'P' = Zsin(4p) (cFF - cpP). (2.9)

This model assumes an ultralight pseudoscalar field with mass m < 10728 eV, for which
the rotation evolves slowly over cosmic time. For heavier fields, the CfB spectrum may
exhibit a more complex scale dependence.

2.2.2 Anisotropic case

The modified Stokes parameters in the presence of anisotropic birefringence are given by:

Q'(A) £iU'(R) = [Q(7) £ iU (n)] eT2™), (2.10)
Here, a(7)! represents the spatially varying birefringence angle, which describes the rotation
of the polarization plane at different positions on the sky [88]. This angle is a scalar field
that can be expanded in terms of spherical harmonics:

a(h) =Y aLuYom(h), (2.11)
LM

'We use a for the anisotropic birefringence angle to distinguish it from the isotropic angle 3.



where ap)s are the expansion coefficients and Y7 /(1) are the spherical harmonics. Unlike
the isotropic case, where the rotation angle is constant, anisotropic birefringence introduces
spatially dependent modifications to the CMB polarization. This spatial variation leads to
additional mode couplings in the observed CMB power spectra, encoding information about
the underlying physics driving the birefringence effect.

The effect of anisotropic birefringence on the CMB polarization induces mode coupling
between E- and B-modes, modifying them as follows [89]:

' ey . m| ¢ L 4
Efy, £ By, = Ep By + Y (—1)

A WiE ) [Epme £ iBomslarpu, (2.12)
LMm/ —m m

where the coupling coefficient Wfiu, is defined as:

204+ 1)2L+1)(20+1) [ £ LY
Wit = wocvpE )L 2.13
¢Le ¢ qu\/ - 909 (2.13)
Where ¢(* = 1, (- = i and the parity indicator is given by:
1+ (_1)€+L+5'
pthgl == f . (214)

The terms in parentheses represent Wigner 3j symbols. This formulation illustrates that
anisotropic birefringence introduces mode coupling across different multipoles, resulting in
non-zero off-diagonal elements in the covariance matrix.

3 Simulations

In this study, we conduct a full-sky, map-based delensing analysis to investigate the effects of
gravitational lensing and delensing on CB, utilizing CMB polarization maps. These maps are
generated using the HEALPix pixelization scheme with a resolution parameter of Ngq. = 2048.
We assess three distinct noise levels — 6, 2, and 1 puK arcmin — reflecting the expected
sensitivities of upcoming CMB experiments such as the Simons Observatory, LiteBIRD and
CMB-54, respectively, while keeping the experimental beam fixed at 1 arcmin across all cases.

To produce the lensed CMB polarization maps, we start with unlensed CMB polarization
maps and a lensing potential map, both generated as random Gaussian fields? based on
the fiducial angular power spectra computed using CAMB? [90]. Gravitational lensing is
then applied using the lenspyx* [91] package, which employs bicubic interpolation on an
oversampled equidistant cylindrical projection grid to ensure high precision. We explore
two scenarios of CB:

1. Isotropic Birefringence: an isotropic rotation angle of 5§ = 0.35° is applied to the
unlensed CMB polarization maps before lensing.

?We note that our simulations neglect the correlation between the unlensed CMB anisotropies and the
lensing potential. This choice is justified in the context of our analysis, as we do not model the higher-order
lensing effects where such correlations become relevant.

3https://github.com/cmbant/camb.

“https://github.com/carronj/lenspyx.
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Figure 1. Left: binned reconstructed lensing potential power spectrum cross-correlated with the
input ¢rns. Right: binned power spectrum of the reconstructed anisotropic birefringence angle cross-
correlated with the input ay . In both panels, the blue points with error bars represent the binned
reconstructed spectra, and the grey solid line indicates the input signal. The error bars denote the
standard deviation from 100 simulations. In the left panel, the solid colored lines show the NN, (‘%) bias

and the dashed colored lines depict the iterative IV, (‘% bias, with red, brown, and pink corresponding
to noise levels of 6, 2, and 1 pK-arcmin, respectively. In the right panel, the solid pink line denotes
the N(%) bias for the 1 pK-arcmin case.

