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ABSTRACT

The full-sky measurements of the cosmic microwave background (CMB) temperature anisotropies by WMAP and Planck have high-
lighted several unexpected isotropy-breaking features on the largest angular scales. We investigate the impact of the local large-scale
structure on these anomalies through the thermal and kinetic Sunyaev-Zeldovich effects. We used a constrained hydrodynamical sim-
ulation that reproduced the local Universe in a box of 500 2~! Mpc to construct full-sky maps of the temperature anisotropies produced
by these two secondary effects of the CMB, and we discuss their statistical properties on large angular scales. We show the significant
role played by the Virgo cluster on these scales, and we compare it to theoretical predictions and random patches of the Universe
obtained from the hydrodynamical simulation Magneticum. We explored three of the main CMB large-scale anomalies, that is, the
lack of a correlation, the quadrupole-octopole alignment, and the hemispherical asymmetry, in the latest Planck data (PR4), where
they are detected at a level similar to the previous releases. We also use the simulated secondaries from the local Universe to verify

that their impact is negligible.
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1. Introduction

High-precision observations of cosmic microwave background
(CMB) anisotropies in the past two decades have highlighted over
a wide range of scales the Gaussian and isotropic nature of the
early Universe that corresponds to a standard ACDM Universe
with a period of inflation in the simplest models. However, on
the largest angular scales, an ensemble of features that break
this statistical isotropy or Gaussianity (see e.g., Schwarz et al.
2016; Abdallaetal. 2022; Alurietal. 2023, and references
therein) have been observed in the CMB temperature field of
both WMAP! and Planck (Planck Collaboration XXIII 2014;
Planck Collaboration XVI2016; Planck Collaboration VII 2020).
This includes the lack of correlation anomaly (Hinshaw et al.
1996; Bennettetal. 2003; Spergeletal. 2003; Copietal.
2007, 2009, 2015a; Gruppuso 2014), also formulated as
a lack of power (Monteserinetal. 2008; Cruzetal. 2011;
Gruppusoetal. 2013; Billietal. 2019, 2024; Natale et al.
2019), the hemispherical asymmetry (Eriksen et al. 2004, 2007;
Hansen et al. 2009; Hoftuftetal. 2009; Akramietal. 2014;
Adhikari 2015; Gimeno-Amo et al. 2023; Kester et al. 2024), the
quadrupole-octopole alignment (de Oliveira-Costa et al. 2004;
Ralston & Jain 2004; Schwarz et al. 2004; Land & Magueijo
2005; Gordon et al. 2005; Gruppuso & Gorski 2010; Copi et al.
2015b; Marcos-Caballero & Martinez-Gonzalez 2019; Patel
et al.2024), and the cold spot (Vielva et al. 2004; Cruz et al. 2005,
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! Wilkinson Microwave Anisotropy Probe.

2006; Vielva 2010; Marcos-Caballero et al. 2017; Lambas et al.
2024). The occurrence of one of these so-called large-scale
anomalies in CMB simulations of standard ACDM universes
is rare, typically below the percent level, and it is even much
lower when considered jointly because they mostly appear
to be statistically independent (Muiretal. 2018; Jones et al.
2023). Moreover, future observations of these large cosmo-
logical scales will improve the statistical significance of these
anomalies, for example, in the CMB polarization field (see e.g.,
Dvorkin et al. 2008; Mukherjee & Souradeep 2016; Billi et al.
2019; Chiocchetta et al. 2021; Shi etal. 2023, including some
analyses of the Planck polarization data) with the satellite
LiteBIRD? (Suzuki et al. 2018), or in the Cosmological Gravita-
tional Wave Background (Galloni et al. 2022, 2023) with LISA3
(Amaro-Seoane et al. 2017; Barausse et al. 2020), and they will
help us to determine whether they are signatures of unknown
physics.

Many of these primordial signatures have been studied. Recent
works include scale-dependent primordial non-Gaussianity
(Schmidt & Hui 2013; Byrnes & Tarrant 2015; Ashoorioon &
Koivisto 2016; Adhikari et al. 2016, 2018; Byrnes et al. 2016;
Hansenetal. 2019), direct-sum inflation (Kumar & Marto
2022; Gaztafiaga & Kumar 2024), cosmic bounces (Agullo et al.
2021a,b), cosmic strings (Jazayeri et al. 2017; Yang et al. 2019),
or loop quantum cosmology (Agullo et al. 2021b). However,

2 Lite (Light) satellite for the studies of B-mode polarization and Infla-
tion from cosmic background Radiation Detection.
3 Laser Interferometer Space Antenna.
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before any detection of a primordial signature can be claimed,
it is necessary to fully characterize the different foregrounds
that can leave an imprint on the large-scale temperature fluc-
tuations in the CMB. At the level of the local large-scale
structure (LSS), the presence of an unknown foreground has
been claimed by Luparello etal. (2022) based on a cross
correlation of Planck and 2MRS* data (see however Addison
2024, for a discussion about the significance of this detection).
Around large spiral galaxies of the nearby Universe (z < 0.02),
the CMB temperature decreases significantly. Moreover, the
overall corresponding signal reconstructed empirically seems
to reproduce the low multipole behavior of the CMB map
(Hansen et al. 2023) and might even account for the cold spot
(Lambas et al. 2024). More generally, the local LSS has been
shown to contain its own features that deviate from the cosmic
mean, with a pancake shape structure with a radius of ~100 Mpc
(Bohringer et al. 2021), an asymmetry between the northern
and southern galactic hemispheres in stellar mass density
(Karachentsev & Telikova 2018), and an underdensity of up to
200 Mpc (Whitbourn & Shanks 2014), except in our very close
neighborhood (~20 Mpc) because of the Virgo cluster.

It is very challenging to understand the extent to which
these different anisotropic features of the local Universe can
impact the CMB fluctuations. A powerful tool for approach-
ing this issue are constrained cosmological simulations, which
can accurately reconstruct the local LSS and its physical prop-
erties. An extensive body of literature is devoted to generat-
ing these constrained simulations with advanced N-body and
hydrodynamical descriptions (see Vogelsberger et al. 2020, for a
review) and initial conditions reconstructed from galaxy obser-
vations (see e.g., Bertschinger & Dekel 1989; Kravtsov et al.
2002; Kitaura & Enflin 2008; Lavaux 2010; Jasche & Wandelt
2013; Wang et al. 2013; HeB3 et al. 2013; Sorce et al. 2014, 2016;
McAlpine et al. 2022). The objective is to obtain a complete
description of the distribution of matter and its properties, con-
sistent with the known local LSS. The recent constrained hydro-
dynamical simulation called SLOW, generated from the initial
conditions of Sorce (2018) with its large volume (500 h! Mpc)
and realistic baryonic physics as described in Dolag et al.
(2023), enables detailed analyses of its different components,
such as the synchrotron emission (Boss etal. 2023) and the
galaxy cluster properties (Herndndez-Martinez et al. 2024).

