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Abstract. The gravitational lensing distortion of Cosmic microwave background radiation
(CMB) carries fruitful information of cosmic large-scale structure. However, CMB observations
are unavoidably contaminated by emission from various extra-galactic foregrounds, which
must be removed to obtain reliable measurements of the cosmological signal. In this paper, we
demonstrate CMB lensing reconstruction in AliCPT-1 after foreground removal, combine the
two bands of AliCPT-1 (90 and 150 GHz) with Planck HFI bands (100, 143, 217 and 353 GHz)
and with the WMAP-K band (23 GHz). In order to balance contamination by instrumental
noise and foreground residual bias, we adopt the Needlet Internal Linear Combination (NILC)
method to clean the E-map and the constrained Internal Linear Combination (cILC) method
to clean the B-map. The latter utilizes additional constraints on average frequency scaling of
the dust and synchrotron to remove foregrounds at the expense of somewhat noisier maps.
Assuming 4 modules observing 1 season from simulation data, the resulting effective residual
noise in E- and B-map are roughly 15 µK · arcmin and 25 µK · arcmin, respectively. As a
result, the CMB lensing reconstruction signal-to-noise ratio (SNR) from polarization data
is about SNR≈ 4.5. This lensing reconstruction capability is comparable to that of other
stage-III small aperture millimeter CMB telescopes.

Keywords: CMBR experiments, CMBR polarisation, gravitational waves and CMBR
polarization
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1 Introduction

The main scientific goal of the Ali cosmic microwave background (CMB) Polarization Telescope
(AliCPT), a ground-based CMB polarization experiment, is to constrain the primordial
gravitational wave signal with high precision in the northern sky [1, 2]. AliCPT-1 is an
international collaboration led by the Institute of High Energy Physics in Beijing, with about
100 scientists from China, the United States and Europe. The AliCPT-1 telescope is a
small/medium aperture telescope designed to carry out microwave measurements in dual
bands of 90 and 150 GHz. Its aperture is 72 cm with a 63.6 cm wide focal plane, allowing the
design of a receiver that can operate up to 19 transition-edge sensor (TES) arrays, with a
total of 32,376 TESes. The full width at half maximum (FWHM) of the beam function for
these channels are 19 arcmin at 90 GHz and 11 arcmin at 150 GHz. The receiver is currently
undergoing the integration and cryogenic tests in a laboratory at Stanford University [3, 4].
The first phase of AliCPT-1 is planned as a 1-year observation of a 4000-square-degree dusty
foreground clean patch (“deep patch”) in the northern hemisphere using 4 modules, hereafter
referred to as the “4 module*yr” stage. In order to do forecasting studies with AliCPT-1, we
perform end-to-end simulations for a complete observing season. The observed maps based on
the adopted ‘deep-patch’ scanning strategy have a depth of about 11 µK · arcmin at 90 GHz
and 17 µK · arcmin at 150 GHz.1 This paper, one of a series of articles on AliCPT-1 scientific
forecast studies, focuses on the study of CMB lensing reconstructions of AliCPT-1.

The AliCPT-1 telescope can be used for scientific targets other than primordial gravita-
tional waves, including galactic and extra-galactic science [25]. Among these secondary science
cases, CMB lensing is one of the promising topics. According to a previous study [5] (hereafter,
we refer this paper as Liu22), AliCPT-1 can measure the lensing signal with high significance,
especially via polarization data. For lensing reconstruction, with 1-year of observation, the
Liu22 result shows that the 150 GHz channel is able to measure the lensing signal with
15σ significance via the quadratic minimum-variance estimator, with the polarization data
contributing 6.6σ. After 4-year of observation (with “48 module*yr” data accumulation), the
significance can reach 31σ by including both temperature and polarization data. However, the
simulation data used in Liu22 only consider statistical noise but does not consider foreground
contamination.

1These values are the statistical noise without considering foreground residuals.
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In order to make our prediction more realistic, in this paper we include galactic and
extra-galactic foregrounds in the simulation, and implement foreground removal methods in
the analysis. The rest of the paper is structured as the follows. We describe the simulation
data and foreground cleaning in section 2. In section 3, we present the reconstructed lensing
map, power spectrum and signal-to-noise ratio (SNR). Finally, we conclude in section 4.

