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ABSTRACT

The Euclid mission will measure cosmological parameters with unprecedented precision. To distinguish between cosmological models, it is
essential to generate realistic mock observables from cosmological simulations that were run in both the standard A-cold-dark-matter (ACDM)
paradigm and in many non-standard models beyond ACDM. We present the scientific results from a suite of cosmological N-body simulations using
non-standard models including dynamical dark energy, k-essence, interacting dark energy, modified gravity, massive neutrinos, and primordial
non-Gaussianities. We investigate how these models affect the large-scale-structure formation and evolution in addition to providing synthetic
observables that can be used to test and constrain these models with Euclid data. We developed a custom pipeline based on the Rockstar halo
finder and the nbodykit large-scale structure toolkit to analyse the particle output of non-standard simulations and generate mock observables
such as halo and void catalogues, mass density fields, and power spectra in a consistent way. We compare these observables with those from the
standard ACDM model and quantify the deviations. We find that non-standard cosmological models can leave large imprints on the synthetic
observables that we have generated. Our results demonstrate that non-standard cosmological N-body simulations provide valuable insights into the
physics of dark energy and dark matter, which is essential to maximising the scientific return of Euclid.

Key words. methods: numerical — cosmology: theory — dark matter — dark energy — large-scale structure of Universe

1. Introduction

The concordance A-cold-dark-matter (ACDM) model is the sim-
plest cosmological scenario that accounts for the cosmological
observations thus far available. It is based on the assumption
that in addition to baryonic matter and radiation, the Uni-
verse is filled with two invisible components: an exotic form
of matter, dubbed dark energy and described by a cosmolog-
ical constant (A) in Einstein’s equations of general relativity,
and a cold-dark-matter (CDM) component that is non-relativistic
and only interacts through gravity. In this scenario, dark mat-
ter is primarily responsible for fostering the formation of the
visible structures we observe today, while dark energy drives
the accelerated expansion of the Universe at late times. This
model has been remarkably successful in explaining a vari-
ety of cosmological observations, such as the Hubble dia-
gram from luminosity distance measurements of type la super-
novae (Riessetal. 1998; Perlmutter et al. 1999), temperature
and polarisation anisotropy angular power spectra of the cos-
mic microwave background (CMB, de Bernardis et al. 2000;
Spergel et al. 2003; Kovac et al. 2002; Planck Collaboration VI
2020), the galaxy power spectrum of the large-scale structure
(LSS, Efstathiou et al. 2002; Colless et al. 2003; Tegmark et al.
2004, 2006), and the presence of baryonic acoustic oscilla-
tions (BAO) in the LSS (Eisenstein et al. 2005; Cole et al. 2005).
Despite the great success of the ACDM model, the physical ori-
gin of dark energy and dark matter remains unknown. Unveiling
the nature of these dark components is the primary motivation
for many investigations in modern cosmology.

In the last decade, multiple tensions among different types of
cosmological observations have emerged. As an example, while
CMB measurements indicate a value of the Hubble constant
of Hy = 67.7 + 0.4kms™' Mpc™! (Planck Collaboration VI
2020), local measurements, often based on the observations of
supernovae in nearby galaxies, suggest a higher value of Hy =
73.0 £ 1.0kms™'Mpc~! (Riess et al. 2022). This So- discrepancy
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is called the Hubble tension. A similar tension has been identified
in the Sg = 0§ VQn,/0.3 parameter, which combines the ampli-
tude of linear-matter density fluctuations on the 8 4! Mpc scale,
o, and the cosmic matter density, €,,. Measurements derived
from the CMB (Planck Collaboration VI 2020) appear to yield
a value of Sg 2.90 higher than that obtained from observations
of the LSS (Joseph et al. 2023), such as measurements of the
clustering of galaxies and weak gravitational lensing (Li et al.
2023; Abbott et al. 2022). Such tensions may result from sys-
tematic errors yet to be identified in the data. Alternatively, they
may be a manifestation of the limits of the ACDM model, since
modifications to the standard cosmological model can provide a
solution to these tensions (see e.g. Martinelli & Tutusaus 2019;
Di Valentino et al. 2021).

Ongoing and upcoming Stage-IV surveys, such as Euclid
(Euclid Collaboration: Mellier et al. 2025; Laureijs et al. 2011;
Euclid Collaboration: Scamarella et al. 2022), Dark Energy
Spectroscopic Instrument (hereafter DESI, DESI Collaboration
2016), Vera C. Rubin Observatory Legacy Survey of Space
and Time (LSST, Ivezi¢etal. 2019), Spectro-Photometer for
the History of the Universe, Epoch of Reionization, and the
Ices Explorer (SPHEREX, Doré etal. 2014), and the Nancy
Grace Roman Space Telescope (Spergel et al. 2015), will collect
unprecedented amounts of data on the LSS, which will enable
detailed assessments of the Hubble and Sg tensions in addition
to shedding new light on the nature of the invisible components
in the Universe.

Euclid is a space mission led by the European Space
Agency (ESA) with contributions from the National Aeronau-
tics and Space Administration (NASA), aiming to study the
nature and evolution of the dark Universe. The survey uses
a 1.2-m-diameter telescope and two instruments, a visible-
wavelength camera, and a near-infrared camera/spectrometer,
to observe billions of galaxies over more than a third of the
sky in optical and near-infrared wavelengths. Euclid measures
the shapes (Euclid Collaboration: Bretonniere et al. 2022; 2023;
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Euclid Collaboration: Merlin et al. 2023d) and redshifts (Euclid
Collaboration: Desprez et al. 2020; Euclid Collaboration: Ilbert
et al. 2021) of galaxies, in order to determine the weak gravi-
tational lensing and clustering of galaxies, covering a period of
cosmic history over which dark energy accelerated the expan-
sion of the Universe. These measurements will provide detailed
insights into the properties of dark energy, dark matter, and
gravity by probing the expansion history of the Universe and
the growth rate of structures over time (Martinelli et al. 2021;
Nesseris et al. 2022; Euclid Collaboration: Castro et al. 2023).
Euclid was launched on July 1 2023 and is designed to operate
for six years. The survey will provide unprecedented constraints
on cosmological parameters and tests of fundamental physics, as
well as a rich catalogue of legacy data that can be used for a wide
range of astrophysical research. The mission data will be publicly
released within two years of acquisition. Euclid is one of the most
ambitious and exciting space missions in the field of cosmology
and will enable a thorough validation of a broad range of cosmo-
logical models.

Euclid observations will provide precise measurements of
the clustering of matter over a wide range of scales, where effects
due to the late-time non-linear gravitational collapse of matter
need to be taken into account. A key tool in the preparation of
the cosmological analyses and the interpretation of the Euclid
data is the use of cosmological N-body simulations, which can
follow the non-linear evolution of matter clustering. This is a
numerical technique that calculates the evolution of the matter
density field under the effect of gravity across cosmic time and
predicts the LSS of the Universe for a given cosmological model
(Press & Schechter 1974; Zeldovich 1978; Klypin & Shandarin
1983; Appel 1985; Potter et al. 2017; Angulo & Hahn 2022).
In this method, the matter density field is sampled with dis-
crete N-body particles, whose equations of motion are solved
in the Newtonian limit in an expanding Friedmann-Lemaitre—
Robertson—Walker (FLRW) Universe. These simulations enable
the study of the formation and growth of cosmic structures from
linear to non-linear scales and predict the distribution of matter
in galaxy clusters, filaments, and voids, for a range of cosmo-
logical models and parameters (Klypin et al. 2003; Dolag et al.
2004; Alimi et al. 2010; Lietal. 2012; Puchwein et al. 2013;
Baldi & Simpson 2015), as well as initial conditions (Dalal et al.
2008). The cosmological models beyond the standard-ACDM
paradigm are expected to have left imprints that should be
detectable in the Euclid observables, such as the redshift-space
power spectra of galaxies or the void-size functions.