In this work, we focus on the CMB secondary
anisotropies related to the Sunayev-Zeldovich (SZ) effect
(Zeldovich & Sunyaev  1969; Sunyaev & Zeldovich 1972,
1980a,b) from the local Universe. We produce high-resolution
full-sky maps of its two components, the thermal (tSZ) and
kinetic (kSZ) component, derived from the distribution of
hot baryonic gas in the SLOW simulation. We characterize
these maps first by measuring their power spectrum, which we
compare to predictions from the standard halo model and to
the outputs from previous hydrodynamical simulations, namely
Magneticum (Dolag et al. 2016) and Coruscant Dolag et al.
(2005). We evaluate the role of the nearby Virgo cluster
with particular care. On large angular scales, both the kSZ
and tSZ signals are significantly dominated by the structures
from the very local Universe, meaning that they can carry
some anisotropic large-scale features of the local LSS. We
investigate their correlation with several well-known CMB
large-scale anomalies, namely the lack of correlation, the
quadrupole-octopole alignment, and the hemispherical asym-
metry. Moreover, we apply the analysis pipeline we developed

4 2MASS Redshift Survey.
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to study these anomalies to the latest Planck data release
(PR4) (Planck Collaboration Int. LVII 2020) to confirm their
presence at the levels reported in previous releases. This work
is complementary to the analyses of Gimeno-Amo et al. (2023)
and Billi et al. (2024), and it is based on the same dataset.

This paper is organized as follows. In Sect. 2 we describe
our simulated maps of the thermal and kinetic SZ effects from
the local Universe. In Sect. 3 we recall different estimators of
several CMB large-scale anomalies, and we apply them to the
latest Planck data (PR4). In Sect. 4 we characterize the statistical
properties of the local tSZ and kSZ maps by studying their power
spectra for the first time, and we examine the extent to which
they can contribute to the CMB large-scale anomalies. Finally,
we draw our conclusions in Sect. 5.

2. Data and simulations
2.1. Hydrodynamical simulations

To construct the tSZ and kSZ signals from the local Universe, we
used several hydrodynamical simulations that we present in this
section. Our baseline simulation was SLOW, which is a recent
and large constrained hydrodynamical simulation. We compared
it to two other simulations that were studied in detail in the lit-
erature: the smaller constrained simulation Coruscant, and the
unconstrained Magneticum. We compare our results with these
simulations to verify the impact of improvements in reconstruct-
ing the local LSS, and to determine how it differs from an aver-
age patch of our ACDM Universe.

2.1.1. The SLOW constrained simulation

SLOW is a hydrodynamical simulation that reproduces the
CMB large-scale anomalies of the local Universe in a box of
500 2~ Mpc. It contains 2 X 1536° dark matter and gas parti-
cles and assumes a Planck-like cosmology (see Table 1). For
a detailed description of its production, we refer to Dolag et al.
(2023), Hernandez-Martinez et al. (2024) and references therein.
We summarize the most important steps below.

The key ingredient of constrained simulations is the ini-
tial conditions, which are reconstructed from observations of
the local Universe using different methods. For SLOW, the ini-
tial conditions are derived following the approach described
in Sorce (2018). They are based on the use of galaxy pecu-
liar velocities that were derived from the CosmicFlows-2 data
(Tully et al. 2013) to trace the full matter distribution. Larger and
more recent datasets such as CosmicFlows-3 and 4 (Tully et al.
2016, 2023), which include CosmicFlows-2, have been pro-
duced. While an anomalous bulk flow was recently reported
both by Whitford et al. (2023) and Watkins et al. (2023) in
CosmicFlows-4, we stress that all data are fully compatible with
each other and with the CosmicFlows-2 mean bulk flow value,
as shown in Fig. 14 of Whitford et al. (2023). As a consequence,
we also expect the initial conditions derived from CosmicFlows-
2, -3, and -4 to agree with each other.

After the initial conditions were reconstructed from the
galaxy peculiar velocities, they were evolved using the code
OPENGADGET3 (Groth et al. 2023), which was developed from
the standard TreeParticleMesh code GADGET3 (Springel 2005)
with an improved smooth particle hydrodynamics solver
(Beck et al. 2016). In addition to the standard gravitational evo-
lution, the physics of baryonic matter (e.g., cooling, star for-
mation, winds, and feedback from active galactic nuclei) is
included through advanced subgrid models that were previously
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Table 1. Cosmological parameters of the SLOW simulation.

Qp Qn Qp o ng h
0.692885 0.307115 0.0480217 0.829 0.961 0.6777
Notes. The cosmological parameters of the SLOW-

constrained simulation are compatible with Planck observations
(Planck Collaboration XVI 2014).

validated with the Magneticum hydrodynamical simulation; see
Sect. 2.1.3.

Several constrained numerical simulations that used the ini-
tial conditions reconstructed from the CosmicFlows-2 dataset
were produced, and comparisons with observations conducted
at different scales showed that they reproduced the proper-
ties of the local Universe. At the scale of our galaxy, (e.g.,
Carlesi et al. 2016) showed that the local large structure induces
the pair formation of the Milky Way and Andromeda. At the
scale of galaxy clusters, replicas of nearby clusters such as
Virgo, Centaurus, Hydra, and Perseus were studied in detail by
Sorce et al. (2016, 2021), Sorce & Tempel (2018), Sorce (2018),
Lebeau et al. (2024). At larger scales, the filaments connected
to the Coma cluster were recovered (Malavasi et al. 2023), and
velocity waves associated with the massive clusters of our local
environment were shown to agree with data (Sorce et al. 2024).

The baseline-constrained simulation we used, SLOW, was
also tested against observations. A large number of the most
massive observed galaxy clusters were cross identified in SLOW
and were found to be close to their actual position in the
sky. The masses were within the observational uncertainties
(Hernandez-Martinez et al. 2024). On larger scales, the observed
overdensity of massive galaxy clusters up to 100 Mpc and the
underdensity of galaxy clusters in the same sphere, as well as the
asymmetries between southern and northern directions, are also
well reproduced in the SLOW simulation (Dolag et al. 2023).

2.1.2. The Coruscant constrained simulation

We considered another constrained simulation, called Corus-
cant, which focuses on the very local Universe. It describes the
local structures in a sphere with a radius of ~110Mpc that is
embedded in a box of size ~240 h~! Mpc and contains about 108
million particles in total (gas and dark matter). The initial condi-
tions were reconstructed from the observed galaxy density field
in the IRAS’ 1.2-Jy survey (Fisher et al. 1995).

A first version of the simulation was described in detail in
Dolag et al. (2005) (see also for an earlier work based on sim-
ilar initial conditions in the dark matter only case Mathis et al.
2002), and was later updated to include an earlier version
of all the ingredients also used the Magneticum simulation
(for other works that analyzed this most recent version of the
Coruscant simulation, see, e.g., Planck Collaboration XL 2016;
Dolag et al. 2016; Coulton et al. 2022).

2.1.3. The Magneticum simulation

The final hydrodynamical simulation we studied is Box2 of
the Magneticum simulation®. Its unconstrained initial conditions
consist of 2 x 15843 dark matter and gas particles in a box with a
size of 352 h~! Mpc, and the run includes the ingredients of bary-

3 Infrared Astronomical Satellite.
% http://www.magneticum.org/simulations.html

onic physics detailed in Hirschmann et al. (2014), Dolag et al.
(2016).