2 Mock data and foreground cleaning

To test the performance of the lensing reconstruction, we simulate 199 sets of observational
sky maps containing the CMB, foreground radiation, point sources, and instrument noise,
in seven frequency bands including the 90 GHz and 150 GHz dual bands of AliCPT-1, the
100 GHz, 143 GHz, 217 GHz, 353 GHz HFI bands of Planck, and the WMAP-K band (23GHz).
We used the cosmological parameters from the Planck 2018 results [16] to generate lensed
CMB maps with Nside of 1024 using the publicly available software class and lenspix [17].2
We use the Planck Sky Model (PSM),3 described in [6], to simulate the required foregrounds
in the data. The diffuse galactic emission includes thermal dust, synchrotron, free-free, and
spinning dust. We also include extragalactic emission includes the SZ effects, the diffuse
cosmic infrared background, as well as a population of faint radio sources. For simplicity, we
exclude all sources above the Planck detection threshold, with the assumption that those
will be excised in a preprocessing stage, leaving only faint residuals at a level that can be
safely neglected. Model parameters of the foreground emissions are set to be slightly different
from the current best-fit values, to avoid any confirmation bias during the foreground removal
operation. In addition, the distribution and intensity of the point sources and the diffuse
foreground map at small scales are derived from simulations rather than templates. Sky maps
are convolved with Gaussian beams to match the angular resolution of each of the frequency
bands, and the AliCPT-1’s single observational footprint mask is applied to all observations.
The noise maps of Planck HFI are obtained from Planck Legacy Archive [19], and those of
WMAP-K band are generated with its noise covariance matrix provided with the frequency
maps of WMAP 9-year data [20]. We re-observe the coadded sky map consisting of signal
and noise in each band, using the same number of detectors as AliCPT-1’s single band. The
detailed pipeline is presented in [12].

For the two bands of AliCPT-1, we simulate noise maps for one observational season (six
months from October to March) based on a pixel-based noise covariance matrix obtained by
simulating the scanning of the whole AliCPT instrument, taking into account the atmospheric
white noise obtained from the meteorological data MERRA-2 [18]. 199 sets of 6-month
simulated noise sky maps are used to estimate the covariance matrix in the map domain. We
also use this noise covariance map to obtain the mask used for the signal sky map mentioned
in the previous paragraph.

The mock data in seven frequency bands is used as an input for the foreground cleaning
pipeline, to obtain foreground cleaned maps. For foreground cleaning of the E-mode maps
we employ the Internal Linear Combination (ILC) in the needlet domain (NILC) [7–9]. The
B-mode maps, with very faint signal, are processed with the constrained ILC method (cILC)
in the harmonic domain [10, 11].

2https://cosmologist.info/lenspix/.
3A developing version V2.3.0.
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2.1 The NILC pipeline
An expansion of the sky maps in spherical needlets allows us to localize our statistics both
in pixel domain and in harmonic domain. Assuming we have needlet bands hj`, where j is
the needlet band index and ` is the multipole, satisfying

∑
j

(
hj`

)2
= 1, spherical needlet

functions can be defined as:

ψjk(n̂) =
√

4π
Nj

∑
`m

hj`Y
∗
`m(n̂)Y`m(p̂jk) . (2.1)

Here we use the HEALPix4 pixelization, Nj is the number of pixels for the j-th scale, and p̂jk
gives the spherical coordinates associated with the k-th pixel of the j-th needlet band. When
a map d(ν, n̂) is expanded in terms of ψjk, the coefficients of expansions are maps given by:

bνj (p̂jk) =
∫
d(ν, n̂)ψjk(n̂)dn̂. (2.2)

For NILC we empirically estimate the cross frequency covariance for each needlet bands using
the bνj maps as:

Ĉν1×ν2
jk = 1

nk

∑
k′

wj(k, k′)bν1
j (p̂jk′)bν2

j (p̂jk′) , (2.3)

where wj(k, k′) selects the domain of nk pixels around the k-th pixel over which we perform
our averaging to estimate the covariance. The choice of wj(k, k′) depends of the angular
scales selected by the j-th needlet band.

The NILC weights are computed as:

WNILC
ν,j (p̂jk) =

Ĉ
−1
jk a

atĈ
−1
jk a

, (2.4)

where a is the mixing vector for the CMB. The NILC cleaned maps in needlet domain are:

bNILC
j (p̂jk) =

∑
ν

WNILC
ν,j (p̂jk)bνj (p̂jk) , (2.5)

and finally, the cleaned CMB map is given by:

ŝNILC(n̂) =
∑
`m

∑
jk

bNILC
j (p̂jk)

√
4π
Nj

hj`Y`m(p̂jk)Y`m(n̂) . (2.6)

The NILC implementation for this work uses 8 “cosine-shaped” needlet bands shown
in figure 1. We convolve (or deconvolve) all input maps to a common 11 arcmin angular
resolution, and perform our needlet analysis with `max = 2000. Since the WMAP K band
and AliCPT 90 GHz bands have lower resolution than our target resolution of 11 arcmin, the
deconvolution boosts the noise and makes the channels unusable beyond a certain multipole
range. We therefore drop the WMAP K band for ` > 350, and AliCPT 90 GHz band ` > 1200.
We use a mask that limits us to areas where the noise variance of the AliCPT 150 GHz
channel is smaller than 20 µK-pixel, shown in figure 2. The process produces foreground
cleaned E-maps. Since the input noise and foregrounds realizations are known, we use the
NILC weights to combine the individual noise inputs to compute the noise residual maps,
and similarly for foreground residuals. These residual maps are useful to study the impact of
residual noise and foregrounds on the lensing reconstruction results.