This article is part of a series that collectively explores sim-
ulations and non-linearities beyond the ACDM model:

1. Numerical methods and validation (Euclid Collaboration:
Adamek et al. 2025).

2. Results from non-standard simulations (this work).

3. Constraints on f(R) models from the photometric primary
probes (Euclid Collaboration: Koyama et al. 2024).

4. Cosmological constraints on non-standard cosmologies from
simulated Euclid probes (D’ Amico et al. in prep.).

(For further details, see our companion papers.) In this work, we
consistently analyse large numbers of N-body simulations over a
wide range of non-standard cosmological scenarios, to generate
catalogues of synthetic observables for Euclid. This analysis is
achieved using a pipeline that was specifically written for that
task. We calculate reconstructed density fields, halo and void
catalogues, halo mass functions, dark matter, and halo power
spectra in real and redshift space, as well as halo bias func-
tions. The paper is organised as follows: in Sect. 2, we intro-
duce the analysed non-standard models; then, in Sect. 3, we
present an overview of the analysed cosmological N-body sim-

ulations. In Sect. 4, we describe the analysis pipeline and the
calculated quantities. We demonstrate the imprints of the non-
standard models in the computed observables in Sect. 5 and
finally, we summarise our results in Sect. 6.

2. Cosmological models beyond the standard
N\CDM paradigm

To address the tensions and anomalies in the ACDM model, var-
ious non-standard cosmological models have been proposed that
extend or modify the standard model in different ways. Some
examples of non-standard cosmological models are dark energy
models, such as quintessence and phantom energy, modified-
gravity theories, such as f(R) gravity, and massive-neutrino
models, such as sterile neutrinos and self-interacting neutrinos.
These models introduce new degrees of freedom or new mech-
anisms that can affect the dynamics and observables of the Uni-
verse at different scales and epochs. In this section, we discuss
the main features, motivations, and challenges of these non-
standard cosmological models.

2.1. Dark energy models
2.1.1. wCDM

A simple generalisation of the cosmological constant assumes
that dark energy is a fluid with a constant equation-of-state,
W = Ppde/ (Ode ¢?), where Ppde and pgqe are, respectively, the pres-
sure and density of the fluid, and ¢ is the speed of light. To
trigger an accelerated phase of cosmic expansion, the dark
energy equation-of-state parameter must be w < —1/3. The
ACDM model corresponds to the w = —1 specific case, while
w < —1 corresponds to so-called phantom dark energy models
(Caldwell et al. 2003), though such values may also result from
an unaccounted interaction between dark energy and dark matter
(Das et al. 2006).

2.1.2. Dynamical dark energy

The dark energy equation-of-state could be a function of red-
shift. Chevallier, Polarski (Chevallier & Polarski 2001) and Lin-
der (Linder 2003) proposed a simple parameterisation of
wae(@) = wo + wg—— = wo + w (1 - @), )
1+z
where the wy parameter represents the value of the equation-of-
state at the present time, and w, defines the rate of change with
redshift. This model is also called the CPL parametrisation of
dark energy, after the initials of the authors who proposed it.
This dark energy parametrisation is a fitting function of a
general wg.(z) around z = 0, assuming that w(z) is smooth and
slowly changing with the scale factor. As a consequence, this
model can closely follow the expansion history of a wide range
of other models with wg.(2) at late times. Despite its simple form,
it shows a wide range of interesting properties (Linder 2008;
Linden & Virey 2008). The cosmological constant corresponds
to wg = —1 and w, = 0 in the CPL parametrisation.

2.1.3. K-essence

The k-essence model is characterised by an action for the scalar
field of the following form:
S = f d'x V=g p(¢. X). @
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where X = (1/2)g""V,¢V,¢. The energy density of the scalar
field is given by

d
u¢:2X—p—p,

ax 3

and the pressure is py = p(¢, X). This pressure gives an effective
fluid equation-of-state parameter as

P »

=——r “)
qu p—sz,x

We

where the subscript ,x indicates a derivative with respect to X,
and a dimensionless speed-of-sound parameter for the k-essence
fluctuations as

2 _ p’X

o= ————— . 5)
T px +2Xpoxx

The k-essence field satisfies the continuity equation

l/'£¢ =-3H (M¢ + p¢), (6)

which results in the scalar equation of motion

GV, Y, + 2X Fp b _ )

ne oXop o

where
op *p

Gl = —g"+ —=VpV'¢ . 8
ax?" * Vv ®)

The k-essence was first proposed by Armendariz-Picon et al.
(2000, 2001), who showed that there exist tracking attractor
solutions to the equation of motion during the radiation and
matter-dominated eras of the Universe, and that with a suitably
chosen p, the scalar can have an appropriate equation of state
that allows it to act as dark energy for the background acceler-
ated expansion. In addition, whenever the kinetic terms for the
scalar field are not linear in X, the speed of sound of the fluctu-
ations differs from unity, allowing for the clustering of the dark
energy field at sub-horizon scales, which should be modelled at
the perturbations level.

2.1.4. Interacting dark energy

In the interacting dark energy (IDE) models (Amendola 2000;
Farrar & Peebles 2004; Baldi et al. 2010), dark energy and cold
dark matter are allowed to interact through an exchange of
energy-momentum in order to keep the total stress-energy ten-
sor, Ty, conserved:

V. = @) = -V, ©)
where C,(¢) is a conformal coupling function expressed in the
form:

C(9) = kB(@) ucV, ¢, (10)

where k = S’Z(Z;N, Gy is Newton’s gravitational constant, u. is

the cold dark matter energy density in the IDE model', and B(¢)

' Note that we choose u. here for our IDE model to better distinguish
it from pcpy used right afterwards to describe the ACDM background
evolution.
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is a coupling function. The dark energy scalar field, ¢, has an
intrinsic energy density and pressure given by

1
Uy = 59" 0up 0y + V(@), Y

1
Po = 59" 0,4 0,¢ - V(9), (12)

2
where V(¢) is a self-interaction potential. The conservation
equations then translate into the following set of background-
dynamic equations under the assumption of a constant coupling

function B(¢) = -

"+3H'+d—v—
¢ ¢ d¢_KﬂuC7

e + 3Hu, = —« B uc.

13)
(14)

In the standard approach, a theoretically motivated analytical
form for the self-interaction potential function, V(¢), is chosen.
However, the simulations that are considered in the present work
implement the alternative approach proposed by Barros (2019)
that consists of imposing a standard ACDM background expan-
sion history by setting

H* = Hcpws (15)
where Hpcpy is the standard Hubble function defined by

81G
Hicpy = TN(Pr + Po + PcoM + PA) (16)

where p;, pv, Pcpm, and p are the mass densities of the radi-
ation, baryon, CDM, and A components of the background
ACDM model. This will determine an effective potential, V(¢),
according to the resulting evolution of the scalar field, ¢. Taking
the time derivative of Eq. (15) and using the continuity Eqgs. (13
and 14), one gets the scalar-field energy density and pressure as

7
(18)

2 2
Up = PCDM C~ + PA C™ — U,
Pp = PN = —Up,

which can be combined with Eqgs. (11 and 12) to obtain the
dynamics of the scalar field:
¢ = pcom € — uy. (19)
The scalar-field potential, V(¢), can then be reconstructed using
Egs. (17 and 18) as:

1.
V(@) = 5¢" +pac’, (20)
and taking the time derivative of Eq. (19), one can derive the
scalar-field equation of motion
2¢ +3H¢ — kBu, = 0, (21)
which can be numerically solved for the dynamical evolution of
the system. With this choice, the 8 coupling remains the only
free parameter of this model. Observational constraints on the
model were computed in Barros et al. (2023), which found that
the model can alleviate the og tension, but that CMB prefers the
ACDM limit. In particular, they find that the CMB constrains
|8l < 0.02, RSD constraints |5 < 0.10, while weak lensing data
from the Kilo-Degree Survey actually prefers a non-zero value

Bl ~ 0.1.
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2.2. Modified gravity models
2.2.1. nDGP gravity

The Dvali—-Gabadadze—Porrati (DGP) model (Dvali et al. 2000)
assumes that our Universe is described by a five-dimensional
bulk, while the visible matter component is confined to the four-
dimensional brane described by the Minkowski metric, . This
model’s action is

C4

S =
1671'65

C4

1671'GN

fdsx\/—_yR5+f d4x\/—_g( R+-£m)’
M oM

(22)

where G5 and Gy are the five- and four-dimensional New-
ton’s constants, respectively, and £, is the matter Lagrangian.
At small scales, four-dimensional gravity is recovered due to
an intrinsic Einstein-Hilbert term sourced by brane curvature
causing a gravitational force that scales as 2, while, at large
scales, the gravity behaves as a five-dimensional force. The
transition between the five-dimensional modifications and the
four-dimensional gravity is given by the cross-over scale, r, =
Gs/(2Gn), from which we construct the dimensionless parame-
ter Q.. = 2/ (4r§H§). The modified Friedmann equation on the
brane (Deffayet 2001) becomes

H 8nG
H?>=2c—+ d N,[).
e 3

(23)

The model we investigate in this paper is the normal branch
with the — sign (Bowcock et al. 2000) characterised by a ACDM
background achieved by introducing an additional dark energy
contribution with an appropriate equation-of-state (Schmidt
2009),

Pae(@) = peco (Qn + 2V VO + Qua™? ),

where pg is the critical density. The observational constraints
on the model require the cross-over scale, r., to be larger than
the size of the horizon H; ! today. For example, Solar System
constraints require r.Hy > 1.6 (Battat et al. 2008), and galaxy
clustering in the BOSS survey constraints r.Hy 2 4.5 (Piga et al.
2023).