2. Anisotropic Birefringence: the birefringence field is modeled with a scale-invariant

power spectrum given by
27

CL = ACBma

(3.1)

where the amplitude is set to Acg = 1 x 1075, Gaussian realizations of the rotation
field « are applied to the unlensed maps prior to lensing. Although observational upper
limits on Acp are as high as 0.044 x 10~%, we adopt this smaller value to probe subtle
birefringence signals. We adopt a scale-invariant form for C'#“ as a minimal and widely
used template, particularly relevant for light pseudoscalar fields. Other mechanisms,
such as topological defects may produce non-scale-invariant spectra, which will be
explored in future work.

4 Quadratic estimation

In this section, we outline our methodology for reconstructing both the lensing potential and
the birefringence angle via quadratic estimators. These estimators enable the extraction of
the statistical anisotropies introduced by gravitational lensing and CB from CMB polarization
maps. We employed quadratic estimators implemented in the plancklens package® [67].

Shttps://github.com/carronj/plancklens,.


https://github.com/carronj/plancklens/

Prior to reconstruction, we apply Wiener filtering to optimally extract the relevant signals
while suppressing noise [92]. The Wiener-filtered fields are given by:

CXX

XNV = o Xy, 4.1
Im CgXX+NgXX Im ( )
where X € [E, B], CfX is the theoretical power spectrum, and NEXX is the noise power

spectrum.

4.1 Lensing reconstruction

The off-diagonal elements of the covariance, resulting from anisotropies in the deflection
field [93, 94], are expressed as:

¢ 0 L
(EtmBem) (emy#(0—my = (=DM ( M) fitedou, (4.2)

LM mm/—

where ¢ denotes the lensing potential and parentheses represents the Wigner’s 3j sym-
bol. The f£5 is the weighting function that quantifies the response of the observed CMB
polarization to the mode coupling induced by gravitational lensing. This function charac-
terizes how off-diagonal correlations are affected by lensing, with its explicit form provided
in table 1 of ref. [93]:

fﬁ%:—ipz_w\/ 2e+1)RLH) (20 +1) [L(LA+1)+L(L+1) =L/ (' 41)] (f Lt cpFE,

167 20 -2

(4.3)
where CfE is the F-mode power spectrum. Note that in f[ill?,, we have omitted the negligible
contribution from B-modes. A key property of gravitational lensing is that it conserves parity,
implying that fﬁ?, is non-zero only when the sum ¢ + L + ¢ is odd. Although gravitational
lensing converts F-modes into B-modes, it does not induce an ensemble-averaged EB
correlation in the CMB. Thus, the lensing potential can be reconstructed using a quadratic
estimator of the CMB anisotropies, and the unnormalized estimator is defined as:

~ ¢ 0 L
v =3 ( , ) (F55) Eom Bernr. (4.4)
Y74 mm' M
The normalization in the idealized full-sky case is given by:
EBi2 171
b _ 1 Z \ferer| ] 4
L= : (4.5)
2L + 147 CPPCOPP

The reconstruction of the lensing potential, up to first order in Cf ¢, is governed by two
primary biases. The first, IV, ((%), arises from the disconnected part of the four-point correlation
function, while the second, NNV, g), originates from the secondary contraction of the connected

components at first order in the lensing potential,though its amplitude remains typically
low compared to N(%). We follow the methodology outlined in ref. [84] to estimate these
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Figure 2. Posterior distributions of the isotropic birefringence angle 3. Left Posterior obtained over
the multipole range 2 < ¢ < 200. The lensed posterior is shown in blue, while the orange line indicates
the impact of internal delensing bias. The green line represents the debiased case using the S2 strategy,
and the purple line shows the S1-based unbiased estimate. We also show the posterior obtained using
Gaussian N, (%) in red. Right: posterior distribution obtained over the multipole range 2 < ¢ < 1000,
with the lensed posterior in blue and the delensed (S2) case in green and the red denotes the case with
the Gaussian noise bias. The mean values and 68% confidence levels of these posterior distributions
are summarized in table 2.

biases. While both N, (‘%) and Ng) biases are present, the Wiener filtering uses the IV (‘%) bias

which is equivalent to Af(see section 5 for details). The left panel of figure 1 displays the
binned reconstructed lensing potential power spectrum, cross-correlated with the input ¢ ;.
The N(%) bias for noise levels of 6, 2, and 1 uK-arcmin is shown in red, brown, and pink,

respectively. For low-noise experiments, the quadratic IV, (%) estimator becomes suboptimal,
and we can improve the estimate using an iterative lensing approach [65, 95]. The same figure
also shows the iterative N(%) bias, estimated using the cmblensplus® [89] package, represented
by dashed lines. In this analysis, we use the reconstructed lensing potential to delens the
polarization field. The lensing potential is reconstructed using CMB polarization fields over
the multipole range 2 < ¢ < 4096, and we reconstruct the lensing potential up to ¢ = 4096.