4http://healpix.sourceforge.net.
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Figure 1. Cosine needlet bands used for the NILC analysis of E-maps.

2.2 The cILC pipeline
In the cILC method, we model the B-mode of the polarized microwave sky in frequency ν as:

dν(n̂) =
∑
c

Aνcsc(n̂) + nν(n̂), (2.7)

where c is the index over emission components, sc(n̂) are templates of astrophysical emissions
and the CMB and n(n̂, ν) is the noise. The spatial variation of the emissions are contained
in the sc(n̂) term, while the frequency scaling of each component is captured in the mixing
matrix Aνc. For our purpose we consider only a three component model consisting of the
CMB, the polarized dust, and polarized synchrotron. The frequency scaling for dust is
computed assuming a modified blackbody scaling with fixed Tdust = 19.6 K, and βdust = 1.59,
normalized to unity at a reference frequency of 353 GHz. For the frequency scaling of the
synchrotron we assume a power law model with βsync = −3.1 in antenna temperature units
(Kelvin RJ), and a reference frequency of 23 GHz. We account for unit correction to CMB
units. The mixing vector for CMB is one at all frequencies.

The standard ILC algorithm uses one constraint, which is preserving the signal with
frequency dependence given by the CMB mixing vector. In the case of the cILC implemented
here, we add two additional constraints for cancelling out the average dust and synchrotron
signals by using their approximate mixing vectors, assumed in the analysis to be constant
over the sky area (although the actual simulations actually use varying spectral parameters).
The constraints can be written as W t

cILCA = e, where e is a 3 component vector with one for
the CMB and zeros for the dust and synchrotron. In principle, we can add more components
to capture variation of the frequency scaling of the foreground emissions. However, our
data is too noisy to introduce further constraints. The cILC method obtains the weights
that prioritize removing the average dust and synchrotron signal at the expense of increased
variance of the cleaned map due to larger residual noise. The cILC weights are written as:

W cILC = e
(
AtC−1A

)−1
AtC−1, (2.8)

where C is the cross frequency covariance matrix. The cILC cleaned map is obtained as
ŝcILC =

∑
νW

cILC
ν d(ν, n̂). We implemented our cILC pipeline in harmonic space. If we use

– 4 –
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Figure 2. Various masks used in the foreground cleaning process. Top left panel is the mask used for
the NILC pipelines for E-maps, top right panel shows the binary mask used in the cILC pipeline for
the B-maps. The bottom panel is the inverse AliCPT-1 noise variance weighted B-mode mask, used
for computation of the cILC weights.

the NILC instead of the cILC we would have increased foreground residuals and reduced
noise residuals in the map. The level of foreground residuals would make it difficult to do any
B-mode science with the NILC cleaned B-mode map. NILC would do a typical ILC where it
minimizes the total variance of the map, while cILC prioritizes removal of the average dust
and synchrotron signals at the expense of increased variance of the cleaned map. So the
uncertainty level is higher for the cILC maps than what we would get from the NILC. But
the cILC maps have lower foreground residuals.

The B-mode maps are obtained with a mask that has smaller sky fraction. This mask
further removes sky regions based on galactic foreground emissions as estimated for Planck
thermal dust and synchrotron polarized intensity maps. These foregrounds and noise union

– 5 –
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Figure 3. Power spectra of different components in the polarization map. The upper-left panel is the
EE spectrum after the foreground cleaning. The lower-left panel is the same but for BB spectrum. As
for comparison, we show the spectra with 25 µK · arcmin statistical noise in the right panels, which is
similar to the mock data used in Liu22 [5]. The foregrounds and statistical noise are denoted as ‘fg’
and ‘noise’, respectively. ‘cleaned map’ denotes for ‘cmb+fg+noise’. In order to illustrate the effective
residual noise level, we plot the 15 µK · arcmin and 25 µK · arcmin white noise spectra in the upper-left
and lower-left panels, respectively. In BB power spectrum, we set the primordial tensor-to-scalar ratio
(r) as 0. Hence, the BB power spectrum only shows the lensing-B mode.

mask are shown in figure 2. All input maps are reconvolved to an 11 arcmin beam. The
B-mode information is dominated by the noise, even for the AliCPT-1 single season data. To
estimate the covariance information correctly, the covariance matrices for the ILC weights
are computed with inverse noise apodization of the input maps as shown in figure 2, to have
greater contribution from regions of the sky with higher signal-to-noise. The ILC weights thus
computed are applied on the input maps without any apodization to obtain cleaned B-modes
maps. As for the NILC pipeline, we also compute the residual noise and foreground maps.

