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ABSTRACT

We present full-sky maps of the Integrated Sachs—Wolfe effect ISW) for the MICE Grand Challenge lightcone simulation up
to redshift 1.4. The maps are constructed in the linear regime using spherical Bessel transforms. We compare and contrast this
procedure against analytical approximations found in the literature. By computing the ISW in the linear regime, we remove
the substantial computing and storage resources required to calculate the non-linear Rees—Sciama effect. Since the linear ISW
at low redshift z < 1, at large angular scales, and after matter domination is ~10? times larger in AT/T, this has a negligible
impact on the maps produced and only becomes relevant on scales which are dominated by cosmic microwave background
(CMB) anisotropies. The MICE simulation products have been extensively used for studies involving current and future galaxy
surveys. The availability of these maps will allow MICE to be used for future galaxy and CMB cross-correlation studies, ISW
reconstruction studies, and ISW void-stacking studies probed by galaxy surveys such as Dark Energy Survey, Dark Energy
Spectroscopic Instrument, Euclid, and Rubin Legacy Survey of Space and Time. The pipeline developed in this study is provided
as a public PYTHON package PYGENISW. This could be used in the future studies for constructing the ISW from existing and

future simulation suites probing vast sets of cosmological parameters and models.
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1 INTRODUCTION

The Integrated Sachs—Wolfe effect (ISW; Sachs & Wolfe 1967),
caused by the evolution of gravitational potentials in large-scale
structure (LSS), imprints features on to the cosmic microwave
background (CMB). The strength of these features is sensitive to
the underlying cosmological model, in particular the quantity and
nature of dark energy (Crittenden & Turok 1996). However, the
CMB is dominated by primordial anisotropies meaning the ISW is
only detectable by cross-correlating the CMB with tracers of LSS.
This has been performed on several galaxy surveys to constrain the
standard cosmological model A cold dark matter (ACDM) and to
test expanded or alternative models (Peiris & Spergel 2000; Boughn
& Crittenden 2002; Fosalba, Gaztafiaga & Castander 2003; Scranton
et al. 2003; Afshordi, Loh & Strauss 2004; Nolta et al. 2004;
Corasaniti, Giannantonio & Melchiorri 2005; Padmanabhan et al.
2005; Giannantonio et al. 2006; Vielva, Martinez-Gonzalez & Tucci
2006; McEwen et al. 2007; Giannantonio et al. 2008; Ho et al. 2008;
Xia et al. 2009; Dupé et al. 2011; Giannantonio et al. 2012; Goto,
Szapudi & Granett 2012; Barreiro et al. 2013; Giannantonio et al.
2014; Planck Collaboration XIX 2014; Cabass et al. 2015; Ferraro,
Sherwin & Spergel 2015; Nicola, Refregier & Amara 2016; Planck
Collaboration XXI 2016; Stolzner et al. 2018; Hang et al. 2021).

* E-mail: krishna.naidoo.11@ucl.ac.uk

Future galaxy redshift surveys will generate enormous cata-
logues of the position and redshift of galaxies providing a large-
observational data set with which we may conduct cross-correlation
studies of LSS with the CMB. In order to understand the obser-
vational sensitivities and systematics of the ISW to cosmological
parameters, we need to be able to construct ISW maps and corre-
sponding galaxy mocks for a wide range of cosmological parameters
and models. At present, this is computationally expensive as accurate
ISW maps require regular snapshots of the gravitational potential.
This calculation therefore requires some foresight and cannot be
done ad hoc after the simulations have been run. For this reason only
a handful of such simulations exist (see Cai et al. 2010; Watson et al.
2014; Carbone, Petkova & Dolag 2016; Adamek et al. 2020) using
either the best-fitting Planck cosmology or exploring a limited set of
cosmological parameters or models.

This limitation is most striking for ISW void-stacking studies
(Granett, Neyrinck & Szapudi 2008; Pdpai, Szapudi & Granett
2011; Nadathur, Hotchkiss & Sarkar 2012; Flender, Hotchkiss &
Nadathur 2013; Herndndez-Monteagudo & Smith 2013; Ili¢, Langer
& Douspis 2013; Granett, Kovacs & Hawken 2015; Kovics &
Garcia-Bellido 2016; Nadathur & Crittenden 2016; Cai et al. 2017;
Kovics 2018; Kovacs et al. 2019) which, to compare to theoretical
predictions, require the simulation of realistic galaxy catalogues with
corresponding ISW maps. Some of these studies have measured
a 220 excess in the ISW from large voids, the source of which
remains unclear, but due to the computational cost of running ISW

© 2021 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

220z Key 9z uo Jesn uopuoT “TON Aq 99881 E9/PFEP/E/90G/RIONE/SEIULY/WOD dNO"OIWSpEo.)/:SA]IY WO} POPEOJUMOQ


http://orcid.org/0000-0002-9182-1802
http://orcid.org/0000-0002-1510-5214
mailto:krishna.naidoo.11@ucl.ac.uk
http://creativecommons.org/licenses/by/4.0/

simulations have been limited to comparisons to the fiducial ACDM
model (frequently comparing to the Jubilee ISW maps; Watson et al.
2014).