(24)

2.2.2. f(R) gravity

The f(R) theory of gravity (Buchdahl 1970) is characterised by

the following action:

§=—¢
167 GN

f d'x V=g [R+ f(B)], (25)
where g,,, is the metric tensor and f(R) is a functional form of
the Ricci scalar, R. Here, we consider the Hu—Sawicki model
(Hu & Sawicki 2007) with n = 1, where in the limit of fz =
df/dR <« 1 we have

H; Ro
J(R) = —6Qx — + | frol = » (26)
c R
where fro is the free parameter of the model, R, is the Ricci
scalar evaluated at background at present time, H is the Hubble
constant, and Q, is the energy-density parameter of the cosmo-
logical constant. |fgo| characterises the magnitude of the devia-
tion from ACDM, with smaller values corresponding to weaker
departures from general relativity until we recover ACDM in

the limit of frg — 0, but for the small |fgo| values still allowed
by observations, the background expansion history approximates
that of ACDM and

_ Hj Q
Ro=3Qn— (1 + 4—A), 27)
c

Qn

with the matter energy density parameter Q,, = 1 — Q. How-
ever, though the background expansion could mimic that of a
cosmological-constant model, it still differs at the level of cos-
mological perturbations where the growth of structure is driven
by a modification of gravity following the above adopted model
of f(R).

The observational constraints on the model parameter |fxol
vary from |fgo| < 107 in the Solar System, |fzo| < 1078 from
galaxy scales (Burrage et al. 2024) to |frol < 107°-10~* from
various cosmological probes (see, e.g., Fig. 28 in Koyama 2016,
for a summary). The parameter values of the simulations pre-
sented in this paper are similar to the current cosmological con-
straints.

2.3. Massive relativistic neutrinos

Neutrinos are mainly characterised by two properties: their mass,
M,, and the number of neutrino species, N.g. More in general,
N parametrises the contribution of relativistic species to the
background density of radiation, p,, as

7(4\*?
1+§(ﬁ) Neff]Py,

where p, is the photon background density. In the standard
model, Ng is expected to be ~3.045 (Cielo et al. 2023) for three
families of active neutrinos that thermalised in the early Uni-
verse and decoupled well before electron-positron annihilation.
The calculation of N, involves the complete treatment of neu-
trino decoupling, which incorporates non-instantaneous decou-
pling. A deviation from the fiducial value serves to account for
the presence of non-standard neutrino features, or additional rel-
ativistic relics contributing to the energy budget (Mangano et al.
2002). Here we focus on standard neutrino families only.

In addition, oscillation experiments (Maltoni et al. 2004;
Kajita 2016) showed that at least two neutrinos are massive by
measuring two squared-mass differences. It can be shown that
the minimum value of the neutrino mass sum is either 0.06 eV
in the normal or 0.10eV in the inverted hierarchy. This value
can be well constrained through cosmological observations since
neutrinos are known to impact the expansion history and sup-
press the clustering of cold dark matter, which can be observed
in the large-scale distribution of galaxies (Sakr 2022). Neutri-
nos with mass <0.6eV become non-relativistic after the epoch
of recombination probed by the CMB, and this mechanism
allows massive neutrinos to alter the matter-radiation equality
for a fixed Quh* (Lesgourgues & Pastor 2006). Massive neu-
trinos act as non-relativistic particles on scales k > k, =
0.018(m,/1eV)V/ 2911n/2 Kt Mpc, where k;, is the wavenumber
corresponding to the Hubble horizon size at the epoch z,, when
the given neutrino species becomes non-relativistic following

I+ 2z = 1900({:—{,), Q, is the matter density parameter, and

pr = (28)

h = Hy/100 kms~! Mpc~'. The large velocity dispersion of non-
relativistic neutrinos suppresses the formation of neutrino per-
turbations in a way that depends on m, and redshift z, leaving an
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imprint on the matter power spectrum at scales k > kg(z), with

0.82H(z) ( m,
ks = s

Ho(1 +2)? \1eV
where neutrinos cannot cluster and do not contribute to the
gravitational potential wells produced by cold dark matter and
baryons (Takada et al. 2006; Lesgourgues & Pastor 2006). This

modifies the shape of the matter power spectrum and the corre-
lation function on these scales.

) hMpc, (29)

2.4. Primordial non-Gaussianities

The simplest inflation models predict that primordial curva-
ture perturbations follow a distribution that is close to Gaussian
(Maldacena 2003; Creminelli & Zaldarriaga 2004). However,
there are many alternative inflation models that predict cer-
tain amounts of primordial non-Gaussianity (PNG). One of
the simplest cases is that of the so-called local primordial
non-Gaussianities (Salopek & Bond 1990; Komatsu & Spergel
2001). For this case, the primordial potential ¢ is given by

B(X) = p6(X) + (@ (x) — (7 (X)), (30)

where ¢g(x) is the Gaussian potential, while ¢ is the non-
Gaussian potential. f#’fal measures the level of deviations from
Gaussianity.

The perturbations in the primordial potential produce pertur-
bations in the density field and they are related through Poisson’s
equation. Therefore, in Fourier space, the density field is given
by

o(k,z) = a(k,z2) ¢k, 2), (€28)
where

2
k) = 2D 90 o (32)

3Qm H? 9(zra)

T (k) is the transfer function normalised at T(k — 0) = 1, and
D(z) is the growth factor normalised at D(z = 0) = 1. The fac-
tor g(0)/g(zraa), Where g(z) = (1 + z)D(z), takes into account the
difference between our normalisation of D(z) and the early-time
normalisation where D(z) oc 1/(1 + z) during matter-domination.
This factor is % ~ 1.3, with a small dependency on the cos-
mology.

This type of non-Gaussianity characteristically affects the
clustering of biased tracers, inducing a scale-dependent bias
(Dalal et al. 2008; Slosar et al. 2008; Matarrese & Verde 2008).

To linear order, the power spectrum of galaxies can be given as

by S
ak,z)

where Py;(k, z) is the power spectrum of the tracer, Py m(k, z) is
the power spectrum of the matter, b, is the linear bias, and by is
the response of the tracer to the presence of the local-PNG. Now,
Py (k, z) has a dependency with k which scales as k=2 at leading
order due to the a(k, z) term. The by is usually parametrised as

by = 26.(by - p). (34)

Although it is possible to make a theoretical prediction for
p (by assuming a universal mass function, p = 1, Dalal et al.
2008), several studies using numerical simulations have shown
that the prediction may be different depending on the type
of galaxy or tracer under consideration (Slosaretal. 2008;
Desjacques et al. 2009; Hamaus et al. 2011; Biagetti et al. 2017,
Barreira et al. 2020; Gutiérrez Adame et al. 2024).

2
Py(k,2) = b1 + } Prnm(k, 2), (33)
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3. Simulations

This section summarises the simulations used for this project and
gives a very brief description of each setup. The analysed sim-
ulations followed the evolution of the matter field with discrete
N-body method in the models described in Sect. 2. Baryonic and
hydrodynamical effects are neglected in this paper. For a com-
prehensive description of each of the simulation suites, we refer
the reader to the main references given in Table 1 along with
the volumes, resolutions, initial redshifts, and the used order
of the Lagrangian perturbation theory (LPT) during the initial-
condition generation.