2.3 Foreground cleaning efficacy and preprocessing pipeline

After getting the foreground cleaned maps, we separate the results into three ingredients,
the CMB signal, noise, and foreground residuals. In order to interface these foreground
cleaned mock data with the lensing pipeline, which requires many realizations of the CMB
itself, we generate CMB realizations with plancklens5 code. The lensed CMB maps are
obtained by combining the unlensed primary CMB with the lensing potential maps via
lenspyx code6 [32] and replace the CMB signal in the ILC results with those realizations.
We save the corresponding lensing potential for each realization for comparison. Figure 3

5https://github.com/carronj/plancklens.
6https://github.com/carronj/lenspyx.

– 6 –

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


J
C
A
P
0
4
(
2
0
2
3
)
0
6
3

shows the signal, foreground residual and statistical noise power spectra of EE and BB. The
left panels show that the foreground residuals in the polarization data is significantly lower
than the statistical noise. For E-mode (top-left panel), the typical statistical noise is about
15µK · arcmin. The statistical noise in the B-mode (bottom-left panel) slightly deviates from
white noise shape (∼ `2), but is of the order of 25µK · arcmin level. The main reason for
different statistical noise level between E- and B-maps is the use of different foreground
removal algorithms. The foreground cleaning method adopted in this paper is also used for
the primordial gravitational wave search in B-map, which requests more careful removal of the
foregrounds than in the E-map case. As a cost, the noise level in the B-map increases. One
may notice that the noise curve (red) in the bottom-left sub-panel is lower than 25µK · arcmin
at lower ` and higher than 25µK · arcmin at higher `. This shows the impact of removing the
AliCPT 90 GHz from analysis. The AliCPT 90 GHz is not used for analysis for ` > 1200. For
` < 1200 the 90 GHz channel makes a significant contribution and brings down the overall
noise level. Due to deconvolution the noise level of the 90 GHz channel deteriorates as we
approach ` ∼ 1200 till we drop it from analysis. Gradually, the HFI 143 GHz and 217 GHz
dominate the contribution and the noise level is dictated by their noise levels for ` > 1200.
For comparison, we show in the right panels of figure 3 the mock data, which has similar
noise level as those used in Liu22 [5]. One can see that the typical statistical noise is about
25µK · arcmin (red line in the right panels).

3 Lensing reconstruction results

We follow the lensing reconstruction formalism presented in the Planck 2018 lensing paper [21],
which calculates the lensing estimator from pairs of filtered maps [26–29]. One leg of the pair
is Wiener-filtered map and the other leg is filtered with inverse variance. The variance in
the filter is derived from the mock simulations. The inversion of the covariance matrix is
computed via a conjugate-gradient inversion method with a multi-grid preconditioner [31],
and contains both the foreground residual and the statistical noise. After the filtering, we
combine the pair maps into the quadratic form according to the equations (3.4)–(3.8) listed
in [5]. Due to the presence of mask and foreground residuals, there will be extra statistical
anisotropies in the map even without any lensing signals. They will bias the estimation
of lensing potential. In order to remove this bias, we first calculate their contributions via
Monte Carlo simulations. Then, we compute the average value (mean-field) of the quadratic
estimator. This average is a representation of the contribution from the extra statistical
anisotropy source, which is subtracted from the original estimator for mean-field subtraction.
In this work, we calculate the mean-field using 44 sets of simulations.

The normalization factor of the lensing field is calculated in two steps. Firstly, by
evaluating the averaged noise level over the whole patch, we calculate the normalization
factor according to analytical formula with an evaluated isotropic noise level. Then, we
calibrate normalization bias originated from the noise inhomogeneities effect via the numerical
simulation. After this, we get the reconstructed lensing map, as shown in figure 4. In
order to highlight the lens structures, we plot the Wiener-filtered deflection angle amplitude
α̂WF =

√
L(L+ 1)φ̂LMCφφ,fid

L /[Cφφ,fid
L +N

(0),ana
L ]. The left panel is the input data and the

right one is the reconstructed deflection angle from the polarization estimator. One can see
that due to the sub-optimal noise performance, the reconstruction can only capture a few
features, such as the dark blue spots in the lower-right corner in figure 4.