The discovery of a void along the line-of-sight (LOS) of the CMB
cold spot (CS) anomaly (Szapudi et al. 2015) led Kovécs & Garcia-
Bellido (2016) to speculate whether the anomaly was actually caused
by the same anomalous excess found for the ISW of other large voids.
Naidoo, Benoit-Lévy & Lahav (2016) considered a ACDM solution
to the CS anomaly — multiple voids along the LOS (later discovered
by Mackenzie et al. 2017). However, even in the most extreme of
scenarios multiple voids were unable to explain the full CS profile.
Nadathur et al. (2014) showed that the significance of the CS is low
(~20) and could be explained as a tail-end Gaussian fluctuation.
The significance of the CS was placed into further question when
the effect of masking was considered and found to enhance the
CS significance. By removing this effect the CS was found to be
significant at only ~1.90 (Naidoo, Benoit-Lévy & Lahav 2017). If
the CS is evidence of the same anomalous excess in the void ISW
signal, it will be difficult to establish from measurements of the CS
alone. Instead, studies will need to further explore the signals from
voids in data, using new and larger data sets, and by comparing to
ISW simulations.

To explore the ISW for a larger set of cosmological parameters
and models, simulated ISW maps need to be easier to produce (so
that these maps can be produced ad hoc for a large set of existing
and future N-body simulations, without pre-planning). To do this
we construct the ISW in the linear regime, removing the costly
requirement for regular snapshots of the gravitational potential across
cosmic time. This comes at a small cost: we lose the non-linear ISW
(known as the Rees—Sciama effect; Rees & Sciama 1968), but since
the ISW is ~10? times larger in temperature (Nadathur et al. 2014)
this effect is negligible for the scales of interest in observational
cosmology (which, due to the low SNR of the measurement, are
generally limited to spherical harmonic modes of ¢ < 100; Hang
et al. 2021). For £ 2 500 the Rees—Sciama effect starts to dominate
(Cai et al. 2009) and for £ = 5000 it is the dominant source of CMB
anisotropies (Seljak 1996).

The ISW is constructed for the MICE Grand Challenge lightcone
simulation (Fosalba et al. 2015b) using a spherical Bessel transform
(SBT) method (Shapiro, Crittenden & Percival 2012) conducted
in spherical polar coordinates — a natural coordinate system for
lightcone simulations provided in spherical shells (Fosalba et al.
2008).

The paper is organized as follows: in Section 2 we describe
the MICE simulation data used and the ISW construction methods
implemented in this study; in Section 3 we compare the ISW maps
and their statistics to each other, and theoretical expectations; lastly,
in Section 4 we discuss the results and the relevance of the data and
pipeline produced in this study for future work.

2 METHOD

2.1 Data: the MICE density field

The MICE Grand Challenge lightcone simulation (Carretero et al.
2015; Crocce et al. 2015; Fosalba et al. 2015a,b; Hoffmann et al.
2015) is a large N-body simulation constructed with GADGET-2
(Springel 2005). The simulation was run with a comoving box of
length 3072 h~! Mpc, 4096 dark matter particles, with a particle-
mesh grid of 4096 used to calculate large-scale forces computed
with fast fourier transforms. The simulation used a flat ACDM
cosmological model consistent with the best-fitting WMAP 5-yr data
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(Dunkley et al. 2009) —i.e. Qm o = 0.25, Q40 = 0.75, Qo = 0.044,
ns=0.95,03 =0.8, and h =0.7.

The simulation’s density contrast field is provided in an ‘onion’
configuration (Fosalba et al. 2008), where particles from the MICE
lightcone have been binned on to 400 HEALPIX maps (Gorski
et al. 2005). The redshift slices are thinnest at low redshift and the
thicknesses of the slices are well below the smallest scales of interest
(kmax = 0.1 -Mpc™"). The simulation is large enough that no box
repetitions are required along the LOS up to redshift z = 1.4. For this
reason the analysis in this paper is limited to z < 1.4. Corresponding
galaxy mock catalogues can be obtained from the online data base
COSMOHUB! (Carretero et al. 2017; Tallada et al. 2020).