4.2 Birefringence angle reconstruction
The off-diagonal elements of the covariance, resulting from anisotropies in the rotation

field [88, 89], are expressed as:

¢ 0 L
(EomBerm) myz(er—my = »_(—1)M ) fireown, (4.6)
LM mm’ —M

where ars represents the birefringence rotation field, and fg} . (see ref. [88]) serves as the
weighting function that determines the response of the observed CMB polarization to the

Shttps://github.com/toshiyan/cmblensplus.
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mode coupling induced by birefringence. The function f7;, = —W,;, CEF characterizes
how off-diagonal correlations respond to the birefringence effect, analogous to the response
function for lensing-induced mode couplings. In this expression, the contribution from C’gBB
has been neglected due to its relatively small amplitude. Moreover, ff;, is non-zero only
when ¢ + L + ¢ is even. Consequently, the birefringence field can be reconstructed as a
quadratic estimator of the CMB anisotropies, and the unnormalized estimator is defined as:
- ¢ UL
ary = Z , (fire) EemBermy . (4.7)
Y74 mm’ M
The normalization in the idealized full-sky case is given by:

1 | fre?
Af = . 4.
Lmar+1 ; CEECPB (4.8

Similar to the lensing reconstruction, the reconstruction of the birefringence angle is subject
to a disconnected(Gaussian) bias, with N(%) = A¢ in the ideal case. The right panel in figure 1
presents the binned power spectrum of the reconstructed birefringence angle, cross-correlated
with the input arps. The N(O(‘)) bias is shown as a solid pink line for the 1 pK-arcmin
noise simulation.

5 Delensing

In this section, we aim to improve the sensitivity of CB measurements by reducing lensing-
induced variance in CMB polarization. We implement internal delensing using a template-
based approach similar to refs. [84, 94, 96|, reconstructing the lensing potential from the same
CMB fields used in the analysis. Specifically, we filter the reconstructed lensing potential
over the multipole range 8 < £ < 4096. and compute a Wiener-filtered lensing potential,
gb‘ﬁg , to optimally capture lensing modes while minimizing noise:

= L(L + 1)7¢LM7 (51)
i CP? 4+ NP

where Cf"b is the theoretical lensing potential power spectrum, and Ngd) includes only the
disconnected (N(g)) bias in this work. Next, we generate a Wiener-filtered E-mode map,
PE) () = Q) (R) +iUF) (), and remap it according to V¢Vl to form a lensing B-mode
template, B,-™"P. Here, P(F)(f) denotes the real-space polarization field constructed from
the EF-mode map alone. Finally, we subtract this template from the observed B-mode map,
By, to obtain the delensed B-mode map:

Bgel = B, — BI™P, (5.2)

m — Im

By removing these lensing-induced anisotropies, we enhance sensitivity to CB and refine
delensed

parameter constraints. We define the delensing efficiency as <1 — ;ﬁgf}sed ) x 100, where
lens

Ajens denotes the amplitude of the lensing B-mode power spectrum before and after delensing.

The resulting efficiencies for different noise levels are summarized in table 1. The following
subsections detail the delensing analysis for both isotropic and anisotropic CB.



Noise Level [uK-arcmin] Delensing Efficiency [%]

6 16.01
2 53.22 (59.06)
1 67.93 (76.68)

Table 1. Delensing efficiencies achieved for different white-noise levels using the quadratic estimator.
Values in parentheses indicate efficiencies obtained with the iterative IV (%).
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Figure 3. Binned EB power spectrum at low £. The blue error bars represent the lensed spectrum,
while the pink error bars correspond to the delensed spectrum with S1 strategy. The error bars are
computed using 100 realizations.