3.1. The CoMpPLEMENTARY Simulations

The COMPLEMENTARY simulation series is a set of 4 cosmologi-
cal N-body simulations in wCDM and ACDM cosmologies. This
suite used the complementary-simulation method (Récz et al.
2023), which is a novel technique in which cosmological N-body
simulations are run in phase-shifted matching pairs. One simu-
lation starts from a regular random Gaussian initial condition,
while the second simulation has modified initial amplitudes of
the Fourier modes to ensure that the average power spectrum
of the pair is equal to the cosmic mean power spectrum from
linear theory at the initial time. The average statistical proper-
ties of a pair of such simulations have greatly suppressed vari-
ance. In this paper, we have analysed two complementary pairs
using ACDM and wCDM cosmologies. The ACDM simula-
tion pair used the best-fit Planck2018 (Planck Collaboration VI
2020) cosmological parameters: Q;, = 1 — Qx = 0.3111,

Qp = 0.04897, Hy = 67.66kms™! Mpc‘l, ny = 0.9665, and
og = 0.8102. The wCDM pair had the following parameters:
wy = —1.04, Q, = 03096, Q, = 0.04899, Q4. = 0.6904,

Hy = 67.66kms™! Mpc_l, ng = 0.9331, and og = 0.8438.
The cosmological simulations of this series were run using the
cosmological N-body code GIZMO (Hopkins 2015). All simula-
tions in the series contained 2160° dark matter particles in a
(1.5h7' Gpc)® volume, with & = 13.8 4~! kpc softening length.
The initial conditions (ICs) were generated by a modified ver-
sion of the N-GenIC code (Springel 2015) by using the Zel-
dovich approximation and initial linear power spectra from the
Boltzmann code CAMB (Lewis & Challinor 2011). The simula-
tions started from redshift z;,; = 127, with a total of 48 output
times. In this project, 31 particle snapshots were analysed in the
0.5 < z £ 2.0 redshift range for each simulation.

3.2. The DEMNUNI simulation suite

The ‘Dark Energy and Massive Neutrino Universe’ (DEMNUNI)
simulations (Carbone et al. 2016; Parimbelli et al. 2022) have
been produced with the aim of investigating the LSS in the pres-
ence of massive neutrinos and dynamical dark energy, and they
were conceived for the non-linear analysis and modelling of dif-
ferent probes, including dark matter, halo, and galaxy clustering
(see Castorina et al. 2015; Zennaro et al. 2018; Parimbelli et al.
2022; Gouyou Beauchamps et al. 2024), weak lensing, CMB
lensing, Sunyaev-Zeldovich, and integrated Sachs-Wolfe (ISW)
effects (Roncarelli et al. 2015; Carbone et al. 2016), cosmic void
statistics (Kreisch et al. 2019), and cross-correlations among
these probes (Cuozzo et al. 2024). The DEMNUNI simulations
were run using the tree particle mesh-smoothed particle hydro-
dynamics (TreePM-SPH) code p-GADGET3 (Springel 2005),
specifically modified as in Viel etal. (2010) to account for
the presence of massive neutrinos. This modified version of
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Table 1. Overview of the simulation suites analysed for this project.

Name/Reference Code Ngm L[h! Gpc] Nom  mpm [F' Mol zimie LPT order Model

COMPLEMENTARY  GIZMO 2 1.5 2160° 2.89x 100 127 ILPT ACDM

1 2 1.5 2160°  2.88x 100 wCDM

DEMNUNI p-GADGET3 100 1.0 10243 8 x 10'° 99 ILPT ACDM+m,
p-GADGET3 15 2.0 20483 8 x 10'° CPL + m,

2 p-GADGET3 2 0.5 20483 1.25 x 10° ACDM+m,

RAYGAL RAMSES 1 2.625 4096°  1.88x 10" 49 2LPT ACDM

3 1 2.625 4096 2.0x 100 wCDM

ELEPHANT ECOSMOG 11 1.024 1024°>  8.85x 100 49 2LPT ACDM

4 11 1.024 1024%  8.85x 10" nDGP

COLA HIRES MG-COLA 5 1.024 2048 1.07x10'° 127 2LPT nDGP

5 2 1.024 2048%  1.07x10'° ACDM

DUSTGRAIN MG-GADGET 3 2.0 2048%  8.27 x 100 99 ILPT nDGP

6 11 0.75 7683 8.1 x 10" F(R) +m,

CIDER c-GADGET 4 1.0 10243 8.1 x 10" 99 2LPT cDE

7

DAKAR (1&2) c-GADGET 5 1.0 10243 8.1 x 10" 99 1ILPT DS

8

CLUSTERING DE  k-evolution 1 2.0 24003 4.2 %100 100 1ILPT woc2CDM

9,10 1 2.0 12003 3.3 x 10" woc2CDM

FORGE MG-Arepo 100 0.5 10243 ~10'0 127 2LPT ACDM

11 98 0.5 10243 ~10'0 f(R)

BRIDGE MG-Arepo 98 0.5 10243 ~10'0 127 2LPT nDGP

12

PNG-UNIT GADGET-2 1 1.0 40963 1.2x10° 99 2LPT PNG

13

Notes. All simulations were dark matter only, except the CIDER and DAKAR?2 suites, which used a two-component collisionless approximation
to follow the baryonic and dark matter components separately. Hydrodynamic simulations were not analysed in this project. (1) Racz et al. (2023);
(2) Carbone et al. (2016); (3) Rasera et al. (2022); (4) Cautun et al. (2018); (5) Fiorini et al. (2023); (6) Giocoli et al. (2018); (7) Baldi (2023); (8)
Baldi & Simpson (2017); (9) Hassani et al. (2019); (10) Hassani et al. (2020); (11) Arnold et al. (2021); (12) Harnois-Déraps et al. (2023); (13)

Gutiérrez Adame et al. (2024).

p-GADGET3 follows the evolution of CDM and neutrino parti-
cles, treating them as two distinct collisionless components. The
reference cosmological parameters were chosen to be close to
the baseline Planck 2013 cosmology (Planck Collaboration XVI
2014): Q, = 0.05, Q, = 032, Hy = 67.0kms™' Mpc™!,
ng = 0.96, and A, = 2.127 x 107°. Given these values, the
reference (i.e. the massless neutrino case) CDM-particle mass
resolution is ngM = 827 x 10" h~! M, which is decreased
according to the mass of neutrino particles, in order to keep
the same €, among all the DEMNUNI simulations. In fact,
massive neutrinos are assumed to come as a particle compo-
nent in a three-mass-degenerate scenario, therefore, to keep Qp,
fixed, an increase in the massive neutrino density fraction yields
a decrease in the CDM density fraction. The DEMNUNI sim-
ulations balance mass resolution and volume to include per-
turbations at both large and small scales. The simulations are
characterised by a softening length of & = 20 ™! kpc, a comov-
ing volume of 8 =3 Gpc? filled with 20483 dark matter particles
and, when present, 20483 neutrino particles. The simulations
are initialised at zj,; = 99 with Zeldovich initial conditions.
The initial power spectrum is rescaled to the initial redshift via
the rescaling method developed in Zennaro et al. (2017). Initial
conditions are then generated with a modified version of the
N-GenIC software, assuming Rayleigh random amplitudes and
uniform random phases.