2.2 Theory: the Integrated Sachs—Wolfe effect

We work in the Newtonian gauge with no anisotropic stress, so that
metric perturbations can be parametrized by a single perturbation
variable @, the gravitational potential. The ISW is the imprint on
the CMB of the evolution of ® in LSS. The effect alters the CMB
temperature 7 in the LOS direction 71 by

ATisway

2 /770
— @'(rit, ) dn, (D
T e Jos

where the integral is over a photon path from LS (last scattering
time) to O (the observer’s time), r = c(ny — n) is the comoving
distance on this path corresponding to conformal time 7, ¢ is the
speed of light, and @' is the partial derivative of ® with respect to 7
(holding comoving position fixed). Changing the integration variable
to comoving distance r yields

ATisway _ 2 / " (it ) alr) dr. (@)
T C 3 0
Here n(r) = no — r/c and we have additionally changed the integrand
to be the partial derivative ® of ® with respect to time (holding
comoving position fixed); this introduces the scale factor a = 1/(1 +
7), where z = z(r) is the redshift. The relationship between redshift
and comoving distance can be approximated (during and after matter
domination in ACDM) by
~ —1 ‘ 1 /
r(z) >~ 3000 h Mpc/0 o £2) T Qno dz’, 3)
where Q2 is the current matter density and 2, o the current dark
energy density (relative to the critical density).

The non-linear contributions to the ISW (the Rees—Sciama effect)
have been shown to be subdominant (~10~2 times the linear ISW in
temperature) in ACDM (Seljak 1996; Cai et al. 2010; Nadathur et al.
2014). Therefore, the ISW can be approximated to within ~1 per cent
using linear perturbation theory, which we discuss below.

2.2.1 Linear theory approximation

We seek to calculate equation (2) in the linear regime. We start with
the Poisson equation:
3 8(x, 1)

V20(x, 1) = ~ HiQmo ) 4)
2 a

In what follows we work in the linear regime. Here, density
perturbations can be separated:
d(x, 1) = D(1)5(x), (%)

Thttps://cosmohub.pic.es/home
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where the linear growth factor D(z) is defined to be

D@« HG) [ « ®)
(a'H (a’))3

with D(0) = 1 and H(z) the Hubble expansion rate at redshift z. The

latter may be approximated during and after matter domination as

H(2) = Ho(Qmo(1 +2)° + Q0" @)

where Hj, the Hubble constant, is the present expansion rate. Since
we assume flat curvature, the energy density for dark energy is given
by Q4 =1 — @y, at any epoch.

Let V2 denote the formal inverse of the Laplace operator.
Combining equations (4) and (5) yields:

O(x, 1) = §H szm()@v 25(x), ®)
whence
3 (D(t)) -
d(x, 1) = 7H Qno — [ — | V728x). )
ot a
But
da (D D
2 <ﬂ> Py - (10)
t a
here
f=dinD/dlna
~ Qm(Z)QSS (1 1)
(Peebles 1980; Lahav et al. 1991), and
Qmo(1 +2)°
Qn(z) = : . 12
@ = G+ 07 + 2n (12
Combining equations (8), (9), and (10) yields
D, 1) =H() [f(t) — 1] D(x, 1), (13)

which coupled with equation (2) gives the linear theory approxima-
tion for the ISW:
ATIsw(n)

T

Note when f =~ 1, a condition which is true in an Einstein-de Sitter
universe (where Q2,, = 1 and 2, = 0) and during matter domination
in ACDM, ATsw == 0. In this scenario the ISW is dominated by the
non-linear Rees—Sciama effect. For this reason the most significant
contributions to the ISW are at low redshift during A domination.

/ H@)[f(t) = 11 (A, n(r)a(r)dr.  (14)

2.2.2 Theoretical angular power spectra

The angular power spectra CX” for sources X and Y is

cxXY = %/kz P(k) IX (k) I) (k) dk, (15)

where

IX(k) = /Oo D(z) WX(r, k) jo(kr)dr, (16)
0

Jje is the spherical Bessel function and W¥(r, k) is a source-specific
window function. For the ISW the window function is given by
3Qu0H?

k2
where ‘I’ is used as a shorthand for ISW and Rect is the rectangular
step function defined as

Wi(r k) = H(z) [1 — f(2)] Rect(r; rmin, Fmax)s a7

ReCt(r; Fmin, rmax) = Hslep(r - rmin) - Hslep(r - rmax)s (] 8)
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Hyp is the heavyside step function, rpin = 1(Zmin) and Fmax = "(Zmax)-
This is used to specify the redshift interval zuyin < 2 < Zmayx for the
contribution to the ISW. The galaxy window function is given by