5.1 Isotropic cosmic birefringence

We estimate the EB power spectra before and after the delensing procedure and assess
the improvement in sensitivity using a likelihood approach. Before likelihood evaluation,
the CfB spectra are binned linearly with a bin width of 5 multipoles, starting from ¢ = 2.
The likelihood function is given by

L o exp (—;ATC‘1A> , (5.3)

where

A C;EB,data _ CbEB,theory (5.4)

9

and C is the covariance matrix of the binned C’ZE B.data " The covariance matrices are computed
from 100 independent simulations, each including CMB signal, instrumental noise, and beam

4,10 —



B [deg]

Samples £ <200 ¢ < 1000

Lensed 0.348+1.9x 1072 0.3494+32x 1073
Delensed (S2 Debiased) — 0.350 & 1.4 x 1072 0.350 £ 2.6 x 1073
Delensed (Gaussian) 0.350 £ 1.7 x 1072 0.350+3.0 x 1073

Delensed (S1, Unbiased) 0.348 + 1.7 x 102 —

Table 2. Posterior mean and 1o confidence intervals for the isotropic birefringence angle 3 in degrees,
estimated from lensed and delensed CFP spectra. Results are shown for two multipole ranges: £ < 200
and ¢ < 1000.

effects. In this analysis, we consider only the diagonal elements of C, as the off-diagonal
elements after delensing remain noisy and do not converge reliably with the available number
of simulations. A significantly larger number of realizations would be required to accurately
model the full off-diagonal covariance after delensing. The posterior distribution of the
birefringence angle S is explored by sampling the likelihood using an affine-invariant MCMC
sampler implemented in emcee.” For our initial analysis, we use the simulation set with
6 pK-arcmin noise. Figure 2 shows the posterior distributions of 5 obtained from the lensed
and delensed spectra, and the corresponding mean values and 1o intervals are summarized
in table 2. As evident, the delensed power spectra exhibit a bias. We address this internal
delensing bias in the following subsection.

5.1.1 Impact of delensing bias

Internal delensing introduces a bias, known as the internal delensing bias (IDB), which arises
because the noise in the reconstructed potential map is correlated with the CMB map being
delensed. This bias is absent when the lensing potential is obtained from external tracers [97]
(e.g., galaxies or the cosmic infrared background) or reconstructed using the temperature
field. To mitigate IDB, we adopt two strategies:

Strategy 1 (S1): to prevent IDB, we reconstruct the lensing potential using CMB multipoles
in the range 200 < L < 4096, thereby avoiding any overlap with the modes used in
the EB power spectrum. Consequently, we restrict our analysis to the delensed EB
spectrum at £ < 200, which remains unaffected by IDB. The purple curve in figure 2
(left) represents the posterior obtained using this method. The S1 shows an improvement
of around 10%. Figure 3 shows the binned EB spectra for both the lensed and the
delensed cases using the S1 strategy.

Strategy 2 (S2): following ref. [84], we repeat the delensing procedure using the input ¢z
supplemented with a Gaussian realization of the N (‘%) bias. This approach prevents
noise correlations from contaminating the delensing process. We then compute the IDB

spectrum as
CgDB — <CI])EB, delensed, recon CEB7 delensed, Gaussian> 7 (55)

"https://github.com/dfm /emcee.
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Figure 4. Best-fit values of 5 with corresponding 1o error bars for simulation sets at various noise
levels. For the 6 puK-arcmin case, we show both the lensed and quadratic-estimator delensed results.
For the lower noise levels (2 and 1 pK-arcmin), in addition to quadratic estimator delensing, we also
present constraints from iterative delensing using a Gaussian iterative IV %) approach. Blue error bars
denote the lensed case, green error bars correspond to quadratic estimator delensed constraints, and
red error bars indicate iterative N, ((%) based constraints. The true value is marked by the dashed grey
line. Sensitivity improvements from delensing are annotated above the dashed line, while percentage
improvements comparing lensed and iterative delensing results are shown below it.