3.3. The RavcAL simulations

The RAYGAL simulations (Breton et al. 2019; Rasera et al. 2022)
are a set of two dark-matter only simulations in wCDM and
ACDM cosmologies. The simulations were performed with
the adaptive-mesh refinement (AMR) N-body code RAMSES
(Teyssier 2002; Guillet & Teyssier 2011). These simulations
have a box size of 2625h~! Mpc for 4096° particles, which
results in a smoothing scale of 54 'kpc at the maximum
refinement level. Both simulations share the parameters Hy =
72.0km s_lMpC*I, ng = 0963, Q, = 0.04356 and Q, =
8.076 x 1073, The flat ACDM simulation has a WMAP7 cosmol-
ogy (Komatsu et al. 2011): Q,, = 0.25733, and og = 0.80101,
while the flat wCDM simulation is consistent at the lo-level
with a WMAP7 cosmology with Q;, = 0.27508, o = 0.85205,
and w = -1.2. In both cases, Gaussian initial conditions
are generated using a modified version of the code MPGRAFIC
(Prunet et al. 2008) with the displacement field computed using
second-order Lagrangian perturbation theory (2LPT) to min-
imise the effect of transients (Crocce et al. 2006). The initial red-
shift has been set to zjpir ~ 46 such as to ensure that the maximum
displacement is of the order of one coarse cell. Such a late start
guarantees smaller discreteness errors (see Michaux et al. 2021,
for more details). For the present work, we focus on the snap-
shots at z = 0, 1, and 2.
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3.4. The ELepHANT simulation suite

The Extended LEnsing PHysics using ANalaytic ray Tracing
(ELEPHANT) cosmological simulation suite was run using the
ECOSMOG simulation code (Li et al. 2012, 2013b; Barreira et al.
2015; Boseetal. 2017), which is based on the dark mat-
ter and hydrodynamic AMR simulation code RAMSES and
includes various types of modified gravity models (e.g. Li et al.
2012; Braxetal. 2012, 2013; Lietal. 2013b,a; Becker et al.
2020). It is particularly designed to solve for a non-linear
scalar field using AMR. New simulations were run for the
purpose of testing the effective field theory of large-scale
structure (EFTofLSS) pipeline for spectroscopic galaxy cluster-
ing (Cautun et al. 2018; Fiorini et al. 2021; Casas et al. 2023;
Euclid Collaboration: Koyama et al. 2024). For this purpose, 11
simulations were carried out using the Euclid reference cosmol-
ogy without massive neutrinos for ACDM and the nDGP model
(Table 2 of Euclid Collaboration: Knabenhans et al. 2021). The
cosmological parameters of the ACDM simulations are: Q;, =
0.319, Q, = 0.049, Q) = 0.681, Hy = 67.0kms 'Mpc~!,
A = 2.1 x 107, and n, = 0.96. The nDGP simulations used
the same parameters as the ACDM simulations with the cross-
over scale r. = 1.2 ¢/Hy. All of the simulations in this simula-
tion suite had a box size of 1024 h~! Mpc and 10243 particles.
The initial conditions were generated at zj,;z = 49 with 2LPT
using the FML code® with fixed initial amplitudes. The phases
of 10 realisations were extracted with different random seeds,
while one realisation shares the same random seed as one of
the other simulations, but with opposite phases to have a single
paired-and-fixed simulation pair with suppressed cosmic vari-
ance (Angulo & Pontzen 2016). Output redshifts were selected
from the Euclid Collaboration forecast paper for galaxy cluster-
ing (Euclid Collaboration: Blanchard et al. 2020, z = 1.0, 1.2,
1.4 and 1.65).

3.5. The COLA HIRES simulations

This simulation series contains overall seven simulations in
ACDM and nDGP cosmologies that were run with MG-COLA, a
modified gravity extension of the COmoving Lagrangian Accel-
eration (COLA) algorithm as implemented in the FML code. The
COLA method uses a combination of analytic 2LPT displace-
ment and particle mesh (PM) simulations to perform fast approx-
imate simulations (Tassev et al. 2013). These techniques are
extended to modified-gravity models using approximate screen-
ing methods to preserve the speed advantage of COLA simu-
lations (Winther et al. 2017). The downside of PM simulations
is that the internal structure of dark matter haloes is not well
resolved due to limited resolution. This has an important impli-
cation for dark matter halo statistics. To mitigate this problem,
the COLA simulations were run with an increased mass resolu-
tion (Fiorini et al. 2023). All simulations in this suite have a box
size of 1024 h~! Mpc, with 20483 particles. The base cosmolog-
ical parameters of the simulations are the Planck 2015 parame-
ters (Planck Collaboration XIII 2016): Q,, = 1 — Q4 = 0.3089,
Q, = 0.0486, Hy = 67.74km s Mpc_l, nyg = 0.9667, and
og = 0.8159. This simulation series focusses on nDGP gravity
and tested four cases: r. = {0.5, 1, 2, 5} ¢/Hy. The series con-
tains paired-and-fixed simulations (Angulo & Pontzen 2016) to
suppress cosmic variance in ACDM and in the nDGP model for
r. = 1c/Hy, while for the others they were only run for a sin-
gle fixed amplitude realisation. The initial conditions were gen-
erated at zix = 127 using 2LPT. Full particle snapshots were
stored at four redshift values, z = 1.0, 1.2, 1.4, and 1.65, moti-

2 Qnhttps://github.com/HAWinther/FML
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vated by the expected Ha-emitters redshifts in the Euclid spec-
troscopic survey (Euclid Collaboration: Blanchard et al. 2020).

3.6. The DUSTGRAIN and DUSTGRAIN-PF simulations

The DUSTGRAIN (Dark Universe Simulations to Test GRAv-
ity In the presence of Neutrinos) project is an initiative aimed
at investigating the degeneracy between f(R) gravity and mas-
sive neutrinos at the level of non-linear cosmological observ-
ables, which was first pointed out in Baldi et al. (2014). More
specifically, the project includes two suites of cosmologi-
cal dark-matter-only simulations named the DUSTGRAIN-
pathfinder (DUSTGRAIN-PF, Giocolietal. 2018) and the
DUSTGRAIN-fullscale simulations that have been run by join-
ing the MG-GADGET (Puchwein etal. 2013) solver for f(R)
gravity and the massive neutrinos implementation (Viel et al.
2010) available within the p-GADGET3 code. The former has
been described and validated in Winther et al. (2015) and
Euclid Collaboration: Adamek et al. (2025), while the latter has
been compared with other methods in Adamek et al. (2023).

The DUSTGRAIN-PF simulations have been developed to
sample the joint (fro,m,) parameter space to identify the most
degenerate combinations of parameters with respect to some
basic LSS statistics. These include the non-linear matter power
spectrum, the halo mass function, weak-lensing-convergence
power spectrum, various higher-order statistics, cosmic voids,
velocity fields (see Peel et al. 2018, 2019; Merten et al. 2019;
Contarini et al. 2021; Garcia-Farieta et al. 2019; Hagstotz et al.
2019a,b; Boyle et al. 2021). This series includes in total 13 sim-
ulations in f(R) + m, cosmology, plus an additional suite of
12 standard ACDM simulations for varying one single standard
cosmological parameter at a time that have been specifically
run for the Higher-Order Weak Lensing Statistics (HOWLS)
project (Euclid Collaboration: Ajani et al. 2023). These simula-
tions have a box size of 750 ~~! Mpc per side, used a softening
length of & = 20h 'kpc, and include (2x)768% particles (for
the CDM and neutrinos components). The cosmological param-
eters (for the reference ACDM cosmology with massless neu-
trinos) have been set to Q,, = 1 — Q, = 0.31345, og = 0.842,
Hy=67.31km s Mpc‘l, ns = 0.9658, and the total matter den-
sity has been kept constant when varying the neutrino mass. Full
snapshots have been stored at 34 output times between z = 99
(corresponding to the starting redshift of the simulation) and
z=0.

The DUSTGRAIN-fullscale simulations include only three
runs (a reference ACDM cosmology and two f(R) gravity mod-
els with fzo = —107> and different values of the total neutrino
mass, namely m, = {0.1, 0.16} eV) simulated in a 8h3 Gpc3
volume containing (2x)2048> particles. In order to allow for
a direct comparison with the DEMNUNI simulations described
above, and to produce an extension to the latter for f(R) gravity
with massive neutrino cosmologies, the DUSTGRAIN-fullscale
simulations share the same initial conditions with DEMNUNI
for each of the values of the neutrino mass. Therefore, the two
sets of simulations have the same statistical realisations of the
Universe and identical cosmological parameters. Full snapshots
have been stored for 73 output times between z = 99 (i.e. the
initial conditions) and z = O.

