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ABSTRACT: Cosmic birefringence (CB) is a promising probe of parity-violating physics beyond
the Standard Model, characterized by the rotation of the linear polarization plane of cosmic
microwave background (CMB) photons. This effect, quantified by the birefringence angle 3,
generates non-zero £ B and T'B correlations that are otherwise absent in standard cosmology.
However, instrumental miscalibration angles o can mimic this signal, necessitating a joint
estimation approach. In this work, we forecast the sensitivity of the AiCPT experiment,
combined with Planck HFI data, on constraining the isotropic CB angle using a semi-
analytical maximum-likelihood method. We simulate observations under various foreground
complexities, rotation angles, and scanning strategies, and demonstrate that AiCPT can
achieve an uncertainty of o(3) = 0.09° with one-year data, which will improve to 0.026°
after four years’ observations. We also find that neglecting or mismodeling the foreground
E B correlation will introduce significant biases, which can be alleviated under a clean but
small sky patch.
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1 Introduction

Cosmic birefringence (CB) has emerged as a unique window into parity-violating physics
beyond the Standard Model of cosmology, whose natural result is the rotation of the linear
polarization plane of photons as they propagate through space [1, 2]. This effect arises from
a Chern-Simons interaction coupling a pseudo-scalar field ¢ to the electromagnetic tensor
F,, and its dual F uvs via a Chern-Simons term Ly, = —%gmquWFW as an addition to the
electromagnetic Lagrangian density, where g4, is the coupling constant [3]. The parity-odd
field ¢, which changes sign under spatial inversion transformation, represents an undiscovered
field beyond the Standard Model framework [4, 5] and a potential candidate for both dark
matter [6-9] and dark energy [10-13]. The detection of a non-zero cosmic birefringence angle
would thus constitute direct evidence for parity violation and new physics [14-16].

The cosmic microwave background (CMB) provides the most sensitive observational probe
for this phenomenon to date [17, 18]. The rotation angle of the linear polarization plane,
commonly referred to as the cosmic birefringence angle 5, accumulates with the propagation
distance of photons as ¢ varies with time, which is given by § = %gmAqﬁ, where A¢ is
the variation of ¢ during the period from emission to observation of photons [19]. This
rotation leaves a distinct imprint on the CMB polarization by converting a portion of the



parity-even F-modes into parity-odd B-modes, generating non-zero parity-odd EB and T'B
cross-power spectra which are expected to vanish in the absence of such a parity-violating
effect [20, 21]. Given its lower cosmic variance compared to the T'B power spectrum, the EB
power spectrum is widely used to constrain the cosmic birefringence angle [22-26].

Unfortunately, miscalibration of instrumental polarization angles of detectors would
mimic a spurious rotation of the polarization plane, causing a degeneracy between the
birefringence angle 5 and the miscalibration angle « at each frequency band [27, 28]. The
polarized Galactic foregrounds suffer from miscalibration but almost being immune to cosmic
birefringence, enabling us to disentangle the physical 8 from instrumental systematics. A
novel technique [29-32] (referred to as the “Minami-Komatsu estimator”) exploit the EB
cross-frequency power spectra (along with the prior knowledge of the intrinsic EB correlation
of Galactic foregrounds [33]) to simultaneously determine the 5 and « angles. The nearly
full-sky analyses on WMAP and Planck data, based on this method, have reported tentative
evidence for an isotropic CB signal of 5 ~ 0.3° at 2.4 to 3.60 significance [33-36]. Instead
of running a full Markov Chain Monte Carlo (MCMC) sampler, refs. [33, 37, 38] adopt a
semi-analytical methodology with a small-angle approximation that significantly reduces
computational time, using the Fisher matrix to derive the uncertainties. Besides, a field-level
approach using hybrid internal linear combination (ILC) found a consistent angle with a
2.70 detection from Planck data [39]. A recent analysis of the Atacama Cosmology Telescope
(ACT) Data release 6 (DR6) [40] resulted in 8 = 0.215° + 0.074° rejecting 5 = 0 with a
significance of 2.90 [41].

Further CMB polarization data are required to give a tighter constraint on CB and a more
favorable evidence for parity violation. The Ali CMB Polarization Telescope (AliCPT) is a
ground-based CMB experiment located in Tibet, China, mainly focusing on the high-precision
measurements of CMB polarization in the northern hemisphere at 95 GHz and 150 GHz [42].
Currently in operation, this telescope is dedicated to the scientific goals of verifying the
parity violation and detecting the primordial gravitational waves (PGWs) through the CMB
B-mode polarization [43, 44]. In this work, we apply a semi-analytical maximum-likelihood
method [37] to the AliCPT and Planck simulations, in order to derive the expected constrains
on the isotropic CB angle for the AliCPT experiment.

This paper is organized as follows. In section 2, we describe the methodology used to
simultaneously estimate the cosmic birefringence and miscalibration angles. We detail the
simulations and masks in section 3, and report our results in section 4. We discuss the
results and make final conclusions in section 5.

2 Methodology

The methodology we employ in this paper is similar to the semi-analytical Minami-Komatsu
estimator presented in refs. [33, 37, 38], summarized as follows.