and subtract it from the delensed spectra. We find that this Planck-like debiasing
method becomes unreliable in the low-noise regime due to better signal-to-noise in the
CMB polarization fields. The green curve in figure 2 represent the S2-based debiased
posteriors. These are compared with the red curve, which correspond to delensing using
a Gaussian realization of the IV, (%) bias. Notably, the S2 strategy yields a lower variance
than even the idealized Gaussian case, indicating a potential underestimation of the
variance. This suggests that the bias subtraction from the biased delensed spectra in
the S2 method may inadvertently reintroduce signal into the final spectrum, leading
to an artificially tight constraint. Moreover, including high multipoles (extending the
range to 2 < £ < 1000) further enhances the overall sensitivity as shown in the figure 2
(right): the lensed spectrum alone demonstrates an 80% improvement, with debiased
delensing providing an additional ~7% enhancement.

5.1.2 Improvement by iterative lensing estimates

To further quantify the benefits of iterative delensing, we used the Gaussian simulations
of iterative N, (%) bias estimates for noise levels of 2 pK-arcmin and 1 pK-arcmin. Figure 4
presents the best-fit 5 values with 1o confidence intervals for these noise levels. In this regime,
delensing yields a sensitivity improvement of approximately 30% for 2 uK-arcmin noise
and 40% for 1 pK-arcmin noise. These results highlight the potential of internal delensing,
combined with strategies to mitigate IDB, to significantly enhance the sensitivity of isotropic
CB measurements in forthcoming CMB experiments.
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Figure 5. Left (upper): binned reconstructed birefringence angle spectra after subtracting N(‘”(‘)) and
Cf“s bias - Orange points represent the lensed case (L), red points correspond to delensing using the
reconstructed lensing potential (R), and green points correspond to delensing using the input (true)

lensing potential with a Gaussian realization of N, (%) (G). The purple, brown, and pink lines show the

semi-analytical estimates of N(%) for the L, G, and R cases, respectively. Left (lower): bias-to-signal
ratio for the same three cases. Orange, green, and red curves correspond to L, G, and R, respectively.
Right: posterior distribution of Acg. The Orange, green, and red curves represent the L, G, and R
cases, respectively. The shaded region indicates the 1o confidence interval, with values listed in the
legend. All results are based on simulations with a noise level of 1 pK-arcmin; error bars reflect the
standard deviation over 100 realizations.

5.2 Anisotropic cosmic birefringence

For this analysis, we use a simulation set with a noise level of 1 uK-arcmin. We reconstruct
the anisotropic CB angle using CMB polarization fields over the multipole range 2 < ¢ < 1024,
thereby estimating the ap s coefficients up to L = 1024. Gravitational lensing introduces
significant biases in anisotropic birefringence estimates [98], necessitating careful mitigation
to enable robust parameter inference. To quantify the impact of lensing-induced bias, we
reconstruct the birefringence angle from two sets of simulations: one with standard lensed
CMB maps, and another using Gaussian CMB simulations generated from the lensed CMB
power spectra. The latter set retains the same statistical properties but lacks the non-
Gaussian lensing-induced correlations, and is therefore expected to be free from lensing bias.
We define the lensing bias spectrum as

lens bias __ aQ,recon « - aa,recon o
CL o < (CL N(O)) lensed CMB ( L N(0)> Gaussian CMB> ’ (56)

Note that Cfns bias includes contributions from the lensing-induced component of N(Oi).
The upper-left panel of figure 5 presents the bias-subtracted anisotropic CB power
spectra. The orange points with error bars represent the spectrum reconstructed from lensed
simulations. The red points show the delensed result using a lensing potential reconstructed
from the CMB itself, while the green points correspond to delensing performed using the
input (true) lensing potential with a Gaussian realization of N, (%). The difference between
these two delensed cases highlights the impact of IDB: a noticeable downward bias appears
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in the red points, which is absent in the green one. The lower panel shows the fractional bias,
defined as the bias-to-signal ratio. The orange curve corresponds to the lensed case, where
lensing-induced bias is clearly present. The green curve (delensed with input potential) shows
effective removal of this bias, while the red curve (delensed with reconstructed potential)
exhibits a residual suppression due to IDB. We then perform a likelihood analysis — using
the same formalism as for the isotropic case (see eq. 5.3)—with

A = Cga,data B Cgoc,theory. (57)