WO(r) = b(r) ©(r), (19)
where b(r) is a function describing the galaxy bias,
S —_ 20)
o) = —

J x*n(x)dx

and n(r) is the galaxy redshift distribution. However, in this study
we have direct access to the true underlying density contrast field
meaning (unlike data from a galaxy survey) the redshift distribution
and bias modelling can be simply set to n(r) = 1 and b(r) = 1 in
the interval z,i < zZ < Zmax and O otherwise. The window function
reduces to

%5 for Zmin = Z = Zmax,
W‘S(r) — Tiax ~'min - - (21)
0, otherwise,

where ‘6’ is used as a shorthand for the density contrast field in
the interval zpin < 2 < Zmax. It is common to calculate this using the
Limber approximation (Limber 1954; Afshordi et al. 2004), replacing
the spherical Bessel function with a Dirac delta function dp of the
form

wy~ s (4 L 2
Je(x) >~ 21 D(+§—x), (22)

giving the following approximation for the angular power spectra,

2
cxr :/ r(Z) [PRYWX(r )WY (r 0], _, (23)

where k, = (€ + 1/2)/r.

2.3 Techniques for constructing Integrated Sachs—Wolfe maps

In this section we describe the numerical techniques used to construct
ISW maps. The focus of this study is the SBT technique (Shapiro
et al. 2012), described in Section 2.3.1. We also compare this to a
Spherical Harmonic scaling (which we call SHS) relation, described
in Section 2.3.2, and the Francis & Peacock (2010) technique,
described in Section 2.3.3.

2.3.1 Spherical Bessel transform method

A three dimensional field ¢ described in spherical polar coordinates
r (radial axis), 6 and ¢ (latitude and longitude, respectively) can be
represented by its SBT coefficients ¢, as

le'S) 4 0o
SO Gl Rear) Yo (6. ), (24)

;(}", 97 ¢) =
=0 m=—¢ n=1
where
1
R (r) = ﬁjﬂ(lﬂzﬂ), (25)

Ym are spherical harmonics, k¢, = q¢,/Fmax and gy, is the locations of
the n™ zero of Je(x) for normal boundary conditions (i.e. j¢(K¢n7max)
=0), or 9,j,(x) for derivative boundary conditions (i.e. 9 j¢(k¢nTmax)
= 0). Lastly, Ny, is a normalization constant defined as

3
s 2 (kenFmax) normal boundary,
Ny = 3

iz (1 — fy;”) ji(kenrmax),  derivative boundary.

(26)
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See Wang, Ronneberger & Burkhardt (2009) for an overview of SBT
and related transforms. The SBT basis functions are eigenfunctions
of the Laplace operator on a ball-shaped domain. This will be crucial,
as it is the Laplace operator in the Poisson equation that links the
gravitational potential (which drives the ISW) to the overdensities
(which are the observable quantities within the simulation).

The SBT coefficients are calculated from

Tmax 27
;(Zmn / / / g(}" 9 ¢) Rln(r) (9 ¢)V

x sin(0)de¢ do dr, (27)

where we assume the field is defined up to a maximum radius 7y,y.
We will be concerned with 8, the SBT coefficients of the density
contrast field 6 = §(x) defined on three-dimensional space at z =
0, and with ®y,,, the SBT coefficients of the gravitational potential
defined on the observer’s lightcone.

Following Leistedt et al. (2012) we calculate 8, in two stages.
The first step derives the spherical harmonics of each slice §':

T 27 Qi
Sy = / / 56, ¢) Y6, ¢) sin(6)de¢ do. (28)
o Jo D)

Here, we have corrected for the linear evolution of § by dividing by
the linear growth function at z. (the effective redshift of the slice).
This ensures that the SBT coefficients of § are taken at z = 0. The
second step calculates the SBT coefficients from

Semn —Z% / " Ry rtdr, 29)

‘min

where ri. and rl  are the minimum and maximum radius for the
h slice.
Let a},, be the spherical harmonic coefficients for the ISW:

00 14
Z Z a}, Yen(©, 9). (30)

A TISW

Equating spherical harmonic coefficients in equations (14) and (30)
gives

gy = = / H(r)[f(r)—11Z¢5mnRzn<r)a<r)dr 31)

The SBT basis function Ry, Yy, is an eigenfunction of the Laplace
operator with eigenvalue —kg,2. Combining this with an SBT
representation of the Poisson equation (4) and applying equation (5)
yields

3 D) 1

Dy = — 5 H()ZQmO — makmn; (32)
combining the last two results gives our target expression for the
ISW (due to Shapiro et al. 2012):
3H} sz KL
a ‘{ D8 Ram,0 Z k[mn
tn

/ D(r)H(r) [1 = f(r)] Ren(r)dr.