– 7 –
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Figure 4. Reconstructed lensing map. The left panel is the input lensing map; the right panel is the
reconstructed map from the polarization estimator. In order to highlight the lens structures, we plot
the Wiener-filtered deflection angle amplitude α̂WF =

√
L(L+ 1)φ̂LMCφφ,fid

L /[Cφφ,fid
L +N

(0),ana
L ].

According to these reconstructed lensing maps, the raw power spectrum of the lensing
potential is simply the quadrature of multipoles with the same L but different Ms

Ĉ φ̂φ̂L = 1
(2L+ 1)fsky

L∑
M=−L

φ̂LM φ̂
∗
LM , (3.1)

where φ̂LM are the harmonic transformation of the reconstructed lensing potential. The
quadratic estimator spectrum contains not only the sought-after signal, but also unavoidably
the Gaussian reconstruction noise sourced by the CMB and instrumental noise (N0 bias) and
the non-primary couplings of the connected 4-point function [22] (N1 bias). After subtracting
these biases, we obtain the final estimated power spectrum

ĈφφL = Ĉ φ̂φ̂L −∆C φ̂φ̂L |RDN0 −∆C φ̂φ̂L |N1 . (3.2)

“RDN0” means realization-dependent N0 bias, which is designed to subtract the primary CMB
contamination in the most faithful manner. For further detailed expressions, we refer to the
Planck 2013/2015 lensing papers [23, 30].

In figure 5, we show the reconstructed lensing potential power spectrum from polarization
data, which combining EE, EB, and BB estimators. Here, we plot the multipole range from
20 to 340, which contributes the main part of SNR. There are seven `-bins, in two of them
the reconstructed value deviate from the theoretical prediction (black curve) about 1σ level.
From the simple Gaussian statistics by assuming each `-bin are independent, this result is
fairly normal. To further affirm the above intuition, we show the covariance in figure 6. One
can see that the diagonal term is roughly one order magnitude higher than the off-diagonal
one. Indeed, one can further figure out the origins of these deviations from the EE noise power
spectrum. As shown in the upper-left panel of figure 3, there is a bump in the foreground
residue (pure curve) in the range of ` ∈ (100, 200). We think this feature is responsible for
the deviation from the standard prediction.

Finally, we calculate the lensing power spectrum detection SNR via the Fisher matrix
method

SNR =
√∑

`,`′

C`C−1
``′C`′ , (3.3)

– 8 –
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Figure 5. Reconstructed lensing potential power spectrum from polarization estimator (green points).
The colored boxes denote for the 1σ error regions calculated from 154 sets of simulations.

where the numerator C` is the theoretical lensing potential spectrum, and the C``′ is the
covariance matrix obtained from our data sets via

C``′ = 1
N − 1

N=154∑
n=1

[(
Ĉκκ` − C

κκ
`

)
×
(
Ĉκκ`′ − C

κκ
`′

)]
, (3.4)

in which Cκκ` is the averaged convergence power spectrum across the data sets. The value of the
covariance is shown in figure 6. The final SNR obtained from multipole range of ` ∈ (20, 1000) is
about SNR≈ 4.5, in which multipoles of ` ∈ (20, 340) contribute the major part, namely SNR≈
4.1. As a consistency check, the polarization estimator without including the foregrounds
from Liu22 [5] reports an SNR≈ 6.6. This lensing reconstruction capability is similar as other
stage-III small aperture millimeter telescope, such as BICEP2+BICEP3+Keck Array data up
to the 2018 seasons give AφφL = 0.95± 0.20 [33].

4 Conclusion

In this paper, we update the AliCPT-1 lensing reconstruction analysis by adding the foreground
contamination. In the previous study, we only consider the statistical noise according to
a given scan strategy. We used the state-of-the-art extra-galactic foreground model in the
millimeter band, the Planck Sky Model (PSM). Our simulations include galactic thermal dust,
synchrotron, free-free, spinning dust, CO emission, and extragalactic foreground emissions.
We perform foreground cleaning with a combination of the commonly used Needlet Internal
Linear Combination (NILC) and the constrained Internal Linear Combination (cILC). With 4
modules 1 year observation data in 7 bands including: 90 and 150GHz dual bands of AliCPT-1,
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Figure 6. Covariance of convergence power spectrum. The row and column index are the index of
the `-bins. The numbers in the matrix element are the covariance values.