Here, C’ga’theory is given by eq. (3.1). Before computing the likelihood, the reconstructed
C¢ spectra are binned into 200 intervals between L = 2 and L = 1024, using bin edges
spaced uniformly in v/L. This binning provides higher resolution at low multipoles, where
the anisotropic birefringence signal is strongest, while maintaining adequate signal-to-noise at
higher multipoles. Covariance matrices are estimated from 100 independent simulations. As
in the isotropic case, we include only the diagonal elements of the covariance, since modeling
the full off-diagonal terms would require accurate realization-dependent estimates of NV (%)

and N, (0{), especially after delensing. For the data spectrum, we define
Cga,data _ C,ga,recon . N(%) _ Clgns bias’ (58)

Since we do not explicitly model or correct for the IV, (Oi) bias, our likelihood analysis is restricted
to multipoles ¢ < 100 to minimize its impact. Our results indicate that the posterior on
Acp improves by approximately 30% for the delensed case compared to the lensed case.
This improvement is driven partly by the reduction in the N(%) bias after delensing, but the
dominant gain comes from suppressing lensing-induced bias. The right panel of figure 5 shows
the posterior distributions of Acp for the three cases: lensed (orange), delensed using the
input lensing potential with Gaussian N, (%) (green), and delensed using the reconstructed
lensing potential (red). These results demonstrate that delensing effectively suppresses both
the leading-order N(%) and lensing bias, thereby enhancing the robustness and sensitivity

of anisotropic CB measurements.

6 Conclusion and discussion

We have presented a comprehensive analysis of the impact of internal delensing on CB
measurements using full-sky, map-based simulations. Conducted under idealized conditions —
without foreground contamination or instrumental systematics — our study isolates the intrin-
sic improvements achievable through delensing and examines both isotropic and anisotropic
birefringence scenarios.

For the isotropic case, we assumed a constant rotation angle of g = 0.35° and demon-
strated that internal delensing substantially reduces the lensing-induced variance in the
EB power spectrum. Our likelihood analysis, based on the EB spectrum, indicates an
improvement in the sensitivity to 8 of approximately 10% for a noise level of 6 pyK-arcmin,
a sensitivity achievable by the Simons Observatory (both SAT and LAT). In particular, to
further mitigate delensing bias and achieve optimal performance, delensing using external
tracers or temperature-based lensing reconstruction offers promising bias-free alternatives
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for upcoming CMB experiments. For lower noise levels of 2 and 1 pyK-arcmin — which are
representative of the capabilities of LiteBIRD and CMB-S4 — the sensitivity improvements
after delensing range from 25% to 40%. These results underscore the potential of delensing
to enhance the detectability of subtle parity-violating signals in the CMB polarization.

In the anisotropic case, we reconstructed the birefringence angle using a quadratic
estimator applied to the CMB polarization fields over the multipole range 2 < £ < 1024, for a
simulation with a noise level of 1 pK-arcmin. Recognizing that gravitational lensing introduces
additional biases (including contributions to the N, a) term), we compared our results with
lensed Gaussian simulations to compute a bias spectrum that captures these higher-order
effects. Although we estimated and mitigated the lensing bias, our likelihood analysis was
restricted to multipoles below £ = 100 to minimize the impact of the unmitigated N, (Oi) bias.
For the anisotropic case, delensing reduces the N, (06) bias by about 50%, and the posterior
distribution of the amplitude Acg improves by approximately 30% following delensing.

In both scenarios, upcoming experiments — such as the Large Aperture Telescope
of the Simons Observatory and CMB-S4 — are expected to probe smaller angular scales,
where delensing can further enhance the statistical significance of CB measurements. Future
work will aim to incorporate additional complexities, including foreground contamination,
instrumental calibration uncertainties, anisotropic noise, and partial sky observations, as well
as to address residual biases by incorporating realization-dependent N(O(‘)) and Nﬁ) terms.
Moreover, we plan to implement fully iterative estimators to further refine our results. Overall,
our study demonstrates that delensing is a powerful tool for enhancing the sensitivity of
CB measurements, paving the way for robust tests of new physics beyond the Standard
Model in forthcoming CMB observations. The analysis pipeline is publicly available at
https://github.com/antolonappan/DelensCoBi.
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