(33)

In this study we compute only the SBT coefficients that correspond to
Fourier modes in the range kg < k < kyax, Where kp,, = 0.1 hMpc*1
and kg is the fundamental frequency of the simulation (kg = 277/Lyy,
where Ly is the length of the simulation box). This means in our
analysis the SBT coefficients are computed for £ = 2 to £, (ignoring
the monopole and dipole components) and n = 1 to 1,5, Where £,
= [ Fmaxkmax ) and nmax = [€max/7 ] (the floor function Floor(x) = |x]
ensures /gy and ny, are integers).
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2.3.2 Spherical Harmonic scaling

A common alternative approach to constructing ISW maps from the
density field is to use the SHS relation (Manzotti & Dodelson 2014;
Muir & Huterer 2016),
cr

aém = Caa lém’ (34)
where C¥° is the auto-angular power spectrum for the density
contrast, C[? the cross-angular power spectrum for the ISW-density
contrast, and a?, the spherical harmonic coefficients for the density
field integrated over the redshift region of interest.

2.3.3 Francis & Peacock approximation

Francis & Peacock (2010) derive an approximation for the ISW (now
referred to as the FP approximation),

3Qm.oH,
o~ L H(zer) [1 —

al, ~ W f(zem)] Ar "csz a?m’ 35)

where re is the effective comoving radius of the density contrast
field,

4 4

_ 3 "max — "min 36

re=,\5 —5 ) (36)
Fmax — Tmin

Zegr 18 the redshift corresponding to regr, A7 = Fiax — Fmins Tmin 18
the minimum comoving radius, and 7« is the maximum comoving
radius. This approximation is best suited for cases where Ar is thin;
for this reason with this approximation, we use thin slices and then
combine the maps.

2.3.4 Software pipeline

The PYTHON (Van Rossum & Drake 2009) package PYGENISW
is made publicly available’ and can be used to construct ISW
maps from data provided in spherical shells (given in HEALPIX
format) using the SBT method (which is the focus of this
paper) as well as the alternative SHS approach and the FP

approximation.

The package depends on THEORYCL? which computes the linear
growth functions and angular power spectra for the ISW and density
contrast sources; CAMB* (Lewis, Challinor & Lasenby 2000) to
compute the linear power spectrum, HEALPY> (Gérski et al. 2005;
Zonca et al. 2019) for computing and manipulating maps and
carrying out spherical harmonic operations; SCIPY used for spherical
Bessel related functions, integration functions, and interpolation
functions, and NUMPY® (Harris et al. 2020). Note, PYGENISW uses
a mixture of SCIPY’ (Virtanen et al. 2020) and its own iterative
spherical Bessel root finding function to determine g¢g,; this is
because the current implementation in SCIPY is unstable for large
¢ and n.

Zhttps://github.com/knaidoo29/pyGenlSW
3https://github.com/knaidoo29/TheoryCL
“https://camb.readthedocs.io/
Shttps://healpy.readthedocs.io/
Shttps://numpy.org/
https://www.scipy.org/
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Figure 1. The ISW effect for the MICE simulation constructed for contributions in the range 0 < z < 1.4 using an SBT with normal boundary conditions. The
map is shown with a blue-to-red diverging colour map indicating cold and hot features given in units ©K. The features of the map are quite broad in comparison
to CMB maps (which typically have features on the scale of ~1 deg) and are smaller in amplitude typically of the order of ~10 «K in the ISW compared to

~100 uK for the CMB.

3 RESULTS: MICE INTEGRATED
SACHS-WOLFE MAPS

3.1 Using spherical Bessel transforms

The ISW maps for MICE are constructed using the SBT with both
normal and derivative boundary conditions. We compute the SBT
coefficients up to an ry,y that corresponds to z = 2, exceeding the
maximum redshift of z = 1.4 for which the ISW is computed. This
is to ensure that no artefacts are measured near the boundary. The
choice of rp.x = r(z = 2) and kyx = 0.1 hMpc*1 means we only
need to compute the SBT up to €;,,x = 380 and ny,, = 121. The
full-sky MICE ISW map for contributions in the range 0 < z < 1.4
is shown in Fig. 1 using the SBT with normal boundary conditions.
The ISW map constructed using the SBT with derivative boundary
conditions is not highlighted here, as the map is almost identical to
the one shown in Fig. 1; it will be discussed in Section 3.2.

To highlight the scales of the features that contribute at different
redshifts, we plot in Fig. 2 the ISW constructed using the SBT with
normal boundary conditions for redshift slices of Az = 0.2 between
z = 0 and z = 1.2. Features in the map at low redshift are large in
angular scale and become smaller at higher redshift.