2.2. tSZ and kSZ maps of the local Universe

The CMB large-scale anomalies of the Universe leaves imprints
on the CMB anisotropies through different effects (for a review,
see e.g., Aghanim etal. 2008). One of the most important
imprints is the thermal SZ effect (Zeldovich & Sunyaev 1969;
Sunyaev & Zeldovich 1972). It consists of the inverse-Compton
scattering of CMB photons by electrons in the ionized gas and is
mainly located in galaxy clusters. It is noted tSZ. The tSZ effect
is proportional to the integral of the electron gas pressure along
the line of sight. This corresponds to a spectral distortion of the
CMB temperature fluctuations, which can be written as

tSZ

(0, ) = g(My(), ey

Tcms

where g(v) is an overall factor depending on the frequency v,
and the Compton-y parameter describes the signal over the sky.
These terms are given by

hy

g(v) = xcoth(x/2) -4 with x = ,
BTcmB

T'CMB
y(@) = 2L f dr P.(Q, 1),
mec 0

e

@

where & is the Planck constant, kg is the Boltzmann constant,
Tcm is the CMB temperature, ¢ is the speed of light, and
o is the scattering cross section. The electron gas pressure is
P, = kgn,T,, where T,, n., and m, are the electron temperature,
density, and mass, respectively.

The kinetic SZ (kSZ) effect (Sunyaev & Zeldovich 1980a,b)
is induced by the bulk motion of the electron gas that moves with
a peculiar velocity v, in the direction of the line of sight. It can
be written as

ar

ATKSZ
@) =-—
CMB ¢ Jo

The kSZ effect has the same blackbody dependence as the CMB
primary fluctuations. In amplitude, it is dominated by its tSZ
counterpart, except when the tSZ effect is null at a frequency
of about 220 GHz.

Using the numerical code SMAC’ (Dolag et al. 2005), we
can directly evaluate the integrands in Egs. (2), (3) through-
out the SLOW-constrained hydrodynamical simulation for a
HEALPix tessellation scheme. This allows us to perform the inte-
gral in a range that is limited by the simulation volume. It is also
possible to push the integration further, for example, to compute
the full SZ signal. This requires generating light cones from the
simulation (see Dolag et al. 2016, for an example based on the
Magneticum simulation). However, we are only interested in the
SZ signal from the local Universe, and we restricted the compu-
tations to the volume of the SLOW simulation.

To obtain maps of the local tSZ (Compton-y) and kSZ sig-
nals, we started the integration from the observer position, which
was chosen so that the position of the largest simulated struc-
tures on the sky mimicked that of their observed counterparts
as much as possible®. By construction of the constrained initial

"CMB

drQ-v.(Q,r).

(€)

7 https://www.mpa-garching.mpg.de/~kdolag/Smac/

8 To be exact, we started the integration at 5Mpc from the observer,
which removed the Milky Way foreground effect as well as all galaxies
in the local Group.
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Fig. 1. tSZ (y-Compton) and kSZ signals from the local Universe in the SLOW constrained simulation. The upper panels only include the most
local structures (up to 110 Mpc, denoted SLOW-110), and the lower panels use almost the full volume of the box (up to 350 Mpc, denoted SLOW-
350). The color scale is logarithmic in the tSZ maps and symmetric logarithmic for the kSZ maps. The main characteristics of these maps are

recalled in Table 2.

conditions, the observer position is very close to the center of
the SLOW box. Then, to take advantage of the full constrained
volume, we performed the integration up to 350 Mpc around it
(the maps we obtained are referred to as SLOW-350). We also
generated maps focused on the closest structures, up to 110 Mpc
(constrained volume of Coruscant), from SLOW (the maps we
obtained are referred to as SLOW-110) and Coruscant, both for
comparison between the two generations of constrained simula-
tions and for the direct study of close-by structures while avoid-
ing contamination from the background. These maps have a res-
olution of N4 = 1024 (pixels with a size of ~3.4 arcmin) and
constitute the core ingredient of this paper. They are shown in
Fig. 1.

On the largest scales, these maps are highly anisotropic as
the signal is dominated by a few extended structures from the
very local Universe. The most prominent structure, located in
the upper right corner of each plot, corresponds to the Virgo
galaxy cluster. It leads to a large positive (negative) contribution
in the tSZ (kSZ) maps, respectively. Several other well-known
galaxy clusters can be cross-identified in this simulation, with
a good match of position and mass, as discussed in detail in
Hernandez-Martinez et al. (2024).

The observed and simulated positions of these clusters in
the sky differ slightly, however, as does their distance from the
observer. These differences are mainly due to intrinsic limi-
tations of the initial conditions reconstruction method, which
causes structures to be slightly displaced with respect to their
expected position. These differences in the position of the struc-
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tures may also arise when the reconstructed initial conditions are
based on different datasets, which leads to slightly different val-
ues of the bulk flow. To estimate the impact of these differences,
we produced a set of maps (SLOW-near) in which the observer
position was shifted 1 Mpc in different directions (14 new posi-
tions per maps) in the SLOW box. We also tested a larger dis-
placement of 2 Mpc, which produced very similar conclusions.

Finally, to verify how the local tSZ and kSZ signals com-
pare to random patches of the Universe, we generated sets of
maps in which the observer positions were selected in very dis-
tant positions (more than 100 Mpc between each) in both SLOW
(SLOW-grid) and Magneticum (27 maps for each). This allowed
us to obtain almost independent realizations of the SZ signals.

A list of the different maps and of their main characteristics
is given in Table 2. Their statistical properties are discussed in
detail in Sect. 4.

2.3. Planck CMB data

For the analyses presented in Sect. 3, we used the CMB temper-
ature datasets from the latest Planck release (for details about
the PR4 release, see Planck Collaboration Int. LVII 2020). They
include foreground-cleaned CMB maps produced by the compo-
nent separation methods SEVEM (Fernandez-Cobos et al. 2012)
and Commander (Eriksen et al. 2008). They are available at the
Planck Legacy Archive’ (PLA). We also used the associated

° http://pla.esac.esa.int/pla/
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Table 2. Characteristics of the tSZ and kSZ maps constructed from the SLOW, Magneticum and Coruscant hydrodynamical simulations.

Name Description Number  rpax (Mpc)  Niide
SLOW-110 Local Universe (from SLOW) 1 110 1024
SLOW-350 Local Universe (from SLOW) 1 350 1024
SLOW-near Near local Universe (observer position moved by 1 Mpc) 14 110 1024
SLOW-grid Grid of observer positions all over the SLOW simulation 27 110 1024
MAGNETICUM  Same as SLOW-grid, for the Magneticum simulation 27 110 1024
CORUSCANT Local Universe (from Coruscant) 1 110 1024

simulated CMB maps (600 and 100 for SEVEM and Commander, noted Sj,,. It is written as

respectively), which are accessible from the National Energy

Research Scientific Computing Center (NERSC)'°. 1/2

The main mask we used is the 2018 Planck common mask. S1/2 = f 1 [C(0)] d(cos 6). 4)

In addition, to confirm the robustness of our results against astro-
physical contamination, we also considered masks covering a
larger area near the galactic plane. All these masks can be found
in the PLA.