3.7. The CIDER simulations

The Constrained Interacting Dark EneRgy scenario (or CIDER,
Barros 2019) is a particular type of coupled Quintessence models
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characterised by a background cosmic expansion that is fixed
by construction to be identical to a standard ACDM cosmol-
ogy. As is discussed in Sect. 2.1.4, this implies refraining from
choosing a priori any specific functional form for the scalar self-
interaction potential and letting the dynamic evolution of the
field sample the potential shape required to match the imposed
expansion history. The main feature of the CIDER models is
that they show a suppressed growth of structures compared
to a standard ACDM model with the same expansion history,
thereby possibly easing the og tension without further exac-
erbating the tension on Hj. For these reasons, the model has
received some attention even though — at least in its original
form — it may already be quite tightly constrained by CMB
observations (Barros et al. 2023). The CIDER simulations have
been run with the c-GADGET code (Baldi et al. 2010, see also
Euclid Collaboration: Adamek et al. 2025) that implements all
the relevant features of interacting dark energy models, and
includes three values of the coupling 8 = 0.03, 0.05, 0.08 besides
a reference ACDM cosmology corresponding to the case 8 = 0.
All simulations clearly share the same expansion history, consis-
tent with the following cosmological parameters: Q,, = 1-Q, =
0311, @, = 0.049, Hy = 67.7kms 'Mpc™!, n;, = 0.9665,
Ay = 1.992 x 107, corresponding to a value of og = 0.788
at z = 0 in the reference ACDM model. The simulations follow
the evolution of 2 x 10243 particles for the (coupled) dark matter
and (uncoupled) baryon components in a cosmological volume
of 1h~3Gpc?® with a softening length of & = 25k~ kpc. The
baryonic species are treated as a separate family of collisionless
particles, in other words, neither hydrodynamic forces nor radia-
tive processes are considered in the simulations, and its inclusion
is required in order to consistently represent the effects of the
non-universal coupling characterising these models. Therefore,
baryonic particles will interact with other massive particles
according to standard Newtonian forces, while the interaction
between pairs of CDM particles will be governed by an effec-

tive gravitational constant G.g = Gy [1 + (4/3)ﬁ2] (see e.g.

Amendola 2004; Baldi et al. 2010). Full snapshots have been
stored for 25 output times between z = 99 and z = 0.

3.8. The DAKAR and DAKAR2 simulations

The dark scattering (DS) scenario (Simpson 2010) is another
particular class of coupled Quintessence models where a non-
universal interaction between dark matter particles and a classi-
cal scalar field playing the role of dark energy is characterised
by a pure momentum exchange between the two species, with
no transfer of rest-frame energy (see e.g. Pourtsidou et al. 2013;
Skordis et al. 2015). In this respect, this interaction resembles
a process of elastic scattering of massive particles (i.e. the dark
matter) moving in a homogeneous fluid with an equation-of-state
parameter, w (i.e. the dark energy field), which can be simulated
by introducing a velocity-dependent force acting on dark mat-
ter particles that will depend on the evolution of the dark energy
equation-of-state parameter, w, and on the cross-section, -, char-
acterising the interaction strength (Baldi & Simpson 2015).

The DAKAR (Baldi & Simpson 2017) and DAKAR?2 simu-
lations have been run with the c-GADGET code and cover various
combinations of the shape of w(z), including the CPL parametri-
sation given by Eq. (1) and hyperbolic tangent shapes, and of
the cross-section, o, giving rise to a diverse phenomenology at
both linear and non-linear scales. In particular, DS models have
been shown to suppress the linear growth of perturbations for
equation-of-state parameters w > —1 (Pourtsidou & Tram 2016;

Bose et al. 2018; Carrilho et al. 2022), thereby possibly address-
ing the og tension, but such suppression is typically paired with a
substantial enhancement of structure growth at deeply non-linear
scales.

The DAKAR simulations are subject to the approximation
of considering the entirety of matter in the Universe is in the
form of dark matter, thereby slightly overestimating the effect of
the interaction as well as not capturing the segregation effects
between dark matter and baryons due to the non-universality
of the coupling. These have been run for a cosmology with
Qn=1-Q) =0.308, Hy = 67.8kms™! Mpc™!, n, = 0.966,
Ay = 2215 x 107, in a simulation box with a volume of
1 h=3 Gpc? filled with 10243 dark matter particles and using a
softening length of & = 124~ kpc.

The DAKAR?2 simulations, instead, share the same cosmol-
ogy and the same statistical realisation as the CIDER simulations
described above (i.e. the two sets of simulations share exactly the
same reference ACDM run) and include collisionless baryons
as a separate family of uncoupled particles, thereby consistently
capturing the non-universality of the DS interaction. As for the
CIDER simulations, a collection of 25 full snapshots for red-
shifts between z = 99 and z = 0 has been stored.

3.9. The CLustering DE simulations

The CLUSTERING DARK ENERGY simulations are run using the
k-evolution code, a relativistic N-body code (Hassani et al.
2019, 2020) based on gevolution-1.2 (Adamek et al. 2016).
In k-evolution, the field equations for k-essence type theo-
ries (Eq. 2) are solved using the effective field theory (EFT)
framework. We have two free parameters in the EFT framework
of these theories: the equation-of-state parameter, w(7), appear-
ing at the background level and kineticity, ak(7), at the pertur-
bation level. In the fluid picture of these theories, the relevant
parameters are the speed of sound, c¢(7), and the equation-of-
state parameter, w(t), which in general are time-dependent. The
term ‘clustering dark energy’ refers to the fact that these theories
include a sound-horizon scale, beyond which scalar-field pertur-
bations can grow. In the analysed simulations, constant wy and
c? are used, with cosmological parameters based on the Euclid
reference cosmology (Euclid Collaboration: Knabenhans et al.
2021). The suite contains one ACDM simulation and four
clustering dark energy simulations: (wp, ¢?) = (=0.9,1c?),
(=0.9,107* ¢?), (=0.9, 1077 ¢?), and (-0.8, 1077 ¢?). In these sim-
ulations, the box size was set to 2/2~! Gpc with N = 1200° par-
ticles. Moreover, two sets of simulations with different resolu-
tions were considered to study the convergence of the results.
In this high-resolution simulation set, the box size was set to
2h7' Gpe with N = Ngig = 2400°. In this series, the particle
snapshots were saved in GADGET-2 format at five different red-
shifts z € {2,1.5,1,0.5, 0}.

3.10. The FORGE and BRIDGE simulation suites

The FORGE simulation suite (Arnold et al. 2021) is a set of 198
dark matter only simulations for f(R) gravity and ACDM run
with the Arepo cosmological simulation code (Springel 2010;
Weinberger et al. 2020) using its MG module (Arnold et al.
2019). The simulations explore the cosmological and f(R)
parameter space spanned by Q, (Qx = 1 — Qn), A, os, and
fro through 50 combinations (nodes) of these parameters sam-
pled in a Latin-hypercube. All other cosmological parameters
are fixed to a Planck cosmology (n; = 0.9652, Q, = 0.049199,
Planck Collaboration VI 2020). For each node, FORGE consists
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of a pair of large box simulations with 5123 particles in a
1.5 7! Gpc side-length box and a pair of high-resolution runs
with 10243 particles in a 500 4~ Mpc box. For each pair, the
initial conditions were chosen such that the large-scale vari-
ance in the 3D matter power spectrum approximately cancels
when averaged over the two simulations (see Arnold et al. 2021;
Ruan et al. 2024; Harnois-Déraps et al. 2023, for further details
and some applications of these simulations). All simulations in
this suite started from zj,;; = 127, with initial conditions gener-
ated using the 2LPTic (Crocce et al. 2006) code.

The BRIDGE simulation suite (Harnois-Déraps et al. 2023)
uses the same base setup and ICs as FORGE, but for
the nDGP gravity model implemented into the Arepo code
(Herndndez-Aguayo et al. 2021). Accordingly, instead of vary-

ing the fro parameter, the nDGP parameter, Hyr. is varied to
explore the cosmological parameter space, with all the other
parameters identical to those in FORGE for corresponding
nodes.

The fact that the FORGE and BRIDGE simulations have
the same cosmological parameters, node by node, allows a third
suite of simulations to be done as a control set to quantify the
effect of modified gravity and how it correlates to the effect of
varying cosmological parameters. This additional suite of sim-
ulations, FORGE-ACDM, uses the same setup but runs for the
ACDM counterparts of the corresponding f(R) and nDGP mod-
els.

As the FORGE, FORGE-ACDM, and BRIDGE simulations
have different cosmologies, the mass resolution differs amongst
them. In Table 1, we thus quoted an order of magnitude for the
mass resolution.