3.2 Comparison to SHS and Francis & Peacock approximation

The ISW maps for MICE have been constructed using four methods:
the first two use the SBT with normal and derivative boundary con-
ditions, while the latter two use the SHS and the FP approximation.
The latter two assume no cuts in the Fourier modes used, while for
the SBT the modes have been explicitly limited to kg < k < kyax. To
ensure the SHS and the FP approximations are comparable to those

MNRAS 506, 43444353 (2021)

of the SBT, and do not amplify spurious Fourier modes, we multiply
the spherical harmonic coefficients by C}/(kp < k < kmax)/C}'.
Furthermore in the case of the FP approximation, since this method
works best for thin shells we compute the ISW contributions in slices
of Az = 0.2, which are then combined for contributions in the range
0<z=<14

In Fig. 3 the ISW maps for the four methods are shown for
contributions in the range 0 < z < 1.4. In Fig. 4 the difference
with respect to the SBT with normal boundary conditions is shown.
These figures show strong agreement between SBT with normal and
derivative boundary conditions, but find the difference between the
SHS approximation and the FP approximation to be fairly significant
(deviations of the order of ~20') driven by an absence of LOS density
information for the latter two methods.

3.3 Angular power spectra: comparisons to theory

All the methods in this study express the ISW in terms of its spherical
harmonics. For this reason the auto- and cross-angular power spectra
of the ISW and density field maps are calculated using HEALPY’s
alm2cl function. In Fig. 5 we plot the auto- and cross-angular
power spectra for the four ISW maps and for the density field. This
is compared to theoretical angular power spectra with and without
cuts in the Fourier modes considered. For the full C, the integration
in k space is carried out for a k-range of 107* <k < 1hMpc~!,
while the cut-C, uses a k-range of kp < k < 0.1h Mpcfl. The cut-
C, are used to determine the ranges in ¢ for which the maps are
valid. Furthermore, they indicate on which ¢-ranges the non-linear
scales become relevant (where ‘non-linear’ refers to small scales with
k > 0.1 h Mpc™"). For the theoretical C, we calculate it fully without
using the Limber approximation. This is because comparisons of the
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Figure 2. The ISW constructed using the SBT with normal boundary conditions shown for contributions in redshift slices of Az = 0.2 in the range 0 < z <
1.2. The maps are divided by their standard deviation to highlight the scale of the features in these different redshift slices. This change of resolution originates
from the size of structures and the scale of homogeneity: at closer redshift the features are broad due to the size of nearby cosmic structures, but at high redshift

features are smaller as these cosmic structures are further away.

ISW for thin shells with Az = 0.2 showed an offset in the amplitude
at all £ when compared to the measured C,. The C, are binned into
A{ =5 and are shown in Fig. 5 to agree very well (for all methods) to
the theory. The C, also reveal that the SBT ISW maps are in closest
agreement to theoretical expectations, the SHS map appears to be
low in power, while FP appears to be slightly higher in power than
would be expected (however, these deviations are consistent with

cosmic variance ACy = 1/2C2/(2¢ + 1)).

3.4 Dependence on redshift and comparison to Gaussian
realizations

In this section we measure the standard deviation of the ISW maps
for contributions in the range 0 < z < 1.4 with Az = 0.2. These
are compared to Gaussian realizations computed using HEALPY’s
synalm function from the theoretical C,(kg < k < kpax). The results
are shown in Fig. 6 where in the top panel we consider the standard
deviation of the ISW maps with no alteration and in the bottom
panel we limit to only spherical harmonic coefficients £ > 10. The
theoretical standard deviations (shown with dotted grey lines) are
calculated from

20+ 1 i
o= ( Cg) , (37)
n 47t

(Tegmark 1997). The comparisons show that the standard deviation
in the ISW for the FP approximation is consistently too high and for
the SHS is slightly low with respect to Gaussian realizations. In com-
parison, the SBT methods are consistent with Gaussian realizations
for £ > 10, but are low for certain redshifts when considering the full
map with no alterations. The plot also indicates where the biggest
contributions to the ISW occur, peaking around z =~ 0.3 for all scales

and at z ~ 0.5 for features with £ > 10. This demonstrates the benefit
of using the SBT methods over the SHS or FP approximation as
they are better able to reproduce the theoretically expected standard
deviation for the ISW temperature maps.

3.5 Maps and ancillary data

The ISW maps constructed in this study are public.® They are
constructed for the full redshift range 0 < z < 1.4 and for spherical
shells with redshift width Az = 0.2. The maps themselves are
provided in £its format as HEALPIX maps withnside = 256.
The spherical harmonics are also provided so that the maps can be
generated to the desired nside. Theoretical auto- and cross-angular
power spectra are provided for the ISW and density field with and
without using the Limber approximation.

