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Abstract. We assess the capabilities of the LiteBIRD mission to map the hot gas distri-
bution in the Universe through the thermal Sunyaev-Zeldovich (SZ) effect. Our analysis
relies on comprehensive simulations incorporating various sources of Galactic and extragalac-
tic foreground emission, while accounting for the specific instrumental characteristics of the
LiteBIRD mission, such as detector sensitivities, frequency-dependent beam convolution, in-
homogeneous sky scanning, and 1/f noise. We implement a tailored component-separation
pipeline to map the thermal SZ Compton y-parameter over 98 % of the sky. Despite lower
angular resolution for galaxy cluster science, LiteBIRD provides full-sky coverage and, com-
pared to the Planck satellite, enhanced sensitivity, as well as more frequency bands to enable
the construction of an all-sky thermal SZ y-map, with reduced foreground contamination at
large and intermediate angular scales. By combining LiteBIRD and Planck channels in the
component-separation pipeline, we also obtain an optimal y-map that leverages the advan-
tages of both experiments, with the higher angular resolution of the Planck channels enabling
the recovery of compact clusters beyond the LiteBIRD beam limitations, and the numerous
sensitive LiteBIRD channels further mitigating foregrounds. The added value of LiteBIRD
is highlighted through the examination of maps, power spectra, and one-point statistics of
the various sky components. After component separation, the 1/f noise from LiteBIRD ’s
intensity channels is effectively mitigated below the level of the thermal SZ signal at all mul-
tipoles. Cosmological constraints on S8 = σ8 (Ωm/0.3)

0.5 obtained from the LiteBIRD-Planck
combined y-map power spectrum exhibits a 15 % reduction in uncertainty compared to con-
straints derived from Planck alone. This improvement can be attributed to the increased
portion of uncontaminated sky available in the LiteBIRD-Planck combined y-map.
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1 Introduction

The warm-hot intergalactic medium (WHIM), which covers vast regions of space between
galaxies and galaxy clusters, contains highly ionized gas with temperatures ranging from
around 105 to 107 K, while within the gravitational potential wells of galaxy clusters, the
collapsed gas can reach even higher temperatures of 107–108 K. As cosmic microwave back-
ground (CMB) photons travel through this hot, ionized gas, they are upscattered to higher
energies by inverse Compton scattering with energetic free electrons. This causes a distinctive
spectral distortion to the CMB blackbody spectrum, with varying amplitude depending on
the line-of-sight direction. This phenomenon, known as the thermal Sunyaev-Zeldovich (SZ)
effect and originally theorized over half a century ago [1, 2], is now routinely observed by
CMB experiments due to its characteristic spectral signature.

Thousands of galaxy clusters, with masses ranging from 1014 to 1015M⊙ and redshifts
spanning from z ≃ 0 to z ≃ 1.5, have been detected by means of the thermal SZ effect in
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submillimetre sky observations [3–7]. Upcoming ground-based CMB experiments [8, 9] are
expected to extend current cluster catalogues by more than one order of magnitude, revealing
clusters with masses as low as M500 ≃ 1014M⊙ out to redshifts z ≳ 2.

Aside from cluster catalogues, the distinct frequency dependence of the thermal SZ
effect has enabled the extraction and mapping of the entire hot gas distribution over the sky,
including diffuse unbound gas between clusters, from multi-frequency observations through
dedicated component separation methods [10–13]. This has led to Compton parameter y-
maps that probe the full thermal SZ emission [14–21], in contrast to cluster catalogues that
exclusively capture the emission from well-resolved, massive clusters. Having y-maps that
encompass the entire thermal SZ emission, including the diffuse filamentary gas structures
between clusters, is especially valuable for endeavours like the search for missing baryons [22]
and the tomographic cross-correlations with other tracers of large-scale structure [23–28].

As a redshift-independent probe of large-scale structure, the thermal SZ effect has long
been recognized as an important cosmological observable [29–34], complementing primary
CMB measurements by providing independent constraints on some cosmological parameters.
Thermal SZ data from ESA’s Planck satellite mission [35] utilizing the statistics of cluster
number counts from the Planck cluster catalogue [36, 37] and the one-point, two-point and
three-point statistics of the Compton y-map [14, 38, 39] have yielded the first low-redshift
constraints on parameters such as the matter density (Ωm) and the amplitude of dark matter
fluctuations (σ8). This has brought to light the first indications of tension regarding σ8 when
compared to measurements from high-redshift CMB observations [40].

LiteBIRD, the Lite (Light) satellite for the study of B-mode polarization and Inflation
from cosmic background Radiation Detection [41], is a fourth-generation space mission dedi-
cated to CMB observations, which was selected by the Japan Aerospace Exploration Agency
(JAXA) in May 2019 for a planned launch in the Japanese Fiscal Year 2032. It will observe
the full sky with three telescopes in 15 frequency bands between 40 and 402GHz, offering an
extensive data set in both temperature and polarization. While LiteBIRD ’s primary scientific
objective is to detect the primordial gravitational waves predicted by cosmic inflation through
large-scale CMB B-mode polarization observations, its unprecedented sensitivity across the
full sky and large number of frequency channels can benefit thermal SZ science, as we aim to
demonstrate in this study.

This work is part of a series of papers that present the science achievable by the LiteBIRD
space mission, expanding on the overview published in ref. [41]. In particular, this work
focuses on the thermal SZ effect. Despite lower angular resolution than Planck, LiteBIRD will
provide full-sky temperature maps across a substantially larger number of frequency channels
than Planck, with also greater sensitivity to improve foreground removal and component
separation, thus positioning it to deliver the next all-sky map of the thermal SZ effect.

In this study, we demonstrate the capability of LiteBIRD in mapping the thermal SZ
Compton y-parameter over the celestial sphere with higher fidelity than Planck. In addi-
tion, we propose to combine both Planck and LiteBIRD data sets for thermal SZ y-map
reconstruction, leveraging the advantages of both experiments. We show how the inclusion
of the numerous, sensitive LiteBIRD channels along with the Planck channels over a wide
frequency range results in enhanced mitigation of the foreground contamination in the recon-
structed y-map, while Planck channels provide the required angular resolution to reconstruct
the thermal SZ signal beyond LiteBIRD ’s beam limitations. Moreover, we illustrate how
the LiteBIRD-Planck combined y-map substantially reduces the uncertainty associated with
the inferred σ8 parameter when compared to using solely Planck data. Finally, we explore
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LiteBIRD ’s potential to detect the subtle thermal SZ signal from patchy reionisation by cross-
correlating the LiteBIRD y-map with an inhomogeneous optical depth map derived from a
future high-resolution ground-based CMB survey such as CMB-S4 [9].

This paper is organized as follows. In section 2, we present the sky simulations of both
LiteBIRD and Planck data sets that we use in our analysis. In section 3, we describe the
component separation method that we implement for thermal SZ y-map reconstruction. Our
results from the LiteBIRD and joint LiteBIRD-Planck analyses are discussed in section 4.
Section 4.1 assesses the quality of the y-maps, while sections 4.2 and 4.3 evaluate the power
spectrum and one-point statistics of the y-maps and their residuals, section 4.4 discusses
the impact of correlated 1/f noise, section 4.5 focuses on inferring cosmological parameter
constraints, and finally, section 4.6 forecasts the detection of the thermal SZ signal from
patchy reionisation. We conclude in section 5.