2.1 Formula of the observed EB spectrum

Miscalibration angles (of the i-th frequency band), a;, would rotate all the sky signals received
by the detectors on the focal plane, including the CMB and polarized Galactic foreground
emissions. If we assume that the pseudo-scalar field ¢ varies slowly in spacetime, the cosmic



birefringence angle 8 would be proportional to the propagation distance of photons in the
field. Therefore, the birefringence effect on Galactic foregrounds is negligible compared to
that on the CMB photons emitted from the last scattering surface. However, a positive dust
T B correlation was detected by Planck [45], which has been attributed to a misalignment
between local magnetic fields and dust filaments [46, 47], and might lead to an intrinsic
dust EB correlation.

The basic principle of our method is exploiting the cross-frequency power spectra of
the multi-channel sky maps containing CMB and foreground components to break the
degeneracy between «; and 5. The E- and B-mode spherical harmonic coefficients at a
frequency band i are:
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where throughout this work, the superscripts “o/fg/CMB/N” stand for the observed sky, the
intrinsic! Galactic foreground, intrinsic CMB, and noise components, respectively; hereafter
“cyp /85 /ty” denote the cosine, sine, and tangent of an angle x, respectively. Note that unless
otherwise specified, all the CMB and foreground spherical harmonic coefficients and angular
power spectra are convolved with the beam transfer and pixel window functions bé and p@.

Assuming no intrinsic FB correlations in the CMB or noise, we can derive the EB power
spectrum for a single channel i (see eq. (9) of [29]):
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and the cross-frequency EB correlation between the i-th and j-th frequency bands:
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For i = j, eq. (2.4) reduces to eq. (2.3). Eq. (2.3) assumes that the auto spectra of the E-
and B-mode noise cancel out in average: (CEE’i’N - CfB’i’N) =0.

Auto-frequency spectra (i = j) are excluded from our analysis to avoid the noise bias and
correlated systematics (including the temperature-to-polarization leakage, beam imperfection,
and cross-polarization effects, etc.) in the observed auto-power spectra. The noise-dominated
EE and BB spectra might introduce numerical instabilities in the computation of maximum-
likelihood solutions. Despite the high signal-to-noise ratio (S/N) of E-modes for AliCPT,
its measurement of CMB B-modes is still noise-dominated [48, 49]. Hence, we divide each
AliCPT band into two independent data splits (95A, 95B, 150A, 150B) like Planck, and

we validate the use of them in appendix D.

'Here, by “intrinsic” we mean the foreground and CMB components are before undergoing the CB effect.



Under the small-angle approximation? (|a;| < 5° and |8] < 5°), eq. (2.4) can be sim-
plified as:

CPP0 2050, — 20,00 2 (O P ME _ P P OME) L Bt (o)

Egs. (2.4) and (2.5) are commonly used to construct a maximum likelihood estimator to
simultaneously measure a; and § [32, 33, 35]. Besides the observed power spectra that
could be directly computed from sky maps, the equations require the prior knowledge of the
foreground E'B spectrum and the CMB EE and BB power spectra. We adopt the best-fit
ACDM cosmological parameters to compute the CMB power spectra using CAMB? [52] package
(see section 3). The contribution from the tensor B modes constrained by BICEP/Keck
observations [53] is negligible compared to the CMB E-mode power spectrum.

2.2 Modeling the dust EB correlation

We conservatively consider a non-zero foreground EB correlation even though the current
CMB measurements find it to be statistically consistent with zero [45, 54]. Two independent
approaches of modeling the dust £ B spectrum has yielded consistent results for Planck Public
Release 4 (PR4) data [55] in [33]: one predicts the dust E'B correlation based on a filament
misalignment model [46, 47], which is the only physical foreground EB model available today
(e.g., [34, 35]); and the other utilizes foreground templates given by a component separation
technique, e.g., Commander [56] to compute the foreground E B spectra (e.g., [37, 38]).

The first method assumes that the dust EB spectrum is proportional to the observed
dust TB, i.e., C’fB’dUSt / C’f Edust C’eﬂg’dust / C’eTE’dUSt, where the TB and TFE spectra are
computed from Planck 353 GHz observations [35]. Refs. [57, 58] calibrate the filamentary
dust model to Planck and HI observations to reproduce parity-violating foreground spectra,
and find that the results of measuring CB using the calibrated model as a prior are consistent
with [33]. However, the Planck’s sensitivity to EB correlations is insufficient to test the
filament model with high significance, and tighter constraints on the misalignment angle
from future high-frequency observations are required to improve predictions of the dust
EB spectrum. The second approach is better suited for simulation analysis, as it allows
quantification of the estimator’s intrinsic error due to approximations under perfect foreground
modeling. Nevertheless, it should be treated with caution in the real case since the Commander
foreground templates are not signal-dominated in terms of EFB correlations [37, 59].

In our analysis of simulations, we draw on the latter approach, taking the fiducial
foreground maps based on the PySM* models [60-62] (see section 3) as our foreground templates.
We compute C’f B from the foreground templates which are exactly the input foreground
maps in our simulations. Finally, we take AC’E Ble as the foreground E'B correlation in
our model, with the EB spectrum of templates modified by a free amplitude parameter
A to be fit along with «; and 3.