100GHz, 143GHz, 217GHz, 353GHz four HFI bands of Planck, WMAP-K band (23GHz)we get
a residual noise in E- and B-maps of roughly 15 µK · arcmin and 25 µK · arcmin, respectively.
Thanks to the good performance of the foreground cleaning operation, the foreground residual
noise is sub-dominant. The final CMB lensing reconstruction signal-to-noise ratio (SNR) from
polarization data is about SNR≈ 4.5. This lensing reconstruction ability is similar to what
we can get from the latest BICEP2+BICEP3+Keck Array data [33], which have better noise
performance (effectively 2.8 µK · arcmin) but worse spatial resolution (43 arcmin FWHM in
95GHz/30 arcmin FWHM in 150GHz/20 arcmin FWHM in 220GHz) [34]. Unlike Liu22 [5],
the numbers presented in this work are based only on the simulation data by assuming
“4 module*yr” configuration. As demonstrated in Liu22, additional observing time in the
final “48 module*yr” data significantly improves the lensing reconstruction results. We leave
to future work the study of the improvement of lensing reconstruction with more observing
time in the presence of foreground residuals.

Acknowledgments

This work is supported by the National Key R&D Program of China No. 2020YFC2201603.
Some of the results in this paper have been derived using the healpy [36] and HEALPix [35]
packages.

– 10 –



J
C
A
P
0
4
(
2
0
2
3
)
0
6
3

References

[1] H. Li et al., Probing Primordial Gravitational Waves: Ali CMB Polarization Telescope, Natl. Sci.
Rev. 6 (2019) 145 [arXiv:1710.03047] [INSPIRE].

[2] H. Li et al., Tibet’s window on primordial gravitational waves, Nature Astron. 2 (2018) 104
[arXiv:1802.08455] [INSPIRE].

[3] M. Salatino et al., Current Status of the Ali CMB Polarization Telescope Focal Plane Camera,
IEEE Trans. Appl. Supercond. 31 (2021) 1 [INSPIRE].

[4] M. Salatino et al., The design of the Ali CMB Polarization Telescope receiver, Proc. SPIE
11453 (2020) 114532A.

[5] J. Liu et al., Forecasts on CMB lensing observations with AliCPT-1, Sci. China Phys. Mech.
Astron. 65 (2022) 109511 [arXiv:2204.08158] [INSPIRE].

[6] J. Delabrouille et al., The pre-launch Planck Sky Model: a model of sky emission at submillimetre
to centimetre wavelengths, Astron. Astrophys. 553 (2013) A96 [arXiv:1207.3675] [INSPIRE].

[7] J. Delabrouille et al., A full sky, low foreground, high resolution CMB map from WMAP, Astron.
Astrophys. 493 (2009) 835 [arXiv:0807.0773] [INSPIRE].

[8] S. Basak and J. Delabrouille, A needlet ILC analysis of WMAP 7-year data: estimation of CMB
temperature map and power spectrum, Mon. Not. Roy. Astron. Soc. 419 (2012) 1163
[arXiv:1106.5383] [INSPIRE].

[9] S. Basak and J. Delabrouille, A needlet ILC analysis of WMAP 7-year polarisation data: CMB
polarisation power spectra, Mon. Not. Roy. Astron. Soc. 435 (2013) 18 [arXiv:1204.0292]
[INSPIRE].

[10] M. Remazeilles, A. Rotti and J. Chluba, Peeling off foregrounds with the constrained moment
ILC method to unveil primordial CMB B-modes, Mon. Not. Roy. Astron. Soc. 503 (2021) 2478
[arXiv:2006.08628] [INSPIRE].

[11] M. Remazeilles, J. Delabrouille and J.-F. Cardoso, CMB and SZ effect separation with
Constrained Internal Linear Combinations, Mon. Not. Roy. Astron. Soc. 410 (2011) 2481
[arXiv:1006.5599] [INSPIRE].

[12] S. Ghosh et al., Performance forecasts for the primordial gravitational wave detection pipelines
for AliCPT-1, JCAP 10 (2022) 063 [arXiv:2205.14804] [INSPIRE].

[13] Planck collaboration, Planck 2013 results. IX. HFI spectral response, Astron. Astrophys. 571
(2014) A9 [arXiv:1303.5070] [INSPIRE].

[14] Planck collaboration, Planck 2018 results. XI. Polarized dust foregrounds, Astron. Astrophys.
641 (2020) A11 [arXiv:1801.04945] [INSPIRE].

[15] WMAP collaboration, First year Wilkinson Microwave Anisotropy Probe (WMAP) observations:
Preliminary maps and basic results, Astrophys. J. Suppl. 148 (2003) 1 [astro-ph/0302207]
[INSPIRE].

[16] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys. 641
(2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

[17] A. Lewis, Lensed CMB simulation and parameter estimation, Phys. Rev. D 71 (2005) 083008
[astro-ph/0502469] [INSPIRE].