We are primarily interested in large-scale effects and there-
fore did not work directly with the data at full resolution (Ngge =
2048, and a Gaussian beam with an FWHM of 5’). We instead
used a downgraded resolution (Ngg¢e = 64, and 160" Gaussian
beam), as in Planck Collaboration VII (2020). A map with this
low resolution and large beam washes out small-scale variations
of the signal, in particular, the variation that is associated with
structures such as clusters of galaxies. This leads to a negligible
impact on the overall CMB signal at large scales. After down-
grading, we set all pixels with a value below 0.95 to O for the
masks to maintain their binarity.

Before we estimated the different statistics of interest intro-
duced in the following section, the masks were applied to the
CMB Planck data maps and their simulated counterparts. We
then removed the monopole and dipole of the resulting masked
maps. This removed any large-scale coherent signal such as
that potentially associated with a large-scale bulk flow. As the
mask itself can have a strong impact on the large-scale statis-
tics we measured, it was necessary to fill in the masked regions.
We used the diffusive inpainting technique (see for example
Gruetjen et al. 2017, for details).

3. Large-scale anomalies in Planck CMB data

In this section, we investigate several well-studied large-scale
anomalies of the CMB temperature anisotropies using the most
recent data available from Planck (PR4; see Sect. 2.3 for details).
For each anomaly, we briefly recall the historical definition and
a corresponding standard estimator before we apply it to the
Planck observed and simulated CMB maps.

3.1. Lack of correlation

One surprising feature of the CMB anisotropies that was first
observed in COBE'! data (Hinshaw et al. 1996) is that the two-
point angular correlation function C(6) (2PACF) seems to vanish
on large angular scales (6 > 60°). To quantify this so-called lack
of correlation, the standard choice of statistics is the quantity

0 https://portal.nersc.gov/project/cmb/planck2020/
' Cosmic Background Explorer.

It was originally introduced in (Spergel etal. 2003) and has
been used in many works based on WMAP or Planck data
(see for example Copietal. 2007, 2009, 2015a; Gruppuso
2014; Schwarz etal. 2016; Planck Collaboration XXIII 2014;
Planck Collaboration XVI 2016; Muiretal. 2018; Planck
Collaboration VII 2020; Jones et al. 2023). We follow the com-
putation steps of Copi et al. (2009), who evaluated S, directly
from (pseudo-) power spectrum measurements.

To estimate this pseudo-C; from the Planck CMB maps,
we used the numerical code NaMaster!'’? as described in
Alonso et al. (2019) (for earlier works on pseudo-C, estimation,
see Wandelt et al. 1998; Hivon et al. 2002; Hansen et al. 2002;
Tristram et al. 2005). With this method, which was constructed
to handle masked maps, we did not need to perform the inpaint-
ing step after applying the Planck common mask.

Our results are shown in Fig. 2. As is known since COBE
observations (Bennett et al. 1993), which were later confirmed
in WMAP data (Spergel et al. 2003), the observed quadrupole
has a low amplitude that is one of the lowest in the simulations
(2.5% and 5% of the lowest in SEVEM and Commander simu-
lations, respectively). The octopole moment is also rather low
(15th percentile). This cannot be considered as anomalous, how-
ever, as was shown in (Efstathiou 2003), and it does not explain
the lack of correlation effect by itself.

In Fig. 3, we show the quantity S;, computed from the
Planck PR4 pseudo-C, of Fig. 2. The observed value is clearly
lower than in all the simulations. This confirms that the 2PACF
is anomalously close to zero on angular scales (6 > 60°).

3.2. Alignment of the quadrupole and octopole

Another striking feature of the CMB temperature fluctuations is
the alignment of the quadrupole and octopole (first reported in
WMAP data de Oliveira-Costa et al. 2004), which can be stud-
ied using multipole vectors (Maxwell 1865; Copi et al. 2004;
Dennis 2004). These multipole vectors constitute an alternative
to the standard decomposition of CMB anisotropies into spher-
ical harmonics, where the information contained in each mul-
tipole ¢ is given by a real constant and ¢ unit vectors vé (with
j=1---0).

To estimate low-{ multipole vectors in the Planck PR4
maps, we used the optimized numerical code polyMV'3 pre-
sented in Oliveira et al. (2020). We then followed the analyses of

12 https://github.com/LSSTDESC/NaMaster
3 https://oliveirara.github.io/polyMV/
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Fig. 2. Pseudo-C, of the Planck PR4 CMB temperature maps from
SEVEM (top panel) and Commander (bottom panel). The solid red lines
are measured from cleaned observed maps, and the dotted black lines
are theoretical predictions computed using CAMB. The colored areas
are determined from simulations and show their distribution around
the median. For the two component separation methods, the observed
quadrupole belongs to the lowest 5% of the simulated values (only
15 SEVEM simulations out of 600 have a lower quadrupole, and 4 for
Commander). Only 15% of the simulations have a smaller octopole.
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Fig. 3. Lack of correlation on large angular scales (6 > 60°) in the
cleaned Planck PR4 CMB temperature maps. We show the distribution
of the statistic S;,, (Eq. (4)) measured in the Planck PR4 simulations,
and the vertical lines (on the left) are the observed values. The dashed
blue and solid orange lines correspond to the Commander and SEVEM
maps, respectively. None of the measured S, in the simulations is as
low as in the observations.

Schwarz et al. (2004), Copi et al. (2006) where the key ingredi-
ent for studying alignments is the area vectors, which are defined
as cross-products between multipole vectors at a given £,

) — i J
w,” =v, Xv,. &)

There is thus one vector w, for the quadrupole, corresponding
to one preferred direction, and three vectors (w}, w3, and w3)
for the octopole. To measure the alignment of the octopole with
any given direction in the sky Q, we can compute the following
quantity:

1< :
S(Q)E§29-w’3. (6)
i=1

A180, page 6 of 16

- —— SEVEM R
-=-= Commander
S
O | -
Sls
rU IO 1 1 1
g T T T 1 T
oI =1 1 N
£ I |
8 T !
1
St -1 I i
o 1
(@] 1
1
1
L | i
1
1
1 SQO 1 : - !
0.0 0.2 0.4 0.6 0.8 1.0
Statistic S

Fig. 4. Quadrupole-octopole alignment in the cleaned Planck PR4 CMB
temperature maps. In the upper panel, we show the distribution of So
(see Eq. (0)), indicating the planarity of the octopole is. Higher values
are obtained for 59 SEVEM simulations (out of 600) and 9 (out of 100)
for Commander. In the lower panel, we show the distribution of Sqo,
measuring the alignment between quadrupole and octopole. Only one
simulation in both sets has a higher Sqo value than the observed data.
The solid orange and dashed blue lines correspond to the SEVEM and
Commander maps, respectively.

We are interested in two specific values of S (2): its maximum,
and S (w,). We denote them Sg and Sgo in the following. The
first value measures the alignment of the three area vectors of
the octopole and defines its averaged preferred direction, and the
second value estimates the alignment between the quadrupole
and octopole.