2This approximation is guaranteed by the current constraints on the birefringence angle (e.g., [35]) and the
strict control over the instrumental errors in the future experiments (e.g., [50, 51]).

Shttps://github.com/cmbant/CAMB.

‘https://github.com/galsci/pysm/tree/main.
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2.3 Construction of the likelihood and the covariance matrix

From eq. (2.5), we could build a Gaussian likelihood:

E;B;, E,E;, B;B,, E;E; CMB B;B;,CMB
—2mLo Y [Cb 70— 20, G0 4 20,00 — 2 (GNP — PP NE)
1,J:p,q b
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Here the D symbol indicates that the likelihood form is incomplete, since the In |C| term is
not included. This log-determinant is automatically considered in the iterative process, as
shown in appendix B of [37] and discussed later. In eq. (2.6) we sum over all combinations
of two frequency channel pairs (i,75) and (p,q) with i # j and p # ¢, and all the power
spectra and the covariance matrix are binned with a spacing of A¢ = 20 at ¢ € [51,1490]°
adopted by the Planck analysis [32, 33]:

C,f(:AlE;Cf(, C”:ALWZCZ' (2.7)
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In this work, we compute the pseudo-Cys on the masked sky and decouple them using
NaMASTER® [63] without E/B purification. Although the standard pseudo-C; method is
slightly sub-optimal for the variance of the B-mode power spectrum due to E-to-B leakage [63—
65], we have verified that the B-mode uncertainty related to the algorithm is still negligible
compared to the lensing B-mode power spectrum.

The full N2N, x N2N, covariance matrix is defined as (where N, is the number of
frequency channels and N, = 72 is the number of multipole bins):

Ciqubb’ (28)
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In the absence of a reliable model of Galactic foreground spectra, we can approximate the
covariance assuming that the spherical harmonic coefficients are Gaussian as:

1
(20, + 1) faey AL

Cov |G, V| ~ o |[CiECYY + GV ey (2.9)
where £} is the center multipole of the bin b. The effective sky fraction of an apodized mask
is given by fay = (W?2)2/(W*) where W is the (nonbinary) weight of the mask. Here we
neglect the b-b’ coupling (i.e., off-diagonal elements) in the binned covariance matrix since
the ¢-¢' correlations are reduced by binning and mask apodization. This approximation is
implied through reducing C;jpepr to Cijpgy and Yy to >y in eq. (2.6).

5We validate the choice of the multipole range for AliCPT in appendix C.
Shttps://github.com/LSSTDESC/NaMaster.


https://github.com/LSSTDESC/NaMaster

As previously mentioned, the CMB EFE and BB power spectra are calculated from the
best-fit ACDM model and are smoothed with the beam and pixel window functions. A
model that we are convinced of should not alter across realizations in a certain ensemble,
and therefore the covariance between the CMB spectrum and itself or other spectra should
not appear in the full covariance matrix. Similarly, if we model the foreground FB spectrum
by a dust filamentary model, the covariance matrix would have no contribution from the
foreground spectrum either, and thus it could be derived from only the observed spectra
using eq. (2.9), for example in eq. (12) of [30].

Otherwise, if we build a foreground template and regard it as a random realization of
some underlying foreground power spectra, the uncertainties of its power spectra should
also contribute to the total covariance. In summary, the covariance defined in eq. (2.8) will
contain three terms (note the minus sign before the last term):

o 1 0*0 fgxfg fgxo
Clipar = (26p + 1) fay AL [ iivas + Cijpay ~ Ciﬂ’qu] ’ (2.10)

including the covariance of the observed spectra, the covariance of the foreground spectra, and

the cross covariance between the observed and foreground spectra, with the full expression
fgxfg
; ijpgb

Cﬁ;gb is always negative, reducing the total covariance and leading to a lower uncertainty
compared to the case when ignoring the foreground EB correlation (A = 0). This is because

of each term presented in appendix A (also see appendix A of [38]). We note that C

le-%gb ~ QC%;Z% when A =~ 1, given the same fluctuations between the foreground template
and the observed sky map (see appendix D of [37]).

2.4 Iterative algorithm for the maximum likelihood solution

To minimize the minus-log-likelihood in eq. (2.6), we adopt an iterative algorithm to determine
the maximum likelihood solution. This algorithm significantly accelerates computation while
maintaining the accuracy and precision of the full-likelihood MCMC sampling.

We start with an initial value of free parameters x = (A, 8, ;) = (1,0,0) and implement
several iterations updating them until convergence. Each iteration contains two steps: first
compute the covariance matrix with the parameters x = (A, 3, ;) assumed to be known and
fixed; then differentiate eq. (2.6) with respect to each parameter and solve 9(—21n £)/0x; =0
to derive a new estimate of x. Through this process we calculate the maximum likelihood
solution analytically under a fixed covariance matrix, and therefore the In |C| term in eq. (2.6)
needs not to be explicitly considered. After the iteration we update both the parameters
x and the covariance matrix C, and calculate next best-fit solution until x converges. The
number of iterations is set to be 10 in our pipeline, since we have verified that all the
parameters converge after several iterations.