[18] R.D. Koster et al., NASA Technical Report Series on Global Modeling and Data Assimilation,
Volume 43 (2015), https://disc.gsfc.nasa.gov/datasets/M2T3NVASM_5.12.4/summary.

[19] European Space Agency, Planck Legacy Archive, https://pla.esac.esa.int/.

– 11 –

https://doi.org/10.1093/nsr/nwy019
https://doi.org/10.1093/nsr/nwy019
https://arxiv.org/abs/1710.03047
https://inspirehep.net/literature/1629125
https://doi.org/10.1038/s41550-017-0373-0
https://arxiv.org/abs/1802.08455
https://inspirehep.net/literature/1657271
https://doi.org/10.1109/tasc.2021.3065289
https://inspirehep.net/literature/2650422
https://doi.org/10.1117/12.2560709
https://doi.org/10.1117/12.2560709
https://doi.org/10.1007/s11433-022-1966-4
https://doi.org/10.1007/s11433-022-1966-4
https://arxiv.org/abs/2204.08158
https://inspirehep.net/literature/2068479
https://doi.org/10.1051/0004-6361/201220019
https://arxiv.org/abs/1207.3675
https://inspirehep.net/literature/1122641
https://doi.org/10.1051/0004-6361:200810514
https://doi.org/10.1051/0004-6361:200810514
https://arxiv.org/abs/0807.0773
https://inspirehep.net/literature/789980
https://doi.org/10.1111/j.1365-2966.2011.19770.x
https://arxiv.org/abs/1106.5383
https://inspirehep.net/literature/916176
https://doi.org/10.1093/mnras/stt1158
https://arxiv.org/abs/1204.0292
https://inspirehep.net/literature/1097055
https://doi.org/10.1093/mnras/stab648
https://arxiv.org/abs/2006.08628
https://inspirehep.net/literature/1801489
https://doi.org/10.1111/j.1365-2966.2010.17624.x
https://arxiv.org/abs/1006.5599
https://inspirehep.net/literature/859796
https://doi.org/10.1088/1475-7516/2022/10/063
https://arxiv.org/abs/2205.14804
https://inspirehep.net/literature/2089190
https://doi.org/10.1051/0004-6361/201321531
https://doi.org/10.1051/0004-6361/201321531
https://arxiv.org/abs/1303.5070
https://inspirehep.net/literature/1224735
https://doi.org/10.1051/0004-6361/201832618
https://doi.org/10.1051/0004-6361/201832618
https://arxiv.org/abs/1801.04945
https://inspirehep.net/literature/1648516
https://doi.org/10.1086/377253
https://arxiv.org/abs/astro-ph/0302207
https://inspirehep.net/literature/613133
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/literature/1682902
https://doi.org/10.1103/PhysRevD.71.083008
https://arxiv.org/abs/astro-ph/0502469
https://inspirehep.net/literature/677227
https://disc.gsfc.nasa.gov/datasets/M2T3NVASM_5.12.4/summary
https://pla.esac.esa.int/


J
C
A
P
0
4
(
2
0
2
3
)
0
6
3

[20] WMAP collaboration, Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Final Maps and Results, Astrophys. J. Suppl. 208 (2013) 20 [arXiv:1212.5225]
[INSPIRE].

[21] Planck collaboration, Planck 2018 results. VIII. Gravitational lensing, Astron. Astrophys. 641
(2020) A8 [arXiv:1807.06210] [INSPIRE].

[22] M.H. Kesden, A. Cooray and M. Kamionkowski, Lensing reconstruction with CMB temperature
and polarization, Phys. Rev. D 67 (2003) 123507 [astro-ph/0302536] [INSPIRE].

[23] Planck collaboration, Planck 2015 results. XV. Gravitational lensing, Astron. Astrophys. 594
(2016) A15 [arXiv:1502.01591] [INSPIRE].

[24] Z. Zhang et al., Efficient ILC analysis on polarization maps after EB leakage correction, JCAP
22 (2020) 044 [arXiv:2109.12619] [INSPIRE].

[25] D. Zhang et al., Future Prospects on Constraining Neutrino Cosmology with the Ali CMB
Polarization Telescope, Astrophys. J. 946 (2023) 32 [arXiv:2112.10539] [INSPIRE].

[26] W. Hu and T. Okamoto, Mass reconstruction with cmb polarization, Astrophys. J. 574 (2002)
566 [astro-ph/0111606] [INSPIRE].

[27] T. Okamoto and W. Hu, CMB lensing reconstruction on the full sky, Phys. Rev. D 67 (2003)
083002 [astro-ph/0301031] [INSPIRE].