2 Sky temperature simulations

Various codes are available for simulating sky observations at submillimetre wavelengths,
such as WebSky [42] for extragalactic components, the Python Sky Model [43] for Galactic
emissions, and the Planck Sky Model [44, 45], which comprehensively covers both Galactic
and extragalactic emission. Each of these tools has its own advantages and limitations. To
compare the relative performance of LiteBIRD and Planck, considering the angular resolu-
tion of both experiments, we find it suitable to use the Planck Sky Model (PSM) to generate
comprehensive sky simulations that incorporate various Galactic and extragalactic compo-
nents of emission. Realistic template maps and spectral models from the PSM are used to
scale the different components of emission across the frequency channels of both LiteBIRD
(40–402GHz) and Planck (30–857GHz). The simulated sky maps at each frequency, re-
sulting from the superposition of all the components, are further convolved with Gaussian
beams, with full-width-at-half-maximum (FWHM) values as provided for each channel by the
instrument specifications of LiteBIRD [41] and Planck [35].

Gaussian white noise maps are generated for each frequency channel using the quoted
Planck 2018 sensitivities in temperature [35] and the LiteBIRD Instrument Model (IMO)
sensitivities in polarization [41], that we rescaled by a factor of

√
2 for temperature. These

noise maps are added to the sky maps at each frequency to complete the simulation.
In addition, independent realistic noise maps are simulated to accommodate the inho-

mogeneous scan strategy of LiteBIRD and account for the expected 1/f noise in temperature,
as discussed in section 2.3. These extra simulations are utilized in section 4.4 to study the
impact of LiteBIRD ’s 1/f noise on the reconstructed thermal SZ y-map.

The simulated maps have a HEALPix1 format [46] with pixel resolution of Nside = 512 for
the LiteBIRD channels and Nside = 2048 for the Planck channels. Sections 2.1 and 2.2 provide
detailed descriptions of the models employed to simulate the different sky components.

2.1 Extragalactic components

The extragalactic components of the simulation include thermal SZ emission, the primary
component of interest that we aim at extracting, kinetic SZ emission, cosmic microwave
background (CMB) temperature anisotropies, cosmic infrared background (CIB) anisotropies,
compact radio sources and compact infrared sources. The simulated maps of the extragalactic
components are shown in figure 1.

1https://healpix.jpl.nasa.gov/
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Figure 1. LiteBIRD sky temperature simulation of extragalactic components. Left column: CMB
(top), CIB at 402GHz (middle), compact radio sources at 40GHz (bottom). Right column: thermal
SZ (top), kinetic SZ (middle), compact infrared sources at 402GHz (bottom).

2.1.1 Thermal SZ

The thermal SZ emission from galaxy clusters is simulated using both real and random cluster
catalogues. A first set of fake clusters randomly distributed over the sky is generated, using a
Poisson distribution of the Tinker halo mass function [47] to sample masses and redshifts and
a uniform distribution to assign Galactic coordinates. The sampled cluster masses range from
1014 to 1016M⊙. The Compton y-parameter of the random clusters is modelled using the
universal pressure profile of ref. [48]. Furthermore, real clusters of mass larger than 1014M⊙
are included in the thermal SZ Compton y-map using information from the Planck, ACT,
SPT and ROSAT cluster catalogues [3, 49–51]. Simulated clusters within the same redshift
and mass range as the injected real clusters are removed from the random catalogue to
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avoid double-counting. In addition, diffuse thermal SZ emission is simulated from theoretical
thermal SZ angular power spectrum [32] assuming the same halo mass function and pressure
profile as above and cosmological parameters from the Planck 2018 ΛCDM best-fit model
[52]. The simulated thermal SZ Compton y-parameter map is shown in the top right panel
of figure 1. Its angular power spectrum is consistent with the Planck 2015 SZ best-fit model
[14], within the 20% uncertainty range allowed by Planck observations, across the multipole
range ℓ ≃ 20–1000 relevant to Planck measurements.

The Compton y-map is scaled across the frequency channels using the non-relativistic
limit of the thermal SZ spectral energy distribution (SED) given in thermodynamic temper-
ature units by [1]

a(ν) = TCMB

[
x coth

(x
2

)
− 4
]
, (2.1)

where x = hν/kTCMB, with h being the Planck constant, k the Boltzmann constant, TCMB
the CMB temperature and ν the frequency. We currently neglect relativistic corrections to the
thermal SZ effect arising from electron gas temperature [53–57], which can result in ≳ 10%
spectral distortion of the SZ intensity at 353GHz for cluster temperatures ≳ 5 keV [58, 59].
This aspect is left for future work, anticipating that LiteBIRD should have the sensitivity
needed to measure the relativistic SZ temperature of the most massive clusters [41, 60].

2.1.2 Kinetic SZ

The kinetic SZ emission arises from the Doppler boost of the CMB photons caused by the
bulk velocities of the clusters along the line of sight. The velocities for both simulated and
real clusters are randomly sampled from a normal distribution whose standard deviation is
derived from the power spectrum of density fluctuations using the continuity equation [44].
The simulated kinetic SZ map is shown in the middle right panel of figure 1, showing overall
consistency with the thermal SZ map, but either positive or negative temperatures depending
on the sign of the radial velocity of the clusters.

Like CMB temperature anisotropies, the kinetic SZ effect is independent of the frequency
when expressed in thermodynamic temperature units. Therefore, the simulated kinetic SZ
map remains unchanged across all frequency channels.

2.1.3 Cosmic microwave background

The map of CMB temperature anisotropies is a random Gaussian realisation on the sphere
generated from the theoretical CMB temperature power spectrum computed with CAMB
[61] using cosmological parameters from the Planck 2018 ΛCDM best-fit model [52]. The
simulated CMB map is shown in the top left panel of figure 1. The CMB anisotropies are
independent of frequency when expressed in thermodynamic temperature units, such that the
simulated CMB map remains unchanged across all frequency channels.

2.1.4 Cosmic infrared background

Following ref. [45], the CIB anisotropies from dusty star-forming galaxies are simulated by
the Planck Sky Model assuming three different populations of spiral, starburst and proto-
spheroidal galaxies [62], which are distributed across redshift shells according to the dark
matter distribution generated by CLASS [63]. Galaxies from a given type of population have
the same spectral energy distribution, which is redshifted accordingly. The simulated maps
from each population and each redshift shell are added together to generate CIB maps at each
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frequency. The resulting CIB map for the LiteBIRD 402-GHz frequency channel is shown in
the middle left panel of figure 1. Correlations between the CIB and thermal SZ components
[64–66] are neglected in this simulation.2 Further details on the modelling of the CIB in the
Planck Sky Model can be found in refs. [45, 62].

2.1.5 Radio and infrared sources

Our simulation includes extragalactic radio (active galactic nuclei) and infrared sources (dusty
galaxies), as well as unresolved Galactic sources. Radio sources are obtained from existing
catalogues of radio surveys at 4.85GHz [69, 70], 1.4GHz [71] and 0.843GHz [72], while infrared
sources are provided by the IRAS point-source catalogue [73, 74].

Infrared sources are extrapolated to LiteBIRD and Planck frequencies assuming modified-
blackbody spectra, while radio sources are extrapolated assuming four power-law spectra de-
pending on the frequency range, with each radio source being assigned either a steep or flat
spectral index that is randomly drawn from a Gaussian distribution [44]. The map of com-
pact radio sources at 40GHz is shown in the bottom left panel of figure 1, while the map of
compact infrared sources at 402GHz is displayed in the bottom right panel.

2.2 Galactic components

The Galactic foregrounds include thermal dust emission, synchrotron emission, free-free emis-
sion and anomalous microwave emission (AME). The simulated maps of each Galactic com-
ponent are shown in figure 2.

2.2.1 Thermal dust

The Planck GNILC dust template maps [75] are used to simulate Galactic thermal dust
emission, due to their reduced contamination from the CIB thanks to filtering by the GNILC
pipeline [76]. The use of the GNILC dust templates is particularly important for temperature
analysis to prevent an overestimation of CIB contamination in the simulated data and the
reconstructed SZ map.