The linear equations 0(—21n £)/0x, = 0 with fixed C is equivalent to a linear system
>0 AmnXn = by,. See appendix B for the complete form of A,,,;, and by, (also see appendix A

of [38]). In addition, the covariance matrix of fitted parameters can be approximated as the

9%InL
B megxn
theoretical uncertainty of parameters from the linear system: o2(x,) = [Cov(x)]nn = [A ™ nn.

inverse of the Fisher matrix: [Cov(x)],}, = = A,,,. Hence we can calculate the
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Figure 1. Masks in Equatorial coordinates. Left: the D30uK mask adopted for the deep-scan patch,
with a sky fraction of 11%. Right: the W90, W80, W70, and W60 masks used for analyses of the wide
survey region, indicated with colors from lightest to darkest red, with fa., = 38%, 32%, 28%, and
25%, respectively.

Experiment ALCPT PR4 HFI
Frequency (GHz) 95 150 100 143 217 353
FWHM (arcmin) 19 11 97 73 50 49
ol (uK-arcmin) | 18 (34) 24 (44) | 81 66 92 399

Table 1. Instrumental characteristics of the six AlCPT and Planck HFI frequency channels. oF
represents the noise level for polarized full-mission maps, where the values in parentheses are the ones
for the wide-scan strategy (D30uK) of AliCPT channels, otherwise for the deep-scan scenario (W90).

3 Simulations and masks

The AliCPT experiment plans to implement two scanning strategies [42, 66]: the “deep-scan”
strategy targeting the lowest-foreground-contaminated region in the northern hemisphere
with a sky coverage of 17%, mainly focusing on the detection of primordial B modes; and
the “wide-scan” strategy covering most of the northern sky with a sky fraction of about 40%
but a higher noise level compared to the deep scan.

The deep survey covers a trapezoid-shaped sky patch centering at RA = 170° and
DEC = 40° in Celestial coordinates. We use a mask that preserves the pixels with noise
standard deviation lower than 30 uK-pixel at the 150 GHz channel, whose sky fraction is
about 11% (see the left plot of figure 1), referred to as “D30uK” mask in the following.

For the wide survey scenario, we apply the Planck Galactic masks’ with different sky
coverages from 60% to 90% to the wide survey region. Similarly, We remove the pixels with
polarized noise standard deviation higher than 30 uK at 150 GHz. The sky fractions of the
obtained masks are 38%, 32%, 28%, and 25%, corresponding to the 90%, 80%, 70%, and
60% Planck Galactic masks, respectively. We refer to them as “W90, W80, W70, and W60”
masks, as shown in the right plot of figure 1. All the masks are apodized with C2 type®
and 1° FWHM in the computation of power spectra.

7ht‘t:p ://pla.esac.esa.int/pla/aio/product-action?MAP.MAP_ID=HFI_Mask_GalPlane-apoO_2048_R2.
00.fits.
Shttps://namaster.readthedocs.io/en/latest/source/sample_masks.html.
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Dataset | 5 [deg] a; [deg] Foreground Complexity
1 0 0 Low (d9,s4,f1,al,col)
2 0 0 High (d12,s7,f1,a2,c03)
3 0.3 | U(=0.3,0.3) Low
4 0.3 | U(-0.3,0.3) High

Table 2. Four simulation scenarios used in this study, with different input birefringence angles 3,
miscalibration angles «;, and sky models employed to produce foreground simulations using PySM3.

%004 —— D30uK low - " W70 low
250 | ——- D30uK high | 297 W70 high
o 207 150 | '
i 150 . .
- 100 - .
E_-.. 50 - " .
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Figure 2. TB (upper) and EB (lower) power spectra of low-complexity (solid) and high-complexity
(dashed) foreground templates at 353 GHz for the two survey regions, D30uK (left blue) and W70
(right yellow). The black squares represent power spectra of the PR4 353 GHz map applied with the
two masks respectively.

In this work, we consider the data combination of the one-year AliCPT and the Planck
Public Release 4 [55] High Frequency Instrument (HFI) observations, with the instrumental
parameters summarized in table 1. We generate four mock datasets (named Dataset 1-4)
with different foreground complexities and input rotation angles described in table 2. For
each dataset, we produce 100 polarized sky maps across six frequency bands at HEALPix” [67]
resolution Nggqe = 1024.

We simulate the Galactic foregrounds including thermal dust, synchrotron, free-free,
AME, and CO line emissions, based on the PySM [60-62] models. We adopt the low- and

“https://healpix.jpl.nasa.gov.
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high-complexity fiducial sky scenarios described on the PanEx website.!” Specifically, the
PySM3 d9,s4,f1,al,col emissions make up the low-complexity sky model, with the Planck
GNILC thermal dust template scaled by a modified black body spectrum, the WMAP 9-

L and

year synchrotron template scaled by a power law SED using fixed spectral indices,
unpolarized free-free, Anomalous Microwave Emission (AME), and CO line emissions. The
high-complexity model consists of the PySM3 d12,s7,f1,a2,co3 emissions, with spatially
varying SEDs for dust and synchrotron, and faint polarization for AME and CO. The high-
complexity foreground includes more small scales and frequency decorrelation effects than

the low-complexity one.