[28] A.S. Maniyar et al., Quadratic estimators for CMB weak lensing, Phys. Rev. D 103 (2021)
083524 [arXiv:2101.12193] [INSPIRE].

[29] J. Carron and A. Lewis, Maximum a posteriori CMB lensing reconstruction, Phys. Rev. D 96
(2017) 063510 [arXiv:1704.08230] [INSPIRE].

[30] Planck collaboration, Planck 2013 results. XVII. Gravitational lensing by large-scale structure,
Astron. Astrophys. 571 (2014) A17 [arXiv:1303.5077] [INSPIRE].

[31] K.M. Smith, O. Zahn and O. Dore, Detection of Gravitational Lensing in the Cosmic Microwave
Background, Phys. Rev. D 76 (2007) 043510 [arXiv:0705.3980] [INSPIRE].

[32] J. Carron, lenspyx: Curved-sky python lensed CMB maps simulation package, ascl:2010.010.
[33] BICEP/Keck collaboration, BICEP/Keck XVII: Line of Sight Distortion Analysis: Estimates

of Gravitational Lensing, Anisotropic Cosmic Birefringence, Patchy Reionization, and Systematic
Errors, arXiv:2210.08038 [INSPIRE].

[34] BICEP2 and Keck Array collaborations, BICEP2/Keck Array XI: Beam Characterization
and Temperature-to-Polarization Leakage in the BK15 Dataset, Astrophys. J. 884 (2019) 114
[arXiv:1904.01640] [INSPIRE].

[35] K.M. Górski et al., HEALPix — A Framework for high resolution discretization, and fast analysis
of data distributed on the sphere, Astrophys. J. 622 (2005) 759 [astro-ph/0409513] [INSPIRE].

[36] A. Zonca et al., healpy: equal area pixelization and spherical harmonics transforms for data on
the sphere in Python, J. Open Source Softw. 4 (2019) 1298 [INSPIRE].

– 12 –

https://doi.org/10.1088/0067-0049/208/2/20
https://arxiv.org/abs/1212.5225
https://inspirehep.net/literature/1208271
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1051/0004-6361/201833886
https://arxiv.org/abs/1807.06210
https://inspirehep.net/literature/1682895
https://doi.org/10.1103/PhysRevD.67.123507
https://arxiv.org/abs/astro-ph/0302536
https://inspirehep.net/literature/614024
https://doi.org/10.1051/0004-6361/201525941
https://doi.org/10.1051/0004-6361/201525941
https://arxiv.org/abs/1502.01591
https://inspirehep.net/literature/1343081
https://doi.org/10.1088/1475-7516/2022/07/044
https://doi.org/10.1088/1475-7516/2022/07/044
https://arxiv.org/abs/2109.12619
https://inspirehep.net/literature/1929211
https://doi.org/10.3847/1538-4357/acbe45
https://arxiv.org/abs/2112.10539
https://inspirehep.net/literature/1994454
https://doi.org/10.1086/341110
https://doi.org/10.1086/341110
https://arxiv.org/abs/astro-ph/0111606
https://inspirehep.net/literature/578205
https://doi.org/10.1103/PhysRevD.67.083002
https://doi.org/10.1103/PhysRevD.67.083002
https://arxiv.org/abs/astro-ph/0301031
https://inspirehep.net/literature/611052
https://doi.org/10.1103/PhysRevD.103.083524
https://doi.org/10.1103/PhysRevD.103.083524
https://arxiv.org/abs/2101.12193
https://inspirehep.net/literature/1843253
https://doi.org/10.1103/PhysRevD.96.063510
https://doi.org/10.1103/PhysRevD.96.063510
https://arxiv.org/abs/1704.08230
https://inspirehep.net/literature/1596878
https://doi.org/10.1051/0004-6361/201321543
https://arxiv.org/abs/1303.5077
https://inspirehep.net/literature/1224742
https://doi.org/10.1103/PhysRevD.76.043510
https://arxiv.org/abs/0705.3980
https://inspirehep.net/literature/751579
https://ascl.net/2010.010
https://arxiv.org/abs/2210.08038
https://inspirehep.net/literature/2166114
https://doi.org/10.3847/1538-4357/ab391d
https://arxiv.org/abs/1904.01640
https://inspirehep.net/literature/1727987
https://doi.org/10.1086/427976
https://arxiv.org/abs/astro-ph/0409513
https://inspirehep.net/literature/659804
https://doi.org/10.21105/joss.01298
https://inspirehep.net/literature/1807163

	Introduction
	Mock data and foreground cleaning
	The NILC pipeline
	The cILC pipeline
	Foreground cleaning efficacy and preprocessing pipeline

	Lensing reconstruction results
	Conclusion