The thermal dust emission is scaled across the frequencies ν assuming a modified black-
body spectrum with variable spectral index and temperature across the directions n̂ on the
sky:

Idust(ν, n̂) = τGNILC
353 (n̂)

( ν

353GHz

)βGNILC(n̂)
Bν

(
TGNILC(n̂)

)
, (2.2)

where τGNILC
353 (n̂) is the Planck GNILC dust optical depth map at 353GHz given in inten-

sity units, βGNILC(n̂) is the Planck GNILC dust spectral index map and TGNILC(n̂) is the
Planck GNILC dust temperature map, while Bν(T ) is the Planck’s blackbody function. The
simulated thermal dust amplitude map at 353GHz is shown in the bottom right panel of
figure 2.

2The portion of the thermal SZ signal correlated with the CIB may be suppressed alongside the CIB
through variance minimization by the needlet internal linear combination (NILC) method used for thermal SZ
reconstruction, resulting in a minor, percent-level loss of thermal SZ RMS. However, such loss can be avoided
in principle by deprojecting the CIB using a constrained ILC for component separation [10, 16, 20, 21, 67, 68].
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Figure 2. LiteBIRD sky temperature simulation of Galactic components in intensity units. Left
column: synchrotron at 23GHz (top), AME at 23GHz (bottom). Right column: free-free at 23GHz
(top), thermal dust at 353GHz (bottom).

2.2.2 Synchrotron

The Galactic synchrotron emission, due to cosmic-ray electrons accelerated by the Galactic
magnetic field, is simulated from the Reprocessed Haslam 408-MHz map [77], in which extra-
galactic radio sources have been subtracted from the original Haslam map [78]. The use of the
source-subtracted Haslam map as a Galactic synchrotron template is particularly important
for temperature analysis to prevent double-counting the contamination from radio sources in
the simulated data and the reconstructed SZ map.

The Galactic synchrotron template at 408MHz is extrapolated to LiteBIRD and Planck
frequencies using a power-law spectrum with variable spectral index over the sky:

Isync(ν, n̂) = I408MHz(n̂)
( ν

408MHz

)βs(n̂)
, (2.3)

where I408MHz(n̂) is the Reprocessed Haslam 408-MHz map and βs(n̂) is the synchrotron
spectral index template map from ref. [79]. The simulated synchrotron amplitude map at
23GHz is shown in the top left panel of figure 2.

2.2.3 Free-free

The Planck Commander free-free template maps [80] are used to model the Galactic free-
free emission (thermal bremsstrahlung) that is due to Coulomb interactions between free
electrons and positively charged nuclei in ionised star-forming regions. Free-free emission is
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scaled across the frequencies as [81]

Iff(ν, n̂) = 106 Te(n̂)
(
1− e−τff(ν,n̂)

)
, (2.4)

τff(ν, n̂) = 0.05468Te(n̂)
−3/2

( ν

109

)−2
EM(n̂) gff(n̂, ν) , (2.5)

gff(n̂, ν) = 1 + log

(
1 + e

4.960+
√
3

π
log

[(
ν

109

)−1(Te(n̂)

104 K

)3/2
])

, (2.6)

where EM(n̂) is the Planck Commander free-free emission measure (EM) map and Te(n̂) is
the Planck Commander electron temperature map. The simulated Galactic free-free map at
23GHz is shown in the top right panel of figure 2.

2.2.4 AME

Previous studies have demonstrated a strong correlation between anomalous microwave emis-
sion (AME) at low frequencies and thermal dust emission at higher frequencies [82–84]. This
phenomenon is believed to be the result of electric dipole radiation emitted by spinning dust
grains within our Galaxy [85]. For these reasons, the AME map at 23GHz is simulated by
rescaling the thermal dust template at 353GHz using a cross-correlation factor of 0.91K/K
in Rayleigh-Jeans temperature units, as measured by ref. [83].

The AME template is extrapolated to LiteBIRD and Planck frequency channels using
the spinning dust spectral model of ref. [85]. The AME map at 23GHz is displayed in intensity
units in the bottom left panel of figure 2.

2.3 Instruments

In our simulations, we model both the LiteBIRD [41] and Planck [35] space-borne exper-
iments, whose instrumental specifications are described hereafter. While Planck provides
higher angular resolution and wider frequency coverage (30–857GHz) than LiteBIRD (40–
402GHz), LiteBIRD benefits from a larger number of frequency bands and higher sensitivity.
By considering both LiteBIRD and Planck in our simulations, we can leverage their unique
instrumental capabilities and combine their data to enhance SZ analyses.

2.3.1 LiteBIRD Instrument Model

The LiteBIRD Instrument Model (IMo) provides a quantitative description of the entire
LiteBIRD experiment, encompassing the three telescopes – LFT (Low-Frequency Telescope),
MHT (Mid-Frequency Telescope), and HFT (High-Frequency Telescope) – as well as the
payload and observational strategy, as detailed in ref. [41]. In our simulations, we adhere to
the instrumental specifications outlined in the LiteBIRD IMo to generate full-sky temperature
maps across 15 frequency bands ranging from 40 to 402GHz. To simulate instrumental white
noise in each frequency channel, we use the IMo sensitivities per channel quoted in table 13 of
ref. [41], which we rescale by a factor of

√
2 to obtain noise RMS values in temperature. We

also rely on the quoted IMo beam FWHM values per channel to perform beam convolution of
the simulated sky maps. We omit the IMo top-hat frequency bandpasses from our simulations
because their impact on non-parametric component-separation methods, such as the one
employed in this analysis, which rely solely on knowledge of the thermal SZ spectrum rather
than uncertain foreground models, is well characterized.

Being equipped with a rotating half-wave plate (HWP) modulator, the LiteBIRD mis-
sion must allow for significant reduction of the low-frequency 1/f noise in the polarization

– 8 –



data, but not in the temperature data. Therefore, additional simulations accounting for Lite-
BIRD ’s inhomogeneous scan strategy and 1/f noise in temperature have been implemented in
order to study the impact of these systematics on the y-map in section 4.4. To simulate Lite-
BIRD 1/f noise, a standard maximum-likelihood map-making algorithm [86] was employed
on time-ordered data (TOD) simulations, with both realistic and pessimistic knee frequencies
of respective values fknee = 30mHz and fknee = 100mHz (LiteBIRD Collaboration, in prep.).

2.3.2 Planck LFI and HFI instruments

The Planck satellite mission, launched by the European Space Agency (ESA) in May 2009,
was equipped with two instruments: the Low-Frequency Instrument (LFI) and the High-
Frequency Instrument (HFI). These instruments allowed for the observation of the full sky in
nine frequency bands between 30 and 857GHz with an average sensitivity of 50µK · arcmin
and relatively high angular resolution.

For the simulation of noise maps and beam convolution in the Planck frequency channels,
we have adopted the instrumental specifications (sensitivities and beam FWHM values) as
provided in the table 4 of ref. [35]. We generate Gaussian white noise maps across the nine
Planck frequency channels using the noise RMS values per channel from ref. [35]. Despite
these simplified noise assumptions, as shown later in section 4.2, the power spectrum of noise
residuals in the recovered y-map from the analysis of white-noise simulations is consistent
across multipoles with that from the Planck release 2 (PR2) SZ analysis [14], which accounts
for real noise.

3 Component separation for thermal SZ effect

To extract the thermal SZ Compton y-parameter signal out of the multi-frequency sky maps
of the simulation, we implement the Needlet Internal Linear Combination (NILC) method [10,
11, 87], using a pipeline that is similar to the one utilised for Planck SZ data analysis [14, 19].
Needlets [88, 89] are a family of spherical wavelets which allow for localized data processing in
both pixel domain and harmonic domain. This is particularly useful for component separation
as the relative contribution of the various components of emission to the data varies both
across different sky regions and across different regimes of angular scales. Furthermore, the
multi-resolution feature of the wavelet-based component separation method NILC enables
seamless integration of diverse data sets from different experiments with varying resolution
and sky coverage [11].

In this study, our NILC pipeline is applied to the set of multi-frequency sky maps from
either the LiteBIRD simulation, the Planck simulation or the combination of both simulations,
so that three different y-maps are produced, namely: a LiteBIRD y-map; a Planck y-map;
and a LiteBIRD-Planck combined y-map. Given that the average angular resolution is about
30′ for LiteBIRD channels and 10′ for Planck channels, the LiteBIRD y-map is reconstructed
at 30′ resolution, while the Planck y-map and the LiteBIRD-Planck combined y-map are
both reconstructed at 10′ resolution. Our NILC pipeline proceeds as follows.

The multi-frequency sky maps, dν(p) for frequency ν with pixel p dependence, from
either LiteBIRD, Planck, or both LiteBIRD and Planck simulations are spherical-harmonic
transformed into harmonic coefficients aℓm,ν :

dν(p) =
∑
ℓ,m

aℓm,ν Yℓm(p) , (3.1)
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Figure 3. Needlet bandpass functions in harmonic domain.

where Yℓm(p) denote the spherical harmonics. Each aℓm,ν is divided by their native beam
transfer function at that frequency, bℓ,ν , and multiplied by a Gaussian beam transfer function,
boutℓ , associated with the desired output resolution, i.e. 30′ for the LiteBIRD analysis, and 10′

for the Planck and the LiteBIRD-Planck analyses:

aℓm,ν → aℓm,ν
boutℓ

bℓ,ν
. (3.2)

The multi-frequency harmonic coefficients aℓm,ν then undergo bandpass filtering in the
harmonic domain using cosine-shaped needlet windows, hjℓ , as shown in figure 3, which parti-
tion the signal at each frequency into separate contributions from different ranges of angular
scales. The functional form of the needlet bandpasses is chosen as

hjℓ =


cos

(
ℓjpeak−ℓ

ℓjpeak−ℓj−1
peak

π
2

)
if ℓj−1

peak ≤ ℓ < ℓjpeak ,

cos

(
ℓ−ℓjpeak

ℓj+1
peak−ℓjpeak

π
2

)
if ℓjpeak ≤ ℓ < ℓj+1

peak ,

(3.3)

where ℓpeak = 0, 50, 100, 200, 300, 400, 500, 600, 700, 800, 1000, 2000 for j = 1, · · · , 12, so that∑
j

(
hjℓ

)2
= 1 ∀ℓ . (3.4)

Equation (3.4) ensures that the total power in the data is preserved after forward and inverse
needlet transformations. The first ten needlet window functions (j = 1, · · · , 10) are used to
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process both LiteBIRD and Planck channels, while the last two needlet windows (j = 11, 12)
are used to process only the Planck channels due to the limited resolution of the LiteBIRD
maps. The resulting bandpass-filtered coefficients, ajℓm,ν = hjℓaℓm,ν , finally undergo inverse
spherical harmonic transformation. As a result, for each frequency channel we obtain ten (or
twelve) needlet maps,

djν(p) =
∑
ℓ,m

hjℓ aℓm,ν Yℓm(p) , (3.5)

which capture temperature fluctuations at specific angular scales, as determined by the cor-
responding needlet window hjℓ used.

For each needlet scale j, we estimate the elements Cj
νν′(p) of the data covariance matrix

Cj(p) in each pixel p for a pair of frequencies as the convolution in the pixel domain

Cj
νν′(p) =

∑
p′

Kj(p, p′) djν(p
′) djν′(p

′) , (3.6)

where

Kj(p, p′) =
1

2π (σj)2
exp

(
−∥n⃗(p)− n⃗(p′)∥2

2 (σj)2

)
, (3.7)

is the bidimensional symmetric Gaussian function used for the convolution and n⃗(p) is the
three-dimensional vector on the HEALPix sphere associated with pixel p. The width σj of
the Gaussian function determines the effective size of the pixel domain surrounding pixel p
within which the local covariance of the data is computed for needlet scale j. The degree of
localisation in pixel domain given by σj depends on the needlet scale j considered. As we
move from the first to the last needlet band, probing smaller and smaller angular scales, σj

becomes progressively smaller.
For each needlet scale j, we then obtain an estimate, ŷ j , of the thermal SZ Compton

parameter signal by assigning ILC weights to the frequency maps:

ŷ j(p) =
∑
ν

∑
ν′ aν′

[
Cj(p)

]−1

νν′∑
ν′
∑

ν′′ aν′ [C
j(p)]−1

ν′ν′′ aν′′
djν(p) , (3.8)

where aν is the SED of the thermal SZ effect given by equation (2.1). By construction,
equation (3.8) ensures the preservation of the thermal SZ signal at needlet scale j without
any multiplicative error, while minimizing the variance of the additive error arising from
residual foreground and noise contamination.

Finally, the estimated maps ŷ j(p) are transformed into spherical harmonic coefficients,
ŷ j
ℓm, and these coefficients are combined to reconstruct the complete thermal SZ map, ŷ(p),

incorporating contributions from all angular scales, as follows:

ŷ(p) =
∑
ℓ,m

∑
j

hjℓ ŷ
j
ℓm

Yℓm(p) . (3.9)

Equation (3.9) provides the NILC map of the thermal SZ Compton parameter for any com-
bination of data, whether it be from LiteBIRD, Planck, or the combined LiteBIRD-Planck
data sets.
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4 Results

In this section, we assess the quality of the reconstructed thermal SZ Compton y-parameter
maps from the Planck, LiteBIRD, and combined LiteBIRD-Planck data sets. The three differ-
ent y-maps are compared through map visualization (section 4.1), power spectrum calculation
for signal and residuals (section 4.2), one-point statistics estimation for signal and residuals
(section 4.3), and cosmological parameter constraints (section 4.5). LiteBIRD ’s responses to
1/f noise (section 4.4) and the patchy reionisation SZ effect (section 4.6) are also discussed.

4.1 Reconstructed thermal SZ y-maps

Figure 4 shows the reconstructed LiteBIRD y-map at 30′ angular resolution over 67% of
the sky after component separation using NILC (middle left panel). It is compared with the
input y-map of the simulation that has been smoothed to the same 30′ resolution over the
same sky area (top panel). The difference between the LiteBIRD and input y-maps is shown
in the middle right panel, highlighting residual foreground and noise contamination. The
depicted mask, leaving 67% of the sky, is used to mitigate residual foregrounds for power
spectrum calculations in section 4.2, even though component separation is performed over
98% of the sky. Additionally, the reconstructed Planck y-map, smoothed to 30′ resolution
from its original 10′, is presented in the bottom left panel, while the difference between the
Planck and input y-maps is shown in the bottom right panel. Most of the galaxy clusters of
the input y-map are clearly recovered in both LiteBIRD and Planck y-maps after component
separation. However, the LiteBIRD y-map demonstrates notably higher fidelity to the true y-
map in contrast to the Planck y-map, which exhibits more significant residual contamination.
This improvement of LiteBIRD over Planck can be attributed to the combination of higher
sensitivity in LiteBIRD ’s channels and the availability of a greater number of frequency bands
for efficient foreground mitigation and component separation.

By combining both LiteBIRD and Planck simulated data sets with NILC, the quality
of the reconstructed y-map can be further improved, thanks to the additional increase in
the number of available frequency channels for component separation. Figure 5 compares the
Planck y-map (top left panel) with the LiteBIRD-Planck combined y-map (bottom left panel)
over 98% of the sky, along with their associated residuals (i.e., the difference between the
reconstructed and input y-maps) in the top right and bottom right panels, respectively. The
Planck y-map exhibits significant residual contamination around the Galactic plane, whereas
the LiteBIRD-Planck combined y-map displays uniformly high signal-to-noise throughout
the sky, revealing observable galaxy clusters in the Galactic plane region. The presence of
LiteBIRD channels effectively contributes to reducing the residual contamination left by the
Planck channels in the Compton y-map.

Figure 6 presents a zoomed-in view of the Coma cluster using a 12.5◦ × 12.5◦ gnomonic
projection for the Planck (left), LiteBIRD (middle), and LiteBIRD-Planck (right) y-maps
centred at Galactic coordinates (l, b) = (58.1◦, 88.0◦). To highlight residuals in each y-map,
the difference between the reconstructed y-maps and the input y-map is also shown in the
bottom row. Evidently, the background contamination diminishes progressively from the left
to the right panels, with corresponding RMS values of 0.64× 10−6 for Planck, 0.35× 10−6 for
LiteBIRD (a 45% decrease), and 0.32× 10−6 for LiteBIRD-Planck (a 50% decrease), again
emphasising the enhanced performance of LiteBIRD over Planck in mitigating foregrounds
and the benefits of combining both data sets for thermal SZ effect reconstruction.
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Figure 4. Top: Input thermal SZ y-map of the sky simulation smoothed to 30′ angular resolution.
Middle: Recovered LiteBIRD thermal SZ y-map at 30′ angular resolution after foreground cleaning
with NILC (left) and residuals (right). Bottom: Recovered Planck thermal SZ y-map after foreground
cleaning with NILC (left) and residuals (right), smoothed to 30′ angular resolution (originally, 10′) for
comparison. The y-map obtained from LiteBIRD exhibits significantly lower residual contamination
compared to the Planck y-map.

The contribution from different foregrounds to the overall residual contamination of
the Planck (left), LiteBIRD (middle), and LiteBIRD-Planck (right) y-maps is presented
in figure 7, showing noise (top row), CIB (second row), Galactic foregrounds (third row),
and extragalactic sources (bottom row). These residual foreground maps were generated by
applying the same NILC weights to the individual foreground components of the simulation
as were used to reconstruct the y-map. As evident from figure 7, the residual contamination
from either noise, CIB, or Galactic foregrounds is significantly reduced in the LiteBIRD
y-map compared to the Planck y-map, with further suppression observed in the LiteBIRD-
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Figure 5. Comparison of the Planck y-map (top left) and its associated residuals (top right)
with the LiteBIRD-Planck combined y-map (bottom left) and its associated residuals (bottom right)
over fsky = 98% of the sky. The inclusion of LiteBIRD channels significantly reduces the residual
foreground contamination, especially around the Galactic plane, compared to Planck alone. Maps are
smoothed to 30′ resolution (originally, 10′) for rendering.

Planck combined y-map owing to the increased number of frequency channels for component
separation.

As visible from the bottom row of figure 7, the LiteBIRD y-map also shows much lower
contamination by infrared sources,3 with virtually no discernible red spot near the left edge,
unlike the Planck y-map where a distinct red spot is evident at the same angular resolution.
The larger contamination by infrared sources in the Planck y-map can be attributed to the
inclusion of high-frequency channels above 545GHz, where infrared sources are more intense.
Those channels are absent from LiteBIRD, resulting in limited infrared source contamina-
tion. However, infrared source contamination is noticeable again in the LiteBIRD-Planck
combined y-map due to the reintroduction of Planck channels, albeit with reduced intensity
compared to the Planck y-map. Overall, the residual contamination from both infrared (red
spots) and radio (blue spots) sources is lower in the LiteBIRD-Planck y-map compared to
the Planck y-map. This improvement is credited to the increased frequency sampling by
incorporating LiteBIRD channels, which enables NILC to better capture source correlations
across frequencies and consequently leads to more effective cleaning of source contamination.

3In the reconstructed y-maps, infrared sources (prominent at high frequencies) appear as positive red
spots, while radio sources (prominent at low frequencies) appear as negative blue spots, due to the change in
sign of the thermal SZ SED and thus the NILC weights from positive to negative above and below 217GHz,
respectively.
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Figure 6. Top: 12.5◦× 12.5◦ gnomonic projection of the reconstructed y-maps (all smoothed to 30′

resolution) centred on the Coma cluster at Galactic coordinates (l, b) = (58.1◦, 88.0◦). Left : Planck
y-map. Middle: LiteBIRD y-map. Right : LiteBIRD-Planck combined y-map. Bottom: Difference
between the reconstructed and input y-maps (residual) in the same sky area. The residual foreground
and noise contamination gets more and more reduced from the left to the right panel, with the RMS
value of the residual maps being 0.64× 10−6 for Planck, 0.35× 10−6 for LiteBIRD, and 0.32× 10−6

for LiteBIRD-Planck in this sky area.

The advantage of the Planck channels lies in their capability to provide angular resolution
beyond the beam limits of the LiteBIRD channels, enabling the resolution of more compact
galaxy clusters with characteristic radius smaller than the average beam size of LiteBIRD.
Figure 8 showcases a comparison of the various y-maps at their optimal resolution within a
12.5◦ × 12.5◦ region centred at Galactic coordinates (l, b) = (120◦,−40◦). Due to the limited
30′ angular resolution, the LiteBIRD y-map cannot resolve the most compact galaxy clusters,
while they are detectable in both the Planck y-map and the LiteBIRD-Planck combined y-
map, both reconstructed at 10′ resolution, with the LiteBIRD-Planck y-map exhibiting higher
signal-to-noise compared to the Planck y-map.

In conclusion, the combination of LiteBIRD and Planck channels in the component-
separation pipeline results in an optimal all-sky Compton y-map that capitalises on the
strengths of both experiments. The high-resolution Planck channels allow for the resolution
of compact clusters beyond the beam limitations of LiteBIRD, while the numerous sensitive
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Figure 7. Residual contamination from noise (first row), CIB (second row), Galactic foregrounds
(third row), and extragalactic sources (fourth row) for the Planck (left), LiteBIRD (middle), and
LiteBIRD-Planck (right) y-maps of figure 6.
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Figure 8. 12.5◦ × 12.5◦ gnomonic projection of the y-maps at optimal resolution centred at
(l, b) = (120◦,−40◦). Input y-map at 10′ resolution (top left), LiteBIRD y-map at 30′ resolution (top
right), Planck y-map at 10′ resolution (bottom left), and LiteBIRD-Planck combined y-map at 10′

resolution (bottom right). Due to the lower resolution of the LiteBIRD y-map, the colour range is
reduced by half compared to other y-maps. Most compact clusters cannot be resolved in the LiteBIRD
y-map due to beam limitations, while they are detected in the LiteBIRD-Planck combined y-map,
with higher signal-to-noise compared to the Planck y-map.
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LiteBIRD channels effectively mitigates foreground contamination.

4.2 SZ power spectrum and residuals

The y-map is obtained by applying the NILC weights to the sky maps across the frequencies.
Since these maps are themselves a linear combination of various emission components, by
applying the same NILC weights to the maps of a specific foreground component of the
simulation across the frequencies, we can assess the residual contamination in the y-map
attributed to this foreground. The same procedure is applied for assessing projected noise.

Using MASTER [90], we thus compute the angular power spectrum of the y-map over
67% of the sky, as well as the power spectra of the residual contamination attributed to each
foreground component of the simulation over the same portion of the sky. The results are
shown in figure 9 for the Planck (top panel), LiteBIRD (middle panel) and joint LiteBIRD-
Planck (bottom panel) analyses. The power spectrum of the input y-map of the simulation
is shown as a solid black line, while the power spectrum of the reconstructed y-map corrected
for the bias due to the noise power spectrum contribution is shown as a solid red line. The
power spectrum contributions from each residual foreground contaminant are shown as dashed
coloured lines and the power spectrum of the instrumental noise contamination is shown as a
dashed green line. For reference, we include the actual noise power spectrum from the Planck
NILC full-mission y-map of the Planck 2015 data analysis [14] as a dotted grey line. This was
derived from the half-difference of the so-called first and last half-ring NILC y-maps of the
Planck Release 2 (PR2). The overlap between the dashed green line and the dotted grey line
in the top panel indicates the consistency in the noise levels between the y-map reconstruction
performed on the Planck simulation in this study and the y-map reconstruction carried out
on real Planck data in ref. [14].

Starting from the Planck simulation results (top panel in figure 9), we see that the
residual noise contamination (dashed green) of the Planck y-map has a level of power as large
as the targeted thermal SZ signal (solid black) over a large range of multipoles (2 ≤ ℓ ≤ 300),
while it significantly exceeds the thermal SZ signal at higher multipoles. After correcting for
the noise bias in the y-map power spectrum (solid red), the dominant residual foreground
contamination arises from Galactic emission at low multipoles ℓ < 100 (dashed purple) and
the CIB at high multipoles ℓ > 100 (dashed orange). Residual contamination from radio and
infrared sources (dashed blue) and CMB (dashed brown) are subdominant.

Comparing with the LiteBIRD simulation results (middle panel in figure 9), it is evident
that the residual noise contamination (dashed green) in the LiteBIRD y-map is approximately
one order of magnitude lower than the noise observed in the Planck y-map for multipoles in
the range 2 ≤ ℓ ≤ 500. This reduction can be attributed to the greater number and higher
sensitivity of LiteBIRD channels relative to Planck channels. In contrast, the lower aver-
age resolution of LiteBIRD channels (30′) in comparison to Planck channels (10′) restricts
the capability to investigate the SZ signal at higher multipoles (ℓ > 800) with an accept-
able signal-to-noise ratio. The residual contamination due to extragalactic foregrounds also
demonstrates significant reduction across all multipoles in the LiteBIRD y-map (middle panel
in figure 9) when compared to the Planck y-map (top panel in figure 9), primarily due to the
increased number of frequency channels available for component separation. Additionally, in
the case of LiteBIRD, the contamination from Galactic foregrounds (dashed purple line) is
significantly reduced for multipoles ℓ > 20 compared to Planck. Nonetheless, at the lowest
multipoles (ℓ < 20), the Galactic foreground contamination is noticeably lower in the Planck
y-map than in the LiteBIRD y-map. This can be explained by recognising that, despite
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Figure 9. Top: Planck y-map power spectrum (solid red) versus input y-map power spectrum (solid
black), with projected foregrounds (dashed coloured lines) and noise (dashed green) power spectra.
Middle: LiteBIRD y-map power spectrum. Bottom: LiteBIRD-Planck combined y-map power spec-
trum. The combination of LiteBIRD and Planck channels (bottom) leads to lower foreground residuals
and noise.
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possessing a smaller number of frequency channels than LiteBIRD, Planck encompasses a
broader frequency coverage. Specifically, Planck included channels at 545GHz and 857GHz
that facilitate tracking and mitigating the impact of Galactic thermal dust contamination,
which dominates the overall variance in the data at ℓ < 20 (first needlet band). At higher
multipoles (ℓ > 20), other foregrounds begin to contribute significantly to the overall variance
in the data. Consequently, the NILC weights are redistributed to mitigate contamination from
several components, prioritising the reduction of contamination from other foregrounds while
allowing more dust residuals. In this regime, LiteBIRD demonstrates better performance
than Planck due to its larger number of frequency channels.

By incorporating both LiteBIRD and Planck frequency maps into the component-
separation process, the reconstructed y-map effectively leverages the distinct advantages in-
herent in each experiment. As illustrated in the bottom panel of figure 9, the noise power
spectrum of the LiteBIRD-Planck combined y-map aligns with that of LiteBIRD for mul-
tipoles ℓ < 1000, beyond which it aligns with Planck for those high multipoles where Lite-
BIRD ’s spatial resolution is limited. The residual foreground contamination, both Galactic
and extragalactic, is minimised in the LiteBIRD-Planck y-map across all multipoles. This
reduction results from the combination of the maximum number of channels and the broadest
achievable frequency coverage through this integrated approach.

4.3 Other SZ statistics and residuals

In figure 10, we have computed and displayed the one-point probability density function
(PDF) for the reconstructed y-maps (top left) as well as their residuals, including Galactic
foregrounds (top right), CIB (bottom left), and noise (bottom right) over 67% of the sky. All
maps have been smoothed down to the same 30′ angular resolution to allow comparison be-
tween histograms. The characteristic positively-skewed distribution of the thermal SZ effect
(black line) [33] is observed consistently in all the reconstructed y-maps (coloured lines). No-
tably, the Planck y-map PDF (blue) displays a larger overall variance when compared to the
PDFs of the LiteBIRD (orange) and LiteBIRD-Planck (green) y-maps. This difference arises
from the increased noise and foreground contamination present in the Planck y-map, as high-
lighted in the other panels of figure 10. As a result of the progressive increase of the number
of channels and sensitivity, LiteBIRD (orange) exhibits narrower distributions in comparison
to Planck (blue) concerning residual Galactic foreground (top right), CIB (bottom left), and
noise (bottom right) contamination. Furthermore, the LiteBIRD-Planck combination (green)
shows even lower foreground and noise contamination levels than LiteBIRD, except for the
CIB. This is due to Planck ’s 857-GHz channel, which is known to increase CIB contamination
in the y-map and for this reason was discarded from the Planck PR2 data analysis at high
multipoles for the production of the Planck SZ y-map (see section 3.1 of ref. [14] for more
details).

The outcomes of this one-point statistics analysis reinforce the findings from the power
spectrum analysis. Once more, they highlight how LiteBIRD improves over Planck in terms
of residual Galactic foreground contamination, CIB contamination and noise, and how the
combination of LiteBIRD and Planck allows us to even further reduce the residual contami-
nation in the Compton y-map.

Moreover, cosmological parameters, in particular σ8, can be extracted from a detailed
fit to this y-map PDF, following the formalism described and used in refs. [91, 92]. A detailed
analysis of the full shape of this PDF is left for a future work. However, one can estimate
the relative improvement in the determination of the σ8 parameter using the (unnormalised)
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Figure 10. Top left : One-point statistics of the reconstructed NILC y-maps over 67% of the sky
(coloured lines) versus that of the input y-map (black line) for Planck (blue), LiteBIRD (orange) and
LiteBIRD-Planck combined (green). Top right : One-point statistics of residual Galactic foregrounds
for the Planck, LiteBIRD and LiteBIRD-Planck combined y-maps. Bottom left : One-point statistics
of residual CIB for the Planck, LiteBIRD and LiteBIRD-Planck combined y-maps. Bottom right :
One-point statistics of residual noise for the Planck, LiteBIRD and LiteBIRD-Planck combined y-
maps.

skewness of the y-map. According to ref. [93] and references therein, the unnormalised skew-
ness scales with σ8 as ⟨y3⟩ ∝ σ9.7−11.5

8 . By evaluating the skewness in the same analysis mask
(67% of the sky), we find that the improvement factor in the relative bias on the determina-
tion of σ8 is 28%, when comparing the case Planck with LiteBIRD-Planck, with very little
dependence on the choice of the reference scaling exponent within the range 9.7−11.5.

4.4 Impact of 1/f noise

Although low-frequency correlated 1/f noise along the scan direction can be effectively mit-
igated in polarization maps through the continuously rotating half-wave plates (HWPs) on
the LiteBIRD telescopes [94–96], it will still impact intensity maps to a larger extent, which
requires careful consideration for our purpose.

Here, we repeat our previous analysis on LiteBIRD simulations, but with the introduc-
tion of 1/f noise on top of the current simulations, and we assess the impact of 1/f noise on
the reconstruction of the thermal SZ effect. We consider two scenarios when simulating Lite-
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BIRD 1/f noise, a realistic one with a knee frequency of fknee = 30mHz and a pessimistic
one with fknee = 100mHz. To be even more conservative, we do not apply any destriping
algorithm on the intensity maps.

Our results are summarised in figure 11, showing the impact of LiteBIRD 1/f noise on
the reconstructed y-map power spectrum at low multipoles, for knee-frequencies fknee = 30mHz
(orange dashed) and fknee = 100mHz (green dashed). The ideal scenario with white noise is
also shown for comparison (blue dashed). The presence of 1/f noise in LiteBIRD intensity
maps leads to a noticeable increase of noise contamination (dashed lines) in the reconstructed
y-map power spectrum at low multipoles ℓ < 50. Within the multipole range ℓ = 2−20,
the average noise amplification factor is 3.4 for fknee = 30 mHz (orange dashed) and 5.3 for
fknee = 100 mHz (green dashed), compared to the white-noise scenario (blue dashed). The
additional variance introduced in the intensity maps by 1/f noise presents a minor challenge
for mitigating Galactic foreground contamination at lower multipoles using NILC. This is
evident in figure 11, where the inclusion of 1/f noise induces a slight increase of residual
Galactic foreground contamination (dotted orange/green lines) compared to the white-noise
situation (dotted blue line) at multipoles ℓ < 20. As a result, this leads to a slight increase
of power in the estimated thermal SZ signal at ℓ < 20.

Nevertheless, even without destriping, the impact of 1/f noise on the reconstructed
LiteBIRD y-map at low multipoles remains relatively insignificant. Indeed, the noise contam-
ination (dashed lines) is still effectively mitigated by NILC, remaining well below the thermal
SZ signal (solid black) at all multipoles. Furthermore, the marginal increase in power at
ℓ < 20 in the reconstructed SZ signal due to residual Galactic contamination (dotted lines)
remains within the cosmic variance limits, which are notably large at these multipoles due to
the non-Gaussian contribution from the SZ trispectrum [32, 39, 97].

It is worth noting that the presence of 1/f noise, although minor in the context of
thermal SZ signal reconstruction with LiteBIRD, could still have implications for diffuse SZ
science at large angular scales because the higher noise variance at low multipoles inevitably
results in increased residual Galactic foreground contamination in the y-map. For instance,
in the search for the two-halo term contribution to the SZ power spectrum at low multipoles,
a strategy proposed by ref. [98] involves masking the resolved clusters in the y-map, leaving
only the diffuse SZ signal. This approach aims to eliminate non-Gaussian contributions to
the SZ signal and reduce cosmic variance at low multipoles, a strategy that is also relevant
to increase the detection significance of the expected cross-correlation between the thermal
SZ and integrated Sachs-Wolfe (ISW) effects [99]. Within this approach, it would be valuable
to assess the impact of 1/f noise and residual foregrounds on LiteBIRD ’s ability to measure
the two-halo term contribution in the thermal SZ power spectrum at low multipoles or detect
the ISW-SZ cross-correlation. However, this is a topic beyond the scope of our present study
and is left for future investigations.

4.5 Cosmological parameter constraints

We now evaluate how the residual foreground and noise contamination of the reconstructed
y-maps from either Planck, LiteBIRD or the joint LiteBIRD-Planck data sets impacts the
recovered uncertainties on cosmological parameters.

As the input y-map of the simulation incorporates real clusters alongside simulated ones
(see section 2.1.1), the actual scaling of the input y-map power spectrum with cosmological
parameters deviates from the anticipated scalings of a pure (i.e. without additional real
clusters) SZ simulation. Consequently, in this section, we substituted the power spectrum
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Figure 11. Impact of 1/f noise on the LiteBIRD SZ y-map power spectrum without destriping.
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of the input y-map with that of a theoretical thermal SZ model based on Planck 2018 best-
fit cosmology, but we supplemented it with the actual residual foreground and noise power
spectra obtained from NILC for each data set. Given that our focus is on uncertainties rather
than central parameter values, such a substitution of the thermal SZ signal does not alter the
overall conclusion regarding the relative performance of each data set in terms of cosmological
parameter uncertainties, as long as residual foregrounds and noise emanate from the actual
component-separation output.

The resulting power spectra from the individual Planck, LiteBIRD, and combined Lite-
BIRD-Planck data sets are passed through an MCMC pipeline to infer cosmological parame-
ters, specifically the matter density (Ωm) and the amplitude of dark matter fluctuations (σ8).
Our approach closely follows the procedures outlined in ref. [14], with the exception that we
utilise the thermal SZ model emulator developed in ref. [100] instead of the full halo model.
The emulator computes the thermal SZ angular power spectrum given a set of cosmological
parameters (Ωb, Ωm,H0, σ8, ns) and cluster parameters (BSZ, the hydrostatic mass bias), to
which residual Galactic, CIB and point-source spectra are added with respective amplitudes

– 23 –



0.2 0.3 0.4 0.5
m

0.6

0.7

0.8

0.9

1.0

8

0.6 0.7 0.8 0.9 1.0
8

Planck 41%
LiteBIRD 68%
LiteBIRD+Planck 78%

Figure 12. Comparison of cosmological constraints from the Planck, LiteBIRD and joint LiteBIRD-
Planck y-maps. The percentages indicate the respective sky fractions of uncontaminated sky available
from each y-map.

(Agal, ACIB, APS):

CModel
ℓ = CSZ

ℓ ({Ωb,Ωm, H0, σ8, ns, BSZ}) +AgalC
gal
ℓ +ACIBC

CIB
ℓ +APSC

PS
ℓ + Cnoise

ℓ . (4.1)

The resulting spectrum is compared to the "observed" power spectra as estimated from the
NILC y-maps (Planck alone, LiteBIRD alone and LiteBIRD+Planck) in an MCMC sampler
assuming a Gaussian likelihood:

−2 lnL ∝
∑
ℓ≤ℓ′

(
CNILC
ℓ − CModel

ℓ

)
M−1

ℓℓ′

(
CNILC
ℓ′ − CModel

ℓ′

)
, (4.2)
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where CNILC
ℓ is the reconstructed y-map power spectrum from either Planck, LiteBIRD, or

LiteBIRD-Planck data set, and Mℓℓ′ is the covariance matrix collecting the errors on the
power spectrum. In addition to the sample variance estimated from the power spectrum of
the reconstructed y-maps, the covariance matrix includes the non-Gaussian contribution to
the error via the thermal SZ trispectrum [101], as described in refs. [32, 39, 97], which is
also computed by the emulator. Note that this additional noise dominates at large scales
(ℓ < 1000) because it is inversely proportional to the fraction of the sky available. Since
the thermal SZ alone cannot constrain all cosmological parameters we consider additional
Gaussian priors on ns coming from ref. [35] (ns = 0.9649 ± 0.0042) and a prior on the
hydrostatic mass bias BSZ = 0.65 ± 0.1. We also estimated the error propagation on the
uncertainty on the foregrounds model amplitudes (Galactic dust, CIB and point sources)
to be of the order of 20% on the residuals and thus consider respective Gaussian priors :
{Agal, ACIB, APS} = 1± 0.2.

In figure 12, we present a comparison of cosmological constraints obtained from the
Planck, LiteBIRD, and combined LiteBIRD-Planck y-maps. It should be noted that the
trispectrum contribution to uncertainties was omitted in the Planck data analysis [14], which
resulted in a smaller uncertainty on σ8 compared to posterior studies, such as refs. [39,
102], and the current analysis on Planck simulations. Thanks to the increased fraction of
uncontaminated sky (from fsky = 41% to 78%), the constraint on S8 = σ8 (Ωm/0.3)

0.5

derived from the LiteBIRD-Planck combined y-map (blue) exhibits a 15% improvement in
precision compared to the constraint derived from the Planck y-map (grey). This translates
in an increase on the figure of merit on (Ωm, σ8) by 1.46.

4.6 Thermal SZ effect from patchy reionisation

In this section, we consider a possible contribution to the thermal SZ effect that would be
induced by inhomogeneous (patchy) reionisation. Detecting such a thermal SZ signal would
provide valuable insights into the reionisation epoch in the early Universe [103]. To investigate
this, Gaussian map realisations representing the thermal SZ emission resulting from patchy
reionisation were generated, correlated with realisations of the inhomogeneous optical depth.
These maps were then added to our existing LiteBIRD simulation, in addition to the low-
redshift thermal SZ signal from galaxy clusters, and we conducted the component analysis
once more to reconstruct the y-map.

The map of inhomogeneous optical depth (τ -map) due to patchy reionisation can, in
principle, be reconstructed using quadratic estimators on CMB temperature and polariza-
tion anisotropies [103], relying on the high angular resolution and sensitivity of upcoming
ground-based telescopes. Here, we simply use the input τ -map of the simulation and assume
a reconstruction noise associated with the quadratic estimator, in accordance with expecta-
tions for CMB-S4 [103]. Moreover, we take a simplified approach by neglecting low-redshift
correlations between the y-map and the τ -map in our simulation, allowing us to focus on
the signal from patchy reionization and forecast the signal-to-noise ratio for the high-redshift
contribution, assuming the low-redshift contribution can be mitigated, for example, through
cluster masking. As a by-product, we note that this low-redshift contribution could in prin-
ciple be detected with a higher signal-to-noise ratio, but this is beyond the scope of this
study.

Figure 13 presents the cross-power spectrum C yτ
ℓ (in blue) between the reconstructed

LiteBIRD y-map and the inhomogeneous optical depth map (τ -map) arising from patchy
reionisation, averaged over twenty realisations of the reionisation τ and y fields. Purple
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Figure 13. Cross-power spectrum between the thermal SZ y-map and the inhomogeneous optical
depth τ -map from patchy reionisation (average over twenty realisations of τ and y). Green line: input
y-map cross input τ -map. Purple dots: LiteBIRD y-map cross input τ -map. Blue dots: LiteBIRD
y-map cross input τ -map with CMB-S4 reconstruction noise. Red stars: null-test, i.e. LiteBIRD
y-map cross input τ -map when thermal SZ effect from reionisation is turned off in the simulation.

error bars, computed from twenty realisations, account for the reconstruction noise in the
y-map but not in the τ -map. Blue error bars include the expected noise associated with the
quadratic-estimator reconstruction of the τ field from CMB-S4, and in this case were derived
analytically using equation (4.4) below. Our analysis successfully recovers the expected yτ
cross-correlation signal (in green), albeit with relatively large error bars. This result stands
out distinctly from the null-test outcome (red stars), where we intentionally excluded the
thermal SZ contribution from patchy reionisation in the simulation.

By integrating over all the multipole bins, we measure the yτ correlation due to patchy
reionisation with a signal-to-noise ratio of

S

N
=

√√√√∑
ℓ

(
C yτ
ℓ

σ yτ
ℓ

)2

≃ 1.6 , (4.3)
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where the error on the cross-power spectrum C yτ
ℓ is computed analytically in each bin as

σ yτ
ℓ =

√(
C yτ
ℓ

)2
+ C yy

ℓ

(
Cττ
ℓ +N ττ

ℓ

)
(2ℓ+ 1) ∆ℓ fsky

, (4.4)

with C yy
ℓ and Cττ

ℓ being the auto-power spectra of the LiteBIRD y-map (which includes
foreground residuals and noise) and the τ -map, respectively, N ττ

ℓ the noise power spectrum
associated with CMB-S4 reconstruction of the τ field, ∆ℓ the size of the multipole bins, and
fsky = 0.4 the sky fraction associated with CMB-S4.

Our results show that LiteBIRD can provide suggestive evidence of the thermal SZ effect
resulting from patchy reionisation, after foreground cleaning with NILC. Moreover, the results
show that the signal-to-noise ratio for this detection will only be limited by the resulting noise
in the τ -map that can be achieved with a high-resolution ground-based experiment such as
CMB-S4 (see blue versus purple error bars in figure 13).

5 Conclusions

Our study has thoroughly evaluated the capabilities of the LiteBIRD mission in mapping the
distribution of hot gas in the Universe through the thermal SZ effect. Utilising comprehensive
sky simulations that accounted for various sources of Galactic and extragalactic foreground
emission, alongside specific instrumental characteristics of the LiteBIRD mission, such as
inhomogeneous sky scanning and 1/f noise, and a dedicated component-separation pipeline,
we successfully mapped the thermal SZ Compton y-parameter across 98% of the sky.

Despite LiteBIRD ’s lower angular resolution for galaxy cluster science, our analysis
highlighted the mission’s key strengths, including full-sky coverage, enhanced sensitivity, and
additional frequency bands as compared to Planck. This enabled reconstructing an all-sky
thermal SZ Compton y-map from LiteBIRD channels, demonstrating reduced foreground con-
tamination at large and intermediate angular scales compared to the Planck y-map. The 1/f
noise from LiteBIRD temperature channels was shown to be mitigated below the level of the
thermal SZ signal at all multipoles after component separation. Combining LiteBIRD and
Planck channels in the component-separation pipeline further yielded an optimal Compton
y-map, capitalising on the advantages of both experiments, with the higher angular resolu-
tion of Planck channels enabling the recovery of compact clusters beyond LiteBIRD ’s beam
limitations, while the numerous sensitive LiteBIRD channels effectively mitigate foregrounds.

The added value of LiteBIRD was evident in the examination of maps, power spectra,
and one-point statistics of various sky components, as well as in the improved uncertainties
on cosmological parameters. Notably, the cosmological constraint on S8 = σ8 (Ωm/0.3)

0.5

obtained from the combined LiteBIRD-Planck y-map power spectrum demonstrates a note-
worthy 15 % reduction in uncertainty compared to constraints derived from Planck alone.

Furthermore, in the context of patchy reionisation in the early Universe, LiteBIRD is
identified as a valuable mission for providing preliminary evidence of the faint thermal SZ
effect induced during the reionisation epoch. This could be achieved with a modest signal-
to-noise ratio of 1.6 through the cross-power spectrum of the LiteBIRD y-map with the
inhomogeneous optical depth map obtained from CMB-S4.

Several additional effects could possibly be detected with the improved all-sky map of the
thermal SZ Compton y-parameter from LiteBIRD, thanks to reduced foreground and noise
contamination at large and intermediate scales: The quadrupole-like thermal SZ effect caused

– 27 –



by structures in the local Universe, such as the Milky Way and the local supercluster [e.g.,
104, 105]; The dipole anisotropy of the thermal SZ effect induced by the motion of the solar
system with respect to the CMB frame [e.g., 106]; The dipole-modulated CMB anisotropies
that have a thermal SZ-like SED, which could be detected through cross-correlation between
the y-map and the CMB map with higher significance than previously reported [107]; The
expected cross-correlation between thermal SZ and ISW effects [e.g., 99]; The excess power
at low multipoles from the two-halo contribution to the diffuse SZ emission [e.g., 98]. We
envision exploring these effects in future work.

In summary, our study showcases the anticipated significant impact of LiteBIRD on SZ
science, highlighting its valuable potential for advancing our understanding of the large-scale
structure of the Universe.
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