The thermal dust emission dominates the foreground contamination in the frequency
bands considered in this work. We compare the dust T'B and EB correlations of the two
foreground models and the Planck observations'? by plotting their power spectra at 353 GHz
in figure 2. Here we apply an extra Planck point source and CO mask'? on both deep-scan
and wide-scan regions when computing the power spectra. We notice that the T'B and EB
spectra of both low- (solid) and high-complexity (dashed) foreground models are consistent
with zero for the D30uK region (left blue), while the low-complexity foreground spectra are
larger than the high-complexity foreground spectra at large scales for the W70 region (right
yellow). The PR4 353 GHz map exhibits a clear positive T'B correlation (black square),
underscored by the Planck paper [45], which is not fully reproduced by our foreground models.

The CMB maps are random realizations generated from the power spectra derived from
the ACDM model with gravitational lensing but no tensor perturbations, computed from the
Planck 2018 best-fit cosmological parameters'# [68] using the CAMB [52] package. For Dataset
1 and 2, we do no rotation to the sky maps, i.e., a; = § = 0. For Dataset 3 and 4, we rotate
the CMB by «; + 8 and the foreground maps by only «;, with § = 0.3° and miscalibration
angles drawn from a uniform distribution of [—0.3°,0.3°], comparable to the 20 (95%) CI. of
Planck’s miscalibration angles (see table 1 of [33]). After rotation, the CMB and foreground
simulations are coadded and convolved with the nominal Gaussian beams listed in table 1.
The Gaussian white noise for AliCPT bands and the PR4 NPIPE noise simulations for Planck
HFT bands are then added to the sky signal maps at their corresponding channels. The
NPIPE A/B noise simulations are downloaded from the Planck Legacy Archive (PLA).'
To avoid noise bias and correlated systematics, we produce A/B data splits for each sky
simulation, adding two independent noise simulations to the same sky signal map. The noise
level of splits is /2 larger than that of the full map. We compute EE, BB and EB power
spectra between all data split pairs, e.g., 95A x95B.

Yhttps://galsci.github.io/blog/2022/common-fiducial-sky.

1To be specific, g = 1.48, Ty = 19.6 K for dust and 3, = —3.1 for synchrotron.

12The PR4 353 GHz map can be downloaded from http://pla.esac.esa.int/pla/aio/product-action?
MAP .MAP_ID=HFI_SkyMap_353-BPassCorrected-field-IQU_2048_R4.00_full.fits.

3Here we use the f92 mask introduced in section 4.1, available on the google drive link in https://github
.com/LilleJohs/Cosmic_Birefringence.

' The six ACDM parameters are: dark matter density Q.h? = 0.120, baryon density Q,h* = 0.02237, scalar
spectral index ns = 0.9649, optical depth 7 = 0.0544, Hubble constant Hy = 67.36 km s~! Mpc~! and the
primordial comoving curvature power spectrum amplitude A, = 2.10 x 107°.

Yhttps://pla.esac.esa.int.
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Figure 3. Left: bias of the measured parameters for HFI-only Dataset 1 simulations (low-FG,
8 = «; = 0), with the 68% C.L. of the simulations’ dispersion taken as the error bar. Right:
uncertainties of fitted parameters. The circles represent the dispersion of simulations, and the curves
show the uncertainties predicted by the Fisher matrix.

Dataset 92 62
1 (low-FG, 8 =a; =0) 0.00° + 0.08° | 0.07° £+ 0.26°
2 (high-FG, = a; =0) 0.01° £ 0.08° | 0.06° £ 0.28°
3 (low-FG,  =0.3°, a; #0) | 0.30° £ 0.08° | 0.35° + 0.28°
4 (high-FG, 8 =0.3°, a; #0) | 0.30° £ 0.08° | 0.34° +0.28°

Table 3. Measured [ for HFI-only simulations across four datasets.

4 Results

4.1 Test on Planck HFI simulations

First we test our methodology on the PR4 HFT simulations without including AliCPT bands.
To validate the pipeline against PR4 data results, we use two masks adopted in previous
analyses of Planck data [32, 33, 35], with the sky fraction of 92% and 62%, referred to as “f92
and f62” masks. Both masks exclude pixels where the CO line or point sources are bright,
and the f62 mask further removes 30% of the sky near the Galactic plane.

For Dataset 1 (low-complexity foreground and no input rotation angles), the left panel
of figure 3 presents the bias (measured values minus input values) of 10 fitted parameters
including the foreground amplitude A, rotation angles 5 and «; for A/B splits of the four
HFI bands. The circles in the right panel represent the 1o uncertainties from the simulations’
dispersion of measured parameters, while the curves represent the uncertainties calculated from
the Fisher matrix. We see the two uncertainties are compatible, justifying the approximation
in the computation of the covariance matrix. As expected, the Fisher formalism tends to
underestimate the uncertainty of parameters for the f62 mask (orange) since the variance of
the foreground emission and the cross covariance between the foreground and observed spectra
are taken into accounted in the covariance matrix (remember the sum of these two terms is
negative), but only one foreground realization was used in each dataset of simulations [37].
Table 3 lists the uncertainties of measured 5 (dispersion of simulations) across four simulation
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Figure 4. Bias of the measured parameters for AliCPT+HFI Dataset 1 (low-FG, f = «; = 0)
simulations.
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Figure 5. Uncertainties of the measured parameters for AiCPT+HFI Dataset 1 (low-FG, § = «; = 0).
The circles and triangles represent the dispersion of simulations, and the curves denote the uncertainties
computed from the Fisher matrix.

scenarios and two masks. We obtain B = 0.00° £ 0.08° and 3 = 0.07° £ 0.26° for Dataset
1, fay = 92% and fay = 62% cases, respectively.