3.11. The PNG-UNIT simulation

The PNG-UNIT (Gutiérrez Adame et al. 2024) is a twin of one
of the existing UNITsims (Universe N-body simulations for
the Investigation of Theoretical models, Chuang et al. 2019),
but with local primordial non-Gaussianities given by fy. =
100. The simulation assumes the following ACDM parameters:
Qn =1 -Qy = 03089, Hy = 67.74kms™ Mpc™!, n, =
0.9667, o5 = 0.8147. It consists of N = 40963 particles
in L = 1h7!'Gpc evolved with L-GADGET, which is a ver-
sion of GADGET-2 optimised for massive parallelisation, using
a tree-PM algorithm with a softening length of & = 64 ! kpc.
The initial conditions are run with the 2LPT implementation
in the FastPM (Fengetal. 2016) code at z = 99. Both the
UNIT and PNG-UNIT are run with fixed initial conditions
(Angulo & Pontzen 2016), which set the amplitude of the ICs
to their expected value. Whereas there are four UNIT simu-
lations in two sets of pairs (within each pair, each simulation
has the inverted phases one with respect to another, follow-
ing Angulo & Pontzen 2016), we only have one simulation for
the PNG-UNIT. The PNG-UNITsim is run with the phases of
the ICs matched to one of the UNITsims, which is labelled in
the databases as ‘Ampll’. The usage of fixed ICs with local
PNG was validated in Avila & Adame (2023), where it was also
shown how to increment the precision of the statistics measured
from matched simulations. Overall, 129 snapshots were stored
during the simulation, and 32 in the 0.5 < z < 2.0 range.

4. Analysis

We have developed a cosmological analysis pipeline to gener-
ate mock observables from non-standard cosmological simula-
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tions in a consistent and rapid way. The pipeline is a SLURM?
script that runs in parallel on multiple nodes on the machines
where the simulations are stored. The pipeline consists of sev-
eral modules that can be activated or deactivated independently.
The modules are controlled by a configuration file that specifies
the input and output parameters, as well as the options for each
module. The input of the pipeline is the particle snapshots of
the non-standard cosmological simulations. The supported input
formats are GADGET binary and Hierarchical Data Format ver-
sion 5 (HDFS5, Springel 2005), Arepo HDF5 (Weinberger et al.
2020), RAMSES HDF5 format from RAYGAL (Roy et al. 2014;
Rasera et al. 2022), and GIZMO HDF5 (Hopkins 2015). The main
steps of the analysis are summarised in Fig. 1. In this section, we
describe the quantities generated by this pipeline.

4.1. Dark matter density field

The pipeline uses nbodykit (Hand etal. 2018) to read and
analyse the dark matter particle data of the input-simulation
snapshots. This Python package is an open-source, massively
parallel toolkit that provides a set of LSS algorithms useful in
the analysis of cosmological data sets from N-body simulations
and observational surveys. During the dark matter density-field
analysis, nbodykit generates a reconstructed density field from
the input-particle distribution with the triangular-shaped-cloud
(TSC) density-assignment function. We chose to use a

Negia = 2l1oorloga(Yur) -1} (35)

linear grid size for every analysed snapshot, where Ny, is the
number of stored particles in the snapshot. With this choice,
there will always be at least eight particles on average in each
cubic density cell. The reconstructed density fields were saved
in bigfile format (Feng et al. 2017) for future analysis.

4.1.1. Real-space power spectrum

The real-space matter power spectrum is defined via

(3(k)5*(K')y = 21)° P(k) 65 (k — k), (36)

where 5(k) is the Fourier-transform of the matter overdensity
field

sy = POy,
)

(37
and k is the wavevector. We estimated the power spectrum using
nbodykit. The density field was created by binning the parti-
cles into a grid using a TSC-density-assignment function, with
the linear-grid size defined in Eq. (35). The density field was
Fourier-transformed and the power spectrum was computed by
binning |6(k)|?, deconvolving the window function and subtract-
ing shot noise. We also used the interlacing technique to reduce
aliasing (Sefusatti et al. 2016). The bin size of the power spec-
trum was set to

2
Ak =k = =5,

box

(3%)

where k¢ is the fundamental wavenumber, and Ly is the linear
size of the simulation. The pipeline saves the power spectrum of
every calculated bin below the

k 7N, grid
Ny =
Lbox

3 https://slurm.schedmd.com/

(39)



https://slurm.schedmd.com/

Euclid Collaboration: A&A, 695, A232 (2025)

Halo power
spectrum Gaussian
covariances

T

Gaussian covariance
calculator

Halo bias table

T

\4

Legend
Binary ASCII )
data file data file Analysis module
VIDE void
VIDE void finder > Vol

catalogue

Reconstructed
DM density
field

estimator

Linear halo bias

Real-space Redshift-

DM power
spectrum

T

DM power spectrum
calculator

T

spectrum

Rockstar Halo
catalogue

space DM power

Real-space
halo power
spectrum

Redshift-
space halo power
spectrum

Reconstructed
halo density
field

Halo power spectrum
calculator

Linear DM
power spectrum Rockstar halo

finder

Halo Mass
Function

Halo Mass Function
calculator

Simulation
particle snapshot

BGC2

Cosmological halo particle

parameters
Input data

Halo
density profile
HDFS5 files

Halo density profile
calculator

Fig. 1. Flowchart summarising the main steps of the analysis pipeline. In the first step, the pipeline executes the Rockstar halo finder to generate
the halo catalogues and additional BGC2 particle data containing all relevant information for the halo profile calculation. Then, the 2D and 3D halo
profiles, the halo mass function, and void catalogues are calculated by the corresponding modules. The real- and redshift-space halo power spectra
and the triangular shaped cloud (TSC) reconstructed halo density fields on a regular cubic grid are computed for a predefined mass bin. After this,
the dark matter power spectrum calculator module computes the real- and redshift-space dark matter power spectra with the reconstructed TSC
dark matter density field. By using the real-space dark matter and halo power spectra, the linear-halo-bias estimator module calculates the halo-bias
table using only the linear scales. Finally, by using this halo-bias table, the linear matter power spectrum, and the cosmological parameters, the
halo redshift-space power spectrum Gaussian covariances are computed. This process is repeated for all selected particle snapshots.

Nyquist wavenumber with the number of modes into a simple
ASCII format file.

4.1.2. Redshift-space power spectrum

The real-space matter power spectrum is not directly mea-
surable in galaxy surveys because we cannot probe the real-
space positions of galaxies. What we can directly measure
is the redshift-space power spectrum P*(k,u) where u
i os - k and fi s is a unit vector in the line-of-sight (LOS)
direction. This can be expanded in multipoles, P°(k, )
Yo Py(k)Le(u), where L(u) are the Legendre polynomials.
The multipoles are then computed from the redshift-space power
spectrum as

20+ 1
2

1
Pt = 25— [ Ptk L (40)

We computed the redshift-space power spectrum in 25 y bins and
the redshift-space multipoles (the monopole Py, the quadrupole
P,, and the hexadecapole P4) using nbodykit from the input
dark matter density field. For this, we used the distant-observer
approximation

v;

si=r;+ (flLos . aTI) - fiLos, 41

to add the redshift-space distortions using the three coordinate
axes as the LOS directions (observables were computed as the
mean over these three individual axes). Here, r; and v; are the
real-space particle coordinates and peculiar velocities inside the
periodic simulation box, s; is the corresponding redshift-space
position we computed, a = 1/(z + 1) is the scale factor, and
H is the Hubble parameter at the redshift of the snapshot. We
deconvolved the window function for the density assignment,
applying interlacing, and the resulting density power spectrum
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was finally shot-noise subtracted. The saved wavenumber bins
are the same as in Sect. 4.1.1.

4.1.3. Linear dark matter power spectrum

During the analysis of scale-independent models, multiple mod-
ules use the linear dark matter power spectrum as an input. To
make the analysis more transparent, we also generated and saved
the linear power spectrum for all analysed redshifts. For this, the
pipeline needs the P, (k, Zsiare) input linear power spectrum of the
simulation that was used during the initial condition generation.
This can be defined at any zy,, redshift. Then, this linear power
spectrum is renormalised with the cosmological parameter og at
z = 0. The normalised Pji,(k,z = 0) power spectrum is rescaled
tO Zgnap Tedshifts of all analysed snapshots as

D(zsnap) |
Plin(ks anap) = [ﬂ} Plin(ksz = 0) s

D(z =0) *2)

where D(z) is the linear growth function. The pipeline uses this
back-scaling since the linear growth in these Newtonian simula-
tions follows this scale-independent evolution. For ACDM ref-
erence simulations, we used the

SQnH, [ dd
D(a) = 011(a)~f‘2;§
0

: (43)

linear growth to scale the linear spectrum (Peebles 1993). This
growth function only describes the linear growth in the ACDM
framework. In the case of wCDM and CPL models, we solve the

7 3 wa |G 3l1-waG _

G|l 42 WY T 2 TWAT 44
2 21+X@|a 21+X(a)a? (“44)

ordinary differential equation (Linder & Jenkins 2003) with the
COLOSSUS python package (Diemer 2018), where G(a) =
D(a)/a and

Q, -3 f] da’ 22
X(a) = a
(@) o, e

(45)

For every other model, we use tabulated linear growth functions.
The linear power spectra are calculated in the same wavenumber
bins as the non-linear real-space matter power spectra.