4 DISCUSSION

In this paper, we construct the ISW map for the MICE lightcone
simulation and develop a pipeline for quickly constructing the
ISW for future simulations; the SBT transform (the bottleneck of
this computation) was calculated in ~10 min on a single core on
commercially available hardware for ¢,,,, = 380 and n,, = 121. A
significant computational limitation of constructing simulated ISW
maps is the calculation of the time derivative of the gravitational
potential ®. Such a calculation requires the regular output of
snapshots, which is memory intensive, and cannot be performed ad
hoc. To remove this obstacle we calculate the ISW maps fully in the

8https://doi.org/10.5281/zenodo.4088697
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Figure 3. The ISW maps are shown for four methods for contributions from the redshift range 0 < z < 1.4. In the top left panel is the SBT (normal) map, in
the top right panel is the SBT (derivative) map, in the bottom left panel is the SHS map, and in the bottom right panel is the FP map. The maps are in fairly good
agreement but the approximations on the bottom panels show variations in the amplitude of certain features, while the SBT methods are almost identical.

|SBT (derivative) | SHS Francis & Peacock

EE—— e B
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Figure 4. Differences between the SBT (normal) map and maps generated by the three other methods (normalized by the standard deviation of the SBT normal
map) measured in the redshift range 0 < z < 1.4. From left to right are the differences for the SBT (derivative) map, for the SHS map, and for the FP map (all
with respect to the SBT normal map). This shows only a small difference between the SBT methods (which differ only in their boundary condition) and shows
a significant difference between the SHS and FP maps (which unlike the SBT methods are computed without any LOS information).

linear regime (meaning the Poisson equation only needs to be solved very small (~1 per cent of the ISW; Seljak 1996; Nadathur et al.
once), sacrificing the construction of the non-linear ISW or Rees— 2014), this sacrifice has a negligible impact on the maps created.
Sciama effect. Since the Rees—Sciama effect at low redshift z < 1, This approximation enables the ISW to be computed from the density
at large angular scales, and after matter domination is comparatively field at z = 0, where we insert the time evolution of the gravitational
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Figure 5. The auto- and cross-angular power spectra for the ISW and density field for contributions in the redshift range 0 < z < 1.4. In the top two panels
we show the ISW angular power spectra C l{ ! for the SBT methods (left) and the SHS and FP approximations (middle). In the bottom panels we show the
cross-angular power spectra for the ISW and density field for the SBT method (left), the SHS and FP approximations (middle), and show the auto-angular power
spectra for the MICE density field (right). In the subplots we show the significance of deviations from the full theoretical C; (i.e. with no cuts in k-range shown
with full black lines), where o (Cy) = (CL’V'E‘*‘Sured - CZhe()ry)/ ACy. The grey bands indicate 1o confidence regions. We see that Cel I and Ce’ 8 follow the trend of
Cy(kp < k < kmax; shown with a dashed black line), i.e. beginning to fall in amplitude at high-¢ with respect to the full C; mainly due to non-linear contributions
at low redshift and drop at low-£ due to the lack of modes larger than the simulation box. The SHS approximation is calculated using the very C, that we
compare to, so this comparison is rather redundant as we expect a reasonably good fit by construction. However, in the case of the SBT and FP approximation
no Cy are given and this comparison represents a true test of the accuracy of these methods. The SBT ISW maps show the closest match to the theoretical C,
while the approximations appear to be slightly too high in amplitude for the FP approximation and too low for the SHS approximation. Furthermore, we see the
SBT methods deviate only at very low £.

potential analytically using linear growth functions. For lightcone
simulations such as MICE, we divide the density field at redshift z
by the linear growth D(z) to approximate the density field at z = 0.

The PYTHON module developed in this study, PYGENISW, is
publicly available’ and can be used to construct the ISW using the
SBT method (the focus of this paper), as well as using the SHS and
the FP approximation. The ISW maps and ancillary data (spherical
harmonic coefficients and theoretical angular power spectra) are
made public'® to facilitate future LSS—CMB cross-correlation studies
using MICE.