As shown in table 3, our estimator accurately estimates ﬂA ~ (0.3° for Dataset 3 and 4
simulations, with the uncertainties o(3) = 0.08° and 0.28° for 92 and f62 cases, respectively.

The uncertainties are consistent with those of previous PR4 works, e.g., table 1 of [33].

4.2 Results on AlICPT and HFI simulations

We show the measured parameters for Dataset 1 AliCPT combined with PR4 HFI simulations
in figure 4, and the corresponding uncertainties in figure 5. We see that the wide-scan region
masking the smallest Galactic sky, i.e., W90, results in the lowest uncertainty and smallest
bias of measured S, which is B = 0.00° £ 0.09°. Despite the lower noise level, o(3) of the
D30uK is larger than that of the wide-scan region due to lack of power to break the «; + 3
degeneracy, which highlights the importance of a large sky fraction in birefringence estimation.
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Dataset D30uK W9a0 W80 W70 W60
ﬂl EIOZ_E%’) 0.02° £0.19° | 0.01° £0.09° | 0.03° £0.13° | 0.02° £0.19° | —0.02° +0.20°
; (hl(gyh—F(g), 0.02° £0.19° | 0.02° £0.09° | 0.02° £0.14° | 0.01° £0.20° | —0.02° +0.20°
3 (low-FG, 0.27° £0.19° | 0.30° £0.09° | 0.31° £0.13° | 0.31° +£0.20° | 0.31° +0.19°
B = 0'307 Q 7& 0)
4 (high-FG, 0.28° £0.20° | 0.31° £0.09° | 0.30° £0.14° | 0.31° £0.20° | 0.31° +0.20°
8=0.3° a; #0)

Table 4. Measured (§ for AiCPT and PR4 HFI simulations across four datasets.

However, we note that the conclusion above is a consequence of the adopted methodology.
Since the Minami-Komatsu method leverages the large-scale foreground observations to break
the a; + 5 degeneracy, it might be a suboptimal formalism for deep-scan scenarios given
the small sky fraction. We will explore potentially superior alternatives (e.g., pixel-domain
methods [39, 69]) in the future.

The measured § of all four datasets are listed in table 4. The uncertainty of 8 remains
nearly unchanged across four datasets, indicating that the increase in complexity from the
foreground and the rotated E/B modes is subdominant in the covariance matrix. For all
the masking cases of Dataset 4, our pipeline successfully recovers the input birefringence
angle by B ~ 0.3°, with the uncertainties varying from 0.09° to 0.20°.

The above results are based on the one-year AliCPT observations, whose ability to
constrain the birefringence angle is similar to that of the Planck nearly full-sky data (see
table 3). We then forecast the sensitivities of 3 corresponding to longer observing times of
AliCPT. The number of AliCPT’s modules and detectors increases year by year, and we use
the accumulative product of the number of modules and the observing years, Npyoq * Ny, to
describe the instrumental sensitivity of a period. After 1, 2, 3, 4 years’ observations, we expect
the Nyoq * Ny of AlICPT to be 4, 14, 29, 48, respectively, with the decreasing noise level
proportional to [Npoq * Nyr]*l/ 2. We compute the uncertainties of 5 from the Fisher matrix
for these observing durations, as shown in figure 6 and table 5, using Dataset 2 simulations and
two masks. We find the uncertainty could reach 0.026° for W90 after four years’ observation.

Finally we compare our results to the AliCPT paper [42]. Ref. [42] demonstrates that
after 3 years’ observations, AliCPT is capable of constraining 5 at ~ 0.01° level, without
considering the foreground and instrumental effects. We run the estimator on the Dataset 2
simulations while fixing A = a; = 0, i.e., only fitting 5. We find that under such case, after 3
years’ observations, the AliCPT could reach o(8) = 0.015° and 0.012° for D30uK and W90,
respectively, which is consistent with the previous forecast. The comparison demonstrates
that the foreground contamination and instrumental systematics significantly complicate
the detection of the CB effect.

4.3 Impact of foregrounds

To evaluate the impact of ignoring the foreground E B spectrum, we test on the AliCPT+HFI
simulations while fixing A = 0 in eq. (2.6). We show the bias of measured S in table 6, and
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Table 5. Uncertainties of measured § for AliCPT+HFI simulations across different observing
durations, computed from the Fisher matrix, assuming the high-complexity foreground.

Figure 6. Sensitivities on AliCPT measurements of 3 across different observing durations. The
dashed and solid curves show the uncertainties of measured g for D30uK and W90 masks, respectively.