4.2. Halo catalogues

Rockstar (Behroozi et al. 2013) is a friends-of-friends (FoF)
halo-finder algorithm that uses information from the full 6D
phase space (positions and the velocities) of the particles. The
code initially creates FoF groups in real space, with a large link-
ing length (b ~ 0.28). It then does a new FoF search using the
phase-space metric

2 2
X X v v
/ |1 22| |l 22|’ (46)
OX gy

where o, and o, are the particle-position and velocity disper-
sions for the given FoF group. Finally, it links particles into sub-
groups and this is done iteratively on each subgroup creating a
hierarchical set of structures. By default, the algorithm calcu-
lates halo and subhalo masses using dark matter particles from
the spherical regions around the friends-of-friends group with
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Fig. 2. Calculated halo mass function of the ELEPHANT simulation suite.
The vertical and horizontal dash-dotted lines indicate the mass relative
to haloes with 50 particles and the number density relative to a 1% shot-
noise error, respectively. The shaded region highlights the mass bin used
to calculate the halo power spectra shown in Fig. 3.

gravitationally unbound particles removed. The halo masses cal-
culated this way are called bound-only (BO) masses. If the
unbound particles are not removed during the mass calcula-
tion, the calculated masses are strict spherical-overdensity (SO)
masses.

We made a custom version of the publicly available
Rockstar code (Behroozietal. 2012) to analyse our non-
standard simulations. We added new input formats for simula-
tions, options to read tabulated expansion histories, and already
internally computed quantities in the outputs such as halo minor
axis vectors and radii at different mass definitions. None of
these modifications impact the halo-finding algorithm. In our
pipeline, we use the following mass-definitions: Mg, (SO &
BO), Mspoe (SO), Mioooc (SO), Masooe (SO), Magor (SO). The
M,;; masses are not calculated by the pipeline, since this mass
definition is dependent on the cosmological parameters and on
the laws of gravity. Many non-standard cosmological models
are changing the dynamics of the dark matter component, and
this choice simplifies the future expansion of the database with-
out the need of implementing new cosmologies in Rockstar.
After the catalogue (in ASCII format) is produced, we run a
post-processing script to find parent haloes for subhaloes and
store the information as an additional index column. Extra infor-
mation is saved in the header such as scale factor, box length,
and particle mass. Additional particle data for each halo are also
saved by Rockstar in a custom BGC2 binary data format. Dur-
ing the execution of our pipeline, these BGC2 files are temporar-
ily stored to provide additional input for other analysis modules.

4.2.1. Halo mass function and power spectra

By default, we compute the halo mass function (HMF) in
the range 11 < loglo[M/(h‘1 My)] < 14 with 32 logarith-
mic bins using the main mass definition (200c) and excluding
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Fig. 3. Calculated matter and halo power spectra of the ELEPHANT simulation suite in the mass bin 10'>7h™! My, < My, < 1032071 M,,. The solid
lines represent the reference ACDM simulations, while the dashed lines the results of the nDGP simulations. Top left: Real-space power spectra
for dark matter. The dots above the solid lines highlight the locations where the power spectrum is estimated. Top right: Real-space power spectra
for haloes. Bottom left: Monopole of the halo power spectrum in redshift space. The shaded region shows the calculated variance of the monopole
of the ACDM halo power spectrum at redshift z = 1. Bottom right: Quadrupole of the halo power spectrum in redshift space. The shaded region
represents the calculated variance of the quadrupole of the ACDM halo power spectrum at redshift z = 1.

substructures. The pipeline allows the user to use different mass
definitions (see Sect. 4.2), include substructures, and vary the
HMF range and binning.

In practice, many simulations produce very large ASCII files
that are not practical to read using standard libraries such as
NumPy* or Pandas?. To speed up the analysis pipeline, we there-
fore use Polars®, a fast multi-threaded dataframe library.

4 https://numpy.org/
> https://pandas.pydata.org/
% https://pola.rs/

The halo real-space and redshift-space power spectra are
computed using the same tools as in Sects. 4.1.1 and 4.1.2. The
user can specify the halo mass range, SO or BO for the main
mass definition, and whether or not to include substructures.

4.2.2. Halo bias

For each catalogue, we infer the linear halo bias with the
estimator

Py (k)
b= s
< P (k) > .

47
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with Py, (k) and Py (k) the matter and halo real-space power spec-
tra, respectively estimated in Sects. 4.1.1 and 4.2.1. This esti-
mator calculates the bias by taking the square root of the ratio
of the halo power spectrum Py(k) to the matter power spec-
trum Pp,(k), and then averaging this ratio over all k bins where
k < kmax With uniform weighting. We only use this computed
quantity to be as model-independent as possible and to remove
cosmic variance (since matter and halo both share the same sam-
ple and cosmic variance). We compute the mean power spectra
ratio up to a conservative value of kmax = 0.1 2 Mpc™! to mitigate
the effects of non-linear clustering. This method works reliably
for scale-independent bias with sub-percent accuracy, but cannot
be used for models that have scale-dependent bias at k < kpax
wavenumber.

4.2.3. Redshift-space Gaussian covariance

To produce Gaussian covariances of the power-spectrum mul-
tipoles in redshift space, we need the linear bias and power-
spectrum multipoles including the shot-noise contributions as
inputs. The former is estimated numerically in Sect. 4.2.2,
while the latter can be internally computed from an input lin-
ear power spectrum; in this case, the covariance is estimated as
in Taruya et al. (2010), or with the EFT model using the COMET
emulator (Eggemeier et al. 2023) and the covariance formulae
from Grieb et al. (2016).

When analysing snapshots, it may be interesting to com-
pute the power-spectrum multipoles averaged over the three box
directions to significantly suppress variance. However, this pro-
cedure also has to be carefully accounted for in the covariance
(Smith et al. 2021) since the LOS-averaged covariance is not
equal to the single-LOS covariance divided by three (as one
might naively expect). Thanks to the LOS-averaged covariance
implemented in COMET, it can also be part of the outputs of our
pipeline.

4.2.4. 2D and 3D halo profiles

The generation of binned three-dimensional and two-
dimensional projected profiles was performed using a custom
analysis module that reads the halo catalogues as well as the
BGC2 particle data, and stores the resulting profiles of each
halo in a separated HDFS5 file.

All the profiles are obtained considering 50 log-spaced bins
in a fixed radial range [0.001, 5], in units of rsoo.. This anal-
ysis module provides cumulative mass, density, number den-
sity, and cumulative number density profiles, as well as velocity
and velocity dispersion profiles for the cartesian- and spherical-
coordinates components of the velocities. The 2D profiles cor-
respond to projecting the LOS along each of the cartesian
coordinates in a cylinder of length 5rsoc. In an upcoming ver-
sion of the pipeline, the profiles will also be available for the
projections along the axes of the inertia ellipsoid a, b, and c.

4.3. Cosmic voids

The Void IDentification and Examination toolkit, VIDE
(Sutter et al. 2015), is a parameter-free topological void finder,
conceived for galaxy-redshift surveys and N-body simulations.
The VIDE pipeline is an open-source Python/C++ code, based
on the ZOBOV (Neyrinck 2008) software and can be launched
on any tracer distribution. The algorithm follows the following
main steps: 1) estimation of the density field of a tracer distribu-
tion using the Voronoi tessellation (Schaap & van de Weygaert
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Fig. 4. Calculated halo mass function from the FORGE simulation suite.
The vertical and horizontal dash-dotted lines indicate the mass relative
to halos with 50 particles and the number density relative to a 1% shot-
noise error, respectively. The shaded region highlights the mass bin used
to calculate the halo power spectra shown in Fig. 5.

2