In Fig. 1 we highlight one of the main data products of this study —
the ISW map for contributions in the redshift range 0 < z < 1.4 for the

“https:/github.com/knaidoo29/pyGenlSW
1Ohttps://doi.org/10.5281/zenodo.4088697

SBT method with normal boundary conditions. In Fig. 2 the maps
are constructed for redshift intervals with Az = 0.2. These maps
show the redshift evolution of the scales of features and will enable
isolated studies of the ISW at different redshift. We compare the SBT
methods, the SHS and the FP approximation in Fig. 3 and subtract the
SBT (normal) map from the other three in Fig. 4 demonstrating that
the two SBT methods are virtually identical (since they differ only in
their boundary conditions) and that there are significant large angular
scale differences between the SBT methods and the SHS and FP
approximation (driven by the absence of LOS density information).
In Fig. 5 the auto- and cross-angular power spectra for the ISW
and density field are shown. In these plots we see that the SBT
method is in greater agreement with theoretical expectations, while
SHS appears to be slightly too low and the FP slightly too large
at all scales, demonstrating the benefit of using the SBT methods
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Figure 6. The standard deviation of the ISW maps for contributions in the
range 0 < z < 1.4 with Az = 0.2. The four methods are compared to Gaussian
realizations, where the 1o confidence region is shown in grey. The theoretical
standard deviation calculated from equation (37) is shown with grey dotted
lines. In the top panel we consider the full ISW maps with no alterations
and in the bottom panel we limit the maps to spherical harmonic coefficients
with £ > 10. The figure shows that the FP approximation is consistently too
large and the SHS slightly too low when compared to Gaussian realizations.
The SBT methods are the most consistent with Gaussian realization with the
exception of some ranges in z where they appear slightly lower for the full
ISW map.

over the SHS or FP approximation. This effect is illustrated again in
Fig. 6 where we compare the standard deviation of the ISW maps to
those from Gaussian realizations. Once again the SBT methods are
in greater agreement with theoretical expectations showing that these
particular maps are the best maps to use for future MICE LSS-CMB
cross-correlation studies.

These maps will be of particular relevance to large-area galaxy
surveys, such as Dark Energy Survey,'! Dark Energy Spectroscopic
Instrument,'? Euclid,'® and the Rubin Legacy Survey of Space and
Time.'* Cross-correlation studies have been performed on several
galaxy surveys to constrain the standard cosmological model ACDM
and to test extensions or alternative models (see e.g. Hang et al.

Uhttp://www.darkenergysurvey.org
2http://desi.Ibl.gov/
Bhttp://www.euclid-ec.org/
Yhttps://www.lsst.org/
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2021). The availability of the MICE ISW maps will enable future
studies to test their cross-correlation pipelines and to test the results
against the predictions of the fiducial ACDM model. Furthermore,
ISW reconstruction methods (Barreiro et al. 2008; Granett, Neyrinck
& Szapudi 2009; Manzotti & Dodelson 2014; Muir & Huterer 2016)
will be able to use these maps as a ground truth.

The parameters used by MICE are set according to the best-fitting
WMAP results and are different to the best-fitting Planck results,
notably in terms of €2,,, which is measured by Planck to be ~0.31.
This means the MICE ISW maps produced in this study have slightly
larger ISW signals than would be expected from the best-fitting
Planck cosmology. However, the ISW is measured currently at low
SNR meaning these differences will be negligible. Any future tests
of ACDM from these ISW maps will need to be aware of these
distinctions.

ISW void-stacking measurements are in slight tension with pre-
dictions from ACDM (a tension of =20 Granett et al. 2008; Pdpai
et al. 2011; Nadathur et al. 2012; Flender et al. 2013; Hernandez-
Monteagudo & Smith 2013; Ili¢ et al. 2013; Granett et al. 2015;
Kovics & Garcia-Bellido 2016; Nadathur & Crittenden 2016; Cai
et al. 2017; Kovdcs 2018; Kovécs et al. 2019). An explanation for the
source of this tension remains unclear. Recently, Kovdcs et al. (2020)
showed that the signal could be explained if modifications to the
growth history were applied but Hang et al. (2021) show this solution
is incompatible with cross-correlation studies. To determine whether
variations in the value of cosmological parameters or models could
explain this excess signal we will need to construct the ISW map
for a large range of simulations with realistic galaxy catalogues to
construct observable-like void catalogues. The pipeline developed in
this study enables future work to construct the ISW from existing and
future simulation suites, allowing us to understand the parameter and
model dependence of the ISW void-stacking measurement. Accurate
ISW maps from simulations such as MICE will enable cosmologists
to fully exploit future galaxy surveys by combining probes from
the early Universe in the form of the CMB and the late Universe
in the form of LSS. This will provide further tests of the standard
cosmological model ACDM and may be crucial in establishing the
validity of extended and alternative models. In future work we plan to
provide MICE ISW maps for contributions at higher redshift and to
higher ¢,,,x (essentially pushing our scale limits from the linear to the
quasi-linear regime) by exploring extensions to the pipeline discussed
in this paper as well as generating ISW maps for existing simulation
suites probing different cosmological models and parameters.
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