Bias [deg]

Figure 7. Bias of the measured parameters for AliCPT+HFI Dataset 4 (high-FG, 5 = 0.3°, a;; # 0)

Year | Nmod * Nyr | o(8) for D30pK | o(5) for W90
1 4 0.19° 0.085°
2 14 0.15° 0.046°
3 29 0.12° 0.033°
4 48 0.11° 0.026°
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Dataset D30uK W90 W80 W70 W60
1 0.00° £0.21° | —0.44° £0.13° | —0.02° £ 0.16° | —0.05° £ 0.20° | 0.08° £0.19°
2 0.03° £+ 0.20° 0.32° £0.11° | —0.18°£0.17° | —0.05° £ 0.20° | 0.15° +0.19°
3 —0.06° £0.21° | —0.45° £0.13° | —0.04° £ 0.16° | —0.07° £ 0.20° | 0.05° £ 0.20°
4 —0.04° £0.20° | 0.31°£+0.11° | —0.20° £0.16° | —0.08° +0.20° | 0.12° +0.20°

Table 6. Bias of measured 3 for AliCPT+HFI Dataset 2 simulations when ignoring the foreground
E B correlation.

the bias of all parameters for Dataset 4 in figure 7. The high bias of the W90 mask (up
to 3.50) compared to other masks is because of its high amplitude of foregrounds under
least masking, leading to a bias of v, ~ CfB’fg/Q(CfE’fg — CfB’fg) on ( and «; [32, 33]:
B = gtrue — v, & = o™ + ~. This indicates that if we know nothing about the foreground
E B correlation, the D30uK mask with the lowest bias is a conservative choice. The results
also show a clear discrepancy between the low- and high-complexity foregrounds for W90,
due to the opposite sign of the E'B spectra between the two foreground templates.

Then we calculate the bias of parameters for Dataset 2 simulations (high-complexity
foreground) while using the low-complexity foreground maps as the foreground templates. The
bias of 8 due to wrong foreground modeling is 0.04° (0.2¢) and 0.35° (2.90) for D30uK and
W90 masks, respectively. The average of the fitted foreground amplitude A over simulations
is 0.21 and 0.04 for D30pK and W90 masks, respectively, thus producing similar results
to the A = 0 case.

5 Conclusions

We have presented forecasts for constraining isotropic cosmic birefringence using CMB
simulations of the AliCPT experiment in combination with Planck HFI data. Our analysis
employs a semi-analytical maximum-likelihood framework that simultaneously estimates
the birefringence angle 3, instrumental miscalibration angles «;, and the amplitude of the
foreground EB spectrum A. The method requires multi-frequency foreground templates
as the prior of foreground E'B correlation.

The AliCPT telescope will implement two scanning scenarios: the wide scan with a higher
sky coverage, and the deep scan with a lower noise level. We find that the wide-scan strategy
of AliCPT with highest sky fraction of 38% (e.g., W90 mask) yields the tightest constraint on
B, with an uncertainty of 0.09° for one-year AliCPT observations, significantly outperforming
the deep-scan strategy (o(f) = 0.20°) thanks to better degeneracy breaking between «; and
B. The uncertainties are robust against increases in complexity from the foreground model
and CMB rotation. We also forecast that the uncertainty of g will be further reduced to
0.026° with four years of AliCPT data, indicating a 11o detection of a birefringence angle
B = 0.3°. These results demonstrate the AliCPT’s strong potential to detect or constrain
cosmic birefringence, thereby probing parity-violating physics in the early universe.

Neglect or modeling imperfections of the foreground EB correlation will introduce
significant biases up to 3.50 for the W90 mask, underscoring the necessity of accurate
foreground modeling. However, using data of the deep-scan region with weak dust emissions
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could avoid such biases, offering a conservative choice given little knowledge of the foreground
EB correlation. In the case with real data, we should try all of these masking schemes
to ensure their consistency and thereby verify the assumptions of our foreground model.
Furthermore, as the Minami-Komatsu estimator relies on large-scale foreground observations
to break the parameter degeneracy, we will explore more appropriate estimation frameworks
for deep-scan strategies with limited sky coverage in the future.
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A Calculation of the covariance matrix
In the following equations, we ignore terms containing sin(a:)Cf B where z is some small angle

a; or 3, since these terms fluctuate rapidly around zero, making the covariance matrix unstable.

Following eq. (2.9), the covariance of the observed spectra is computed as:

E°ES B?Bg E°BS BYEj
C;)J*};)quCz PC] ¢1+C1 qC] p
S4q; 84 E°ES ESEY E°E° ESES
+ @ q (C 1 pC J C i qC JpP (A 1)

[64041' + C4a]-][c4ap + c40£q] :

S40; S4a B°B?2 B°B° B°B° BOBO
[ j (C i pC J Jrc i qC J
[C4ai + C4aj] [C4ap + C4aq]

Note that although the auto-frequency observed spectra with i = j or p = ¢ are excluded
from the likelihood (eq. (2.6)), they still appear in the computation of the covariance matrix
with ¢ = p or j = ¢ since indeed, the noise bias should be taken into account in the covariance.
So all the auto-frequency spectra must be calculated before the iterative process.