In Fig. 4 we show the distribution of So and Sqo deter-
mined from the Planck PR4 simulated maps and their observed
counterparts. Only 10% of the simulations have a higher value
of Sp, which confirms that its three area vectors are relatively
well aligned. This is the so-called planarity of the octopole. By
itself, this does not constitute an anomaly, but it allows the high
value of Sqo, which is very close to So. An alignment of the
quadrupole and octopole like this is only found in one of the
simulated CMB maps of each set.

In Fig. 5 we show the preferred directions of the quadrupole
and octopole as determined from the Planck PR4 CMB maps
after applying the common mask and inpainting the masked
areas, as described in Sect. 2.3. As expected from the measured
values of Sqo, the two favored axes point to the same area of the
sky. The corresponding direction is close to the ecliptic plane
and points toward the position of the Virgo cluster.

3.3. Hemispherical asymmetry

An efficient method for studying large-scale anisotropies of the
CMB are position-dependent statistics. This consists of dividing
the sky into a set of equal-size and uniformly distributed patches,
and then computing patch by patch a chosen statistic for measur-
ing its variation over the celestial sphere. Depending on the con-
sidered statistics as well as the patch properties (e.g., size and
shape), different physical effects and scales can be probed.
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Fig. 5. Quadrupole-octopole alignment in the cleaned Planck PR4 CMB
temperature maps. The preferred direction of the quadrupole is given by
the orange circle and blue crosses for SEVEM and Commander, respec-
tively. The orange and blue contours, which are almost superimposed,
correspond to the areas where S (Q) (defined in Eq. (6)) is within 3%
of its maximum (preferred direction of the octopole), for SEVEM and
Commander respectively. The background map is the sum of the SEVEM
CMB quadrupole and octopole. The solid and dashed black lines cor-
respond to the galactic and ecliptic planes, respectively. We only show
the preferred directions in the northern galactic hemisphere.

For example, simply measuring the pixel variance in each
patch is a very powerful probe of the hemispherical asymme-
try (known since WMAP; see e.g. Eriksen et al. 2004). This
position-dependent variance (or local-variance) estimator was
originally introduced by Akrami et al. (2014), and was applied to
the different releases of Planck data (for a recent analysis of the
PR4 data, see Gimeno-Amo et al. 2023). We extended the analy-
sis to higher-order moments, namely the skewness and kurtosis.
In Appendix A we also compute the position-dependent power
spectrum.

Our patches were constructed from a very low resolution
HEALPix map (Ngige = 8) by setting one pixel to one and the
rest to zero, and by upgrading its resolution to the same resolu-
tion as for the maps we analyzed (here Nyq4. = 64). Repetition
of the process for each pixel of the low-resolution maps pro-
duced a set of 768 patches that covered the full sky, without any
overlapping areas. In Appendix B we repeat our analysis consid-
ering disks with a radius of 4°, which is the main patch choice
of Planck Collaboration VII (2020), Gimeno-Amo et al. (2023).
Both sets lead to the similar conclusions, with a higher statisti-
cal significance for the disks that were fine-tuned to study the
hemispherical asymmetry.

We measured the temperature variance in patches of the
Planck PR4 CMB maps at low resolution (and the simulated
CMB maps) after applying the common mask. Patches with
more than 90% of masked pixels were excluded following the
analysis of Planck Collaboration VII (2020). For each patch of
every map, we then subtracted the average value and divided
by the variance computed from the corresponding set of sim-
ulations. The resulting maps are called position-dependent vari-
ances in the rest of the section. Position-dependent skewness and
kurtosis maps were obtained following the same method.

To verify the presence of any hemispherical asymmetry, we
fit a dipole to these position-dependent variances (and higher-
order moments). Its amplitude A4 can confirm or refute the pres-
ence of an asymmetry in the maps, and its direction is orthogonal
to the plane defining the two hemispheres. In Table 3, we com-
pare the data dipole amplitude to the simulations, and we verify

Table 3. Dipole amplitude of position-dependent statistics.

Variance Skewness Kurtosis
SEVEM 2.3 50.8 61.3
Commander 1 55 17

Notes. Percentages of Planck PR4 simulations with a larger dipole
amplitude Ay of the position-dependent variance, skewness, and kur-
tosis than in observations, computed from 600 simulations for SEVEM,
and 100 for Commander, and using HEALPix pixel patches. Only 1
Commander simulation and 14 SEVEM simulations have a larger dipole
amplitude for the variance.

Fig. 6. Preferred direction of the variance asymmetry in the Planck
PR4 CMB temperature maps. Dipoles are computed from the position-
dependent variance maps computed using HEALPix pixel patches. The
data dipole directions are given by the large blue crosses and orange
disks for Commander and SEVEM, respectively, and the small markers
are for the corresponding simulations. The blue and orange lines are
the planes orthogonal to these observed dipoles. The solid, dashed and
dash-dotted lines correspond to the galactic, ecliptic and supergalactic
planes, respectively.

the well-known result that in the variance case, it is larger than
for the vast majority of the simulated CMB maps at the 1-2%
level. No dipolar asymmetry is observed for the skewness and
kurtosis. In Fig. 6 we then show the corresponding directions on
the sky of the position-dependent variance dipoles. The dipole
directions of the different simulated CMB maps point all over the
sky, which confirms that there is no preferred axis inherent to our
analysis pipeline (e.g., masking choices). The observed asym-
metry axis is relatively close to the supergalactic plane, where
many CMB large-scale anomaliess of the local Universe can be
observed (e.g., the Virgo, Coma, Centaurus, or Perseus clusters).
In Sect. 4.2 we apply the same method to the local Universe sim-
ulations to determine whether its tSZ and kSZ contributions can
explain the observed asymmetry.

Finally, we used the plane orthogonal to the measured dipole
of each position-dependent statistics map in order to separate
the map into two hemispheres, and we averaged it over these two
halves of the sky. The results are shown in Fig. 7, where we com-
pare the distribution of the different averaged quantities over the
full sky, and the hemispheres in the dipole direction and opposite
to it. In the direction opposite to the dipole in the observed data
(close to the supergalactic northern hemisphere), the position-
dependent variance is very low (among the 3% lowest CMB sim-
ulated maps for the disks, as verified in Appendix B), while the
other hemisphere does not show any deviation. A splitting of the
sky into two halves on either side of the ecliptic plane gives sim-
ilar results, with a very low variance in one of the hemispheres.
For the skewness, no such effect is seen, and this is also the case
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Fig. 7. Hemispherical asymmetry in the Planck PR4 CMB temperature data. From left to right, we show the position-dependent variance, skewness,
and kurtosis averaged over the full sky (upper row), and the two hemispheres defined by the plane orthogonal to the position-dependent variance
of each individual map (opposite and same directions as the dipole in the middle and lower rows, respectively). The vertical orange and blue
lines correspond to the observed SEVEM and Commander maps, respectively, and the histograms were obtained from the corresponding 600 SEVEM
(orange), and 100 Commander (blue) simulations. There is a lack of variance in the hemisphere opposed to the dipole, where 583 (out of 600)
SEVEM and 99 (out of 100) Commander simulations have higher values than the data.

when splitting the sky using the ecliptic or supergalactic planes.
In the Planck map obtained from Commander,, we observe a
large position-dependent kurtosis, even in the full-sky case, and
with a non-negligible difference with the SEVEM results. We ver-
ified that the excess is localized in the supergalactic and ecliptic
southern hemispheres, but no specific source can be easily iden-
tified. While there is a difference between the two hemispheres,
no strong dipolar modulation was detected for the kurtosis, as
reported in Table 3, and thus, we cannot directly relate this issue
with the hemispherical asymmetry anomaly.

4. Characterizing the tSZ and kSZ effects from the
local Universe

In this section, we further explore the statistical large-scale prop-
erties of the tSZ and kSZ effects from constrained simulations
of the local Universe. In the first part, we focus on the power
spectrum, and in the second part, we evaluate the impact of the
secondary anisotropies induced by the local Universe on the dif-
ferent large-scale CMB anomalies studied in Sect. 3.

4.1. SZ power spectra from the local Universe

We measured power spectra from the different maps shown in
Fig. 1 (see also Table 2). This included tSZ and kSZ maps for
the two volumes of the local Universe (rm,x = 110, 350 Mpc)
and ryax = 110 Mpc maps, in which the position of the observer
is slightly or strongly displaced in the SLOW simulation. As
expected, the tSZ signal was stronger by about one magnitude
and dominated its counterpart kSZ effect at all scales.

For comparison purposes, we computed theoretical predic-
tions for the tSZ power spectrum using the emulator described
by Douspis et al. (2022), trained on the halo model developed
by Salvati et al. (2018). We also computed these predictions for
the kSZ power spectrum using the numerical code class_sz'*
(Bolliet et al. 2023)'3, considering three different redshift ranges

4 https://github.com/CLASS-SZ/class_sz
15 class_sz is based on the class code http://class-code.net/
(Blas et al. 2011).
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for the integration (two corresponded to the local Universe vol-
umes, and the third to an integration up to z = 4).

In Fig. 8 we compare these theoretical predictions to the
power spectra from the simulated maps. We focus on the large
scales (¢ < 150), where the local tSZ and kSZ effect are expected
to either dominate or to contribute significantly to the full SZ
signal, as verified by theoretical calculations. This shows the
agreement between these theoretical predictions and the range
(defined as a 90% percentile) that is spanned by the SLOW-grid
set, with a few exceptions that we discuss below.

For ¢ < 70, the tSZ power spectrum from the local Universe
is well above the SLOW-grid range, and it is larger by up to one
magnitude than the theoretical prediction. The small uncertain-
ties on the position of the Milky Way in the simulation that was
obtained with the SLOW-near set have a much weaker effect on
this power spectrum, about 20% at most. In addition, for £ < 30,
the tSZ signal is almost entirely due to the very local Universe
(rmax = 110Mpc map). Similarly, the kSZ contribution of the
local Universe is also at the high limit of the expected range,
and again, the very local Universe represents a large part of the
signal.

As we verified by applying different masks, the large ampli-
tude of the local Universe tSZ power spectrum at low ¢ is related
to the simulated replica of the Virgo cluster. We applied a disk
mask with a radius of 10° centered on the Virgo cluster on
the local Universe tSZ and kSZ maps (tests with smaller disks
showed that they were not sufficient to remove the full contri-
bution of Virgo). Similarly, we constructed one mask for each
map of the SLOW-grid and SLOW-near sets to remove the con-
tribution of the most prominent cluster in each map. This most
prominent cluster was identified with the following procedure,
which consisted of downgrading the tSZ maps to a resolution
of Nsige = 32 and using the pixel with the highest value as the
center of the disk mask. With this method, the Virgo cluster was
always selected in the SLOW-near simulations, as intended.

The power spectra computed on these masked simulations of
the tSZ and kSZ effects are shown in Fig. 9. When the contribu-
tion of the Virgo cluster is removed, the tSZ power spectrum at
low ¢ decreases by more than one order of magnitude, bringing it
in the range given by the SLOW-grid set, but it is still in the high
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Fig. 10. Same as Fig. 8, where the two most prominent clusters in each
Universe, this corresponds to the Virgo and Centaurus clusters.

part. When Virgo is masked, the kSZ power spectrum is brought
within the average on large scales. Moreover, masking the most
prominent cluster has a weaker effect on most of the simula-
tions than in the local Universe case. It decreases the tSZ signal
by a factor 2 on average. In the SLOW-grid set of 27 simula-
tions, only one simulation had a similar decrease after masking.
This confirms the low probability of having a strong contribution
from a cluster that is sufficiently close and as large as
Virgo is.

We also individually masked several other identified
clusters of the local Universe that were identified in
Hernandez-Martinez et al. (2024). The only cluster that con-

100

simulation have been masked by a disk with a radius of 10°. In the local

tributed significantly to the power spectrum was Centaurus,
which dominated the signal around £ ~ 50. In Fig. 10 we
verify that masking both Virgo and Centaurus indeed removes
most of the SLOW-110 tSZ and kSZ signals, and the difference
with the SLOW-350 power spectra finally becomes significant.
In addition, the local Universe is now at the lower end of the
SLOW-grid range. This is consistent with the main conclusions
of Sorce et al. (2016), Dolag et al. (2023), who reported that the
simulated local Universe is underdense up to 200 Mpc, in agree-
ment with observations (see e.g. Whitbourn & Shanks 2014).
The simulated equivalent of the Centaurus cluster of SLOW has
been shown by Herndndez-Martinez et al. (2024) to be almost
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Fig. 11. tSZ and kSZ power spectra up to rm,x = 110 Mpc from several hydrodynamical simulations. As in Fig. 8, the solid red line and the orange
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Fig. 12. Same as Fig. 11, where the most prominent cluster have been masked in each map.

five times more massive than expected, however. This means that
its simulated SZ contribution is also larger.

For further comparisons, we measured the power spectra
from the maps derived from the constrained Coruscant and
unconstrained Magneticum hydrodynamical simulations that we
presented in Sects. 2.1.2 and 2.1.3, respectively. The corre-
sponding results are shown in Figs. 11 (full sky) and 12 (with
the most prominent cluster masked, e.g., Virgo in the case of
the local Universe). Due to the different characteristics of each
simulation (cosmological parameters, resolution, box sizes), no
perfect agreement is expected. To take the dependence on cos-
mological parameters into account, we rescaled the tSZ power
spectra of the Coruscant and Magneticum maps using CE,SZ o
a-gﬂfn (Hill & Pajer 2013). Similarly, the Coruscant and Mag-
neticum kSZ power spectra were rescaled using the factor
between the theoretical predictions obtained for the different
cosmologies.

One important difference between the two generations of
constrained simulations (SLOW and Coruscant) is the impact of
the Virgo cluster on large scales. In Coruscant, no excess sig-
nal is observed on these scales, which means that it is lower
by one order of magnitude than SLOW. However, after mask-
ing Virgo, the tSZ and kSZ power spectra of both maps match
extremely well up to £ ~ 20 (tSZ) and £ ~ 100 (kSZ), before
other effects such as the resolution of the box play a role. For the
kSZ power spectrum, removing the Virgo contribution also has
a much stronger effect in SLOW.

Furthermore, the SLOW-grid set of maps spans a wider range
of values than its equivalent set from Magneticum on large scales
(¢ < 30), which indicates that a cluster like Virgo is even
more unlikely in the Magneticum set (close and large enough to
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entirely dominate the signal). One possible explanation is that, as
reported in Sorce et al. (2016), Dolag et al. (2023), the local Uni-
verse contains a significant overdensity of very massive clusters
(masses above 10" M) in a large volume around our position
(up to rmax = 200 Mpc) with respect to the Magneticum simula-
tion (although not exactly the same as here). This might make a
massive cluster in the neighborhood of the different centers used
in the SLOW-grid set more likely.

In conclusion, this highlights two interesting properties of
the local tSZ and kSZ power spectra on large scales compared
to other volumes of the same size selected randomly. The local
power spectra are dominated by a very low number of clusters,
mainly Virgo and Centaurus. Despite this, the low-£ tSZ power
spectrum is larger than in the majority of the other simulated
maps (around 95%), mainly because the Virgo cluster is so close
to us. Its signal expands on a large area of the sky, as a disk with
aradius of 10° is necessary to mask it fully, which is much wider
than the disk radius of 2° of the Planck common mask, for exam-
ple. Therefore, we evaluate in the following section whether this
larger-than-expected local SZ signal can significantly modify the
statistical properties of the CMB on very large angular scales.

4.2. Local tSZ and kSZ effects and CMB large-scale
anomalies

We used the simulated maps of the tSZ and kSZ effects from the
local Universe, shown in Fig. 1, to investigate their impact on
the largest angular scales of the CMB. On these scales, several
so-called anomalies (see Sect. 3) have been observed, with indi-
cations of a correlation with the local Universe (e.g., alignments
of low multipoles near the Virgo direction, or an asymmetry axis
close to the supergalactic plane).
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Fig. 13. Impact of the local Universe SZ signal on the lack of correlation
at angular scales 6 > 60°. We measure the difference of S, (see Eq. (4))
between Gaussian CMB realizations with or without the local tSZ (at
143 GHz) and kSZ effects, when the galactic plane alone was masked
(in red), and when the galactic plane and Virgo were masked (in green).
The distributions are shown for both the full set (solid lines) and for
the 5% (dashed) simulations where the lack of correlation is strongest
(smallest S ).
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Fig. 14. Impact of the local Universe SZ signal on the quadrupole-
octopole alignment. We measure the difference of Sqo (see Eq. (6))
between Gaussian CMB realizations with or without the local tSZ (at
143 GHz) and kSZ effects, when the galactic plane alone was masked
(in red), and when the galactic plane and Virgo were masked (in green).
The distributions are shown for both the full set (solid lines) and the 5%
(dashed) simulations where the alignment is strongest (largest Sqo).

For this purpose, we produced CMB realizations including
the local tSZ and kSZ effects. We started by generating 10 000
CMB Gaussian realizations from the Planck best-fit theoreti-
cal power spectrum computed with CAMB, with a resolution of
Ngige = 64 and a Gaussian beam with an FWHM of 160’, which
is the same as for the Planck maps described in Sect. 2.3. To each
of these Gaussian CMB simulations, we added the tSZ and kSZ
signal from the local Universe obtained from the constrained
simulations at a chosen frequency, after degrading the map reso-
lution to Ngj¢e = 64 and applying the 160" Gaussian beam (again,
the same as for the Planck maps). We masked the galactic plane,
and in some cases, Virgo (with a disk radius of 10°), keeping
almost 70% of the sky for the analysis. The dipole of the result-
ing maps was then removed, which minimized the impact of any
potential systematics at the dipole level in the initial conditions
of the reconstruction procedure. Finally, we computed the differ-
ent estimators of CMB large-anomalies described in Sect. 3 in
the Gaussian CMB simulations and in their CMB + SZ counter-
parts to compare the differences.

We report our main results in Figs. 13, 14, and 15 and focus
on the lack of correlation, quadrupole-octopole alignment, and
hemispherical asymmetry anomalies, respectively. We used the
max = 350Mpc maps as our baseline, with a frequency of
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Fig. 15. Impact of the local Universe SZ signal on the hemispherical
asymmetry. We measure the difference of A4 (amplitude of the position-
dependent variance dipole; see Sect. 3.3 for details) between Gaussian
CMB realizations with or without the local tSZ (at 143 GHz) and kSZ
effects, when the galactic plane alone was masked (in red), and when the
galactic plane and Virgo were masked (in green). The distributions are
shown for both the full set (solid lines) and the 5% (dashed) simulations
where the hemispherical asymmetry is strongest (largest Aq).

143 GHz for the tSZ signal. At this frequency, the tSZ signal
entirely dominates its kSZ counterpart, as shown in Sect. 4.1.
Therefore, the latter is not expected to play a significant role at
very large scales. Still, at galaxy cluster scales (a few to a few
dozen arcminutes), kSZ can impact the total signal of individual
clusters depending on the direction of their bulk velocity. Further
tests with other frequencies and in particular, at 217 GHz, where
the tSZ signal is suppressed, led to very similar conclusions. We
also verified that the lower r,x maps and a full-sky analysis did
not impact our results significantly.

The main conclusion was the same for the three anomalies.
The SZ effect from the local Universe affects the different quan-
tities by a few percent at most, which is far below the level of the
anomalies. For example, the observed S/, is lower than half of
the lowest value of all the simulated Planck CMB maps (which
itself is a few times lower than the average). Similarly, moving
the observed Sqo by 2% would still leave it in the tail of the
distribution of alignments in the simulated Planck CMB maps.
Moreover, there is no visible preferred sign, meaning that its
effect on the distribution of the different statistics is even much
weaker on average.

When we focus on the simulations that are “anomalous” (i.e.,
the different estimators are in the tail of the expected distribution,
at a level similar to the Planck estimators), the impact of the
SZ effect from the local Universe is even smaller. The effect is
slightly stronger at most when Virgo is not masked at all, mean-
ing that despite its domination of the SZ signal at low multipoles,
its effect on CMB large-scale anomalies is only very weak.

5. Conclusion

We have explored the impact of the local Universe through the
tSZ and kSZ effects on the CMB temperature anisotropies at
large scales. Our objective was twofold: to characterize the large-
scale properties of the CMB temperature fluctuations with a new
analysis of the large-scale anomalies of the latest Planck data,
and to verify their correlation with the local tSZ and kSZ signals
as obtained from advanced constrained hydrodynamical cosmo-
logical simulations.

Using the constrained hydrodynamical simulation SLOW
to reproduce a large volume of the nearby LSS, we con-
structed high-resolution maps of the local tSZ and kSZ effects.
We showed that they are the dominant contributions of the
overall expected tSZ and kSZ effects on large angular scales
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by comparison to theoretical predictions, which leaves the
anisotropic features correlated to the local Universe in the large-
scale fluctuations of the CMB. We characterized the local tSZ
and kSZ signals mainly by studying their power spectrum, high-
lighting their strong dependence on a few specific structures in
the maps. First tests with higher-order statistics such as the bis-
pectrum, which are beyond the scope of this work and will be
discussed in future works, led to similar conclusions. In particu-
lar, the Virgo cluster causes most of the large-scale signal. More-
over, this signal is stronger than in ~95% of the other random
patches of the Universe that we tested, regardless of whether
we moved the observer position in the SLOW simulation or
used the unconstrained Magneticum simulation. The localization
and the amplitude of the local Universe tSZ and kSZ signals,
which is higher than expected, mean that further investigation of
their impact on the large-scale CMB temperature fluctuations is
required, for example, based on the methods developed to study
the CMB large-scale anomalies.

We have analyzed several of the CMB temperature large-
scale anomalies in the latest Planck temperature data (PR4),
the lack of correlation using the quantity S;/,, the quadrupole-
octopole alignment using multipole vectors and the hemi-
spherical asymmetry with a local variance approach. Our
analysis was conducted on cleaned CMB maps from both
Commander and SEVEM and led to similar conclusions as
other analyses that were conducted on previous datasets
(see e.g., Planck Collaboration VII 2020, for PR3 results), or
(Gimeno-Amo et al. 2023; Billietal. 2024, on PR4). These
unexpected deviations from isotropy are observed at a level
found in typically less than 1% of the Planck CMB simulated
maps, with some properties, such as a preferred direction of the
quadrupole and octopole in the Virgo region and an asymmetry
axis that is very close to the supergalactic plane. This indicates
that the local LSS is a possible explanation.

We have used the simulated maps of the tSZ and kSZ effects
from the local Universe, together with Gaussian CMB real-
izations based on the Planck best-fit cosmological parameters,
to estimate the impact of these secondary anisotropies on the
largest angular scales of the CMB fluctuations. Our analysis
was based on the same estimators as the analysis of large-scale
anomalies in the Planck data, and we showed that the local
tSZ and kSZ effects cannot explain the detected deviations from
isotropy.
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Appendix A: The Planck position-dependent power
spectrum

In addition to the position-dependent variance, skewness and
kurtosis analyses presented in Sect. 3.3, we consider the
position-dependent power spectrum. When used up to small
scales where noise becomes dominant, it has been shown to
be an efficient ingredient to study several signatures of non-
Gaussianity, like the primordial local template or the correlations
between the ISW and lensing effects (see Jung et al. 2020, and
references therein). Here, in the spirit of this paper, we focus
only on large angular scales (£ < 50), and the rest will be
included in a future work.

For this analysis, we use a set of patches based on Mexican
needlets (see Scodeller et al. 2011, for details), which have the
advantage of having simple expressions in harmonic space, but
are not exactly localized in real space, unlike the disks and pix-
els. A needlet patch map centered at the position €. is obtained
using

—{(t+1)

e 7 Pr(Q-Q), (A1)

B%i

. 26+1
patch A _
MY 0, = ; "

o + 1)]"

where P, is a Legendre polynomial and, p, B and j are the
needlet parameters. Here we use the values p = 1, b = 4 and
j = 1, for which only terms with £ < 10 are sufficient to com-
pute the sum, and 192 patches are enough to cover uniformly
the full sky. In Fig. A.1, we show an example of such needlet
patch, along with the pixels and disks used in Sects. 3.3 and B,
respectively.

As in Sect. 4.1, we measured pseudo-C; up to €max = 50,
using NaMaster in each of the 192 needlet patches defined
above. For each multipole of the position-dependent power spec-
trum, we measured a dipole (following the same pipeline as for
the position-dependent variance). All the corresponding direc-
tions are shown in Fig. A.2. An important result is that all the
dipoles are localized in less than half the sky, as they point
in both the southern ecliptic and supergalactic hemispheres (at
the exception of £ = 47, slightly over the ecliptic plane),
and the angular difference between close multipoles is almost
always small, indicating some correlation between them. How-
ever, opposed to the variance case, the amplitude of the data
dipoles is in the expected range obtained from the simulations,
meaning this estimator is not sensitive to the hemispherical
asymmetry.

In Fig. A.3 we compare the observed position-dependent
power spectrum to the distribution determined from the cor-
responding simulations. On the largest scales (¢ = 2,3 and
4), the observed value is close to the 5% lowest simula-
tions, which is related to the lack-of-power/lack-of-correlation
anomaly. When repeating the same analysis on half the sky,
using the dipole directions determined above, we find that the
hemisphere opposed to the dipole has a low power up to £ = 7,
and is among the 1-2% range on the largest scales. However, the
other hemisphere also has a relatively low power at low multi-
poles (20% lowest simulations).

Appendix B: The Planck position-dependent
variance with disks

Here we report the main results of our analysis of the position-
dependent variance of the Planck PR4 CMB temperature maps,
where we use disks of 4° radius as patches.
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The conclusions from Figs. B.1 and B.2 are very similar to
the ones reported in Sect. 3.3 with the HEALPix pixel patches.
The large dipole of the observed position-dependent variance
confirms the presence of a strong hemispherical asymmetry,
maximized when separating the sky close to the supergalactic
plane, with a significant lack of variance in the northern half.
Note that with the disk patches, this anomaly is stronger than in
any of the simulations. For further analyses of the hemispheri-
cal asymmetry in the PR4 data, including polarization, with the
same disk patches, we refer the reader to Gimeno-Amo et al.
(2023).
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Fig. A.1. Maps of the disk, HEALPix pixel and Mexican needlet patches used in this work to evaluate position-dependent statistics. The three
complete sets include 3072 4° radius disks, 768 pixels (corresponding to the pixels of a Ng¢e = 8 HEALPix map) and 192 Mexican needlets (p = 1,
b =4 and j = 1). Note that all patches have been set to 1 at their center in this figure.

Fig. A.2. Dipole directions of the position-dependent power spectrum
in the Planck PR4 SEVEM map (Commander results being very similar),
for each multipole up to ¢ = 50. The black solid, dashed and dash-
dotted lines correspond to the galactic, ecliptic and supergalactic planes,
respectively.

100 = T T T iy —
Full sk
75+ -
= SEVEM
50 —— Commander |

25

100 .............. L L A S R . LS S
Opposed to dipole

100

75

50

% of simulations below observations

25

Fig. A.3. Comparison between the position-dependent power spectrum
in the Planck PR4 CMB temperature data and simulated maps. We aver-
age the position-dependent power spectrum over the full sky (upper
panel), and the two hemispheres defined by the dipole of each multipole
(opposed to dipole in the middle panel and dipole direction otherwise),
and compare the observed value to the equivalent from the simulations.
We show the percentage of simulations having a lower value than the
data. Horizontal black dotted lines indicate the 5% and 95% thresholds.
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Fig. B.1. Distribution of the amplitude of the position-dependent vari-
ance dipole (using disks of 4° radius) in the Planck PR4 CMB tem-
perature data illustrating the hemispherical asymmetry anomaly. The
orange and blue vertical lines correspond to the observed SEVEM and
Commander maps, respectively, and the histograms are obtained from
the corresponding 600 SEVEM (orange), and 100 Commander (blue) sim-
ulations. None of the simulated CMB maps have a large dipole ampli-
tude value.
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Fig. B.2. Same as Fig. 7 but for the position-dependent variance com-
puted with disks of 4° radius as patches. None of the simulated CMB
maps have a lower averaged position-dependent variance in the direc-
tion opposed to their respective dipoles than the observations (close to
the northern supergalactic hemisphere).
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