The covariance of the foreground templates is written as:

Cfg*fg 4620(2. C2a;C2a,C2a A2 < ngIf)g C ;8 Bfg CEngég C ;gEfg)
b~
ijpq [Caa; + Caa;][Caa, + Caay]
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462% C2a; 520520y ./42 ngégCB]gB :
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4890, 20, C201, C201,
[Caa; + C4aj] [64% + C4aq]
4520, 5201 $2a S2014
[Caa; + 64%-] [04% + C4aq]

20y Bngfg EtEf (A-2)
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Bfg Bfg fg Efg
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The cross correlation between the observed signal and the foreground templates is given by:

£ o f; 0
Cf»g*ob 2020, €20, A< ngchng e nggCBJgE>
11pq C4al _|_ C4a]
o 7of! fg o f fg
n QCgaj_Czaq A( E EngB;’B —|—CE’quCB;)E )
C4av Cao
28p . a R (A.3)
204 °2a; .AC BqC j
Ciq; + Cla;
2590, 520 Efg BOBfg
——r = AC’ 10y
Caap + Chay
The full covariance matrix is finally computed as eq. (2.10).
B Linear equations of the maximum likelihood solution
The diagonal elements of the symmetric matrix A,,, are:
E‘ng g ngfg
Agg g = Z C Czaquc
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and the off-diagonal elements are:
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Figure 8. Uncertainties of measured g for Dataset 2 simulations when changing the multipole range.
Left: uncertainties for the multipole range £ € [y, 1490]. Right: uncertainties for ¢ € [51, pax].

The elements of the vector b, are:
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C Selection of the multipole range

We adjust the multipole range to determine the optimal one for AliCPT+HFI simulations. The
uncertainty of measured [ is expected to decrease with a wider multipole range, but the signal-
to-noise ratio (S/N) of § might saturate under a narrower range. We show the uncertainties
of 8 for Dataset 2 varying either £y, or fmax in figure 8. Although the uncertainty does not
saturate at fyin = 51, the measured 5 with lower £,,;, would be unstable due to non-Gaussian
effects from e.g., foregrounds [32]. When varying #;,,x, the uncertainty nearly converge at
lmax == 600 for W90, while for D30uK and W70 the uncertainty does not converge. Hence we
still use £ € [51,1490] as the baseline multipole range for AliCPT+HFI. The turning point at
lmax =~ 500 on the right panel corresponds to the trough of the birefringence power spectrum

CfE’CMB — C’ZB B’CMB, beyond which the growth of the S/N slows down.

D Validation of the use of data splits

In section 2.1, we mentioned that we divided the two AliCPT bands into A/B data splits
and excluded auto-spectra to avoid the correlated systematics and noise bias. Here we will
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Figure 9. Simulations’ dispersion of the measured parameters across four AliCPT cases for Dataset
1 simulations, using D30pK (dashed) and W90 (solid) masks. The lower z-axis is for Case 1 and 2,
where we fit angles for each data split independently, while the upper z-axis is for Case 3 and 4, where
we fit one miscalibration angle for AlICPT 95 or 150 GHz band.

show that this approach would not lose any precision, compared with using the full-mission
maps or including the auto-spectra. For Dataset 1 simulations, we implement four ALiCPT
data configurations as follows:

1. Fit agsa, 958, 1504 and aisop from cross-power spectra between data splits, excluding
auto-power spectra (e.g., 95A x 95A). This is the baseline configuration in the main
body of this work.

2. Fit agsa, ags, a150a and aisog from cross-power spectra between data splits but
including auto-spectra of four 95A, 95B, 150A and 150B splits.

3. Fit ag5 and arq50 from 95 x 150 cross-power spectra between 95 and 150 GHz full-mission
maps.

4. Fit ags and aq50 from auto- and cross-power spectra between full-mission maps, that
is, including 95 x 95, 95 x 150, and 150 x 150 spectra.

The PR4 HFI configuration remains the same across all four cases: we fit the miscalibration an-
gle for each A/B data split of HFI bands independently, excluding the auto-data-split spectra.

The results of the four cases applied to Dataset 1 simulations, using D30uK and W90
masks are shown in figure 9 and table 7. We find that all the cases render similar uncertainties
of parameters for W90, while for D30uK the uncertainty of § in Case 3 is slightly larger than
others, since Case 3 utilizes least information of power spectra among four cases. Even though
the full-mission case (Case 4) fits two fewer parameters, it does not outperform the data-split
case (Case 2). Because of the strong positive correlation between two miscalibration angles
within a single band, the increase in the parameter space does not substantially impact the
uncertainty of 5. The inclusion of auto-spectra yields little improvement in the sensitivity to
B, which is consistent with the findings for Planck HFI-only simulations, as reported in [37].
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Case D30uK W90
1 (data split, cross-only) | 0.02° £0.19° (0.19°) | 0.01° £ 0.09° (0.10°)
2 (data split, with auto) | 0.01° +0.18° (0.18°) | 0.01° +0.09° (0.10°)
3 (full-mission, cross-only) | 0.00° & 0.22° (0.22°) | 0.00° & 0.09° (0.11°)
4 (full-mission, with auto) | 0.00° £ 0.20° (0.21°) | 0.00° £ 0.09° (0.10°)

Table 7. Measured (3 for Dataset 1 simulations using four AliCPT data configurations. The values in
parentheses are the Fisher uncertainties.

The ACT team divide the DR6 time streams into four independent time chunks (data

splits), and calculate the final unbiased power spectra as the average across all cross-data-split

power spectra for each frequency band [40]. However, this approach becomes computationally

demanding when applied to forecasts involving a large number of simulations. We therefore

suggest it as a potential improved avenue for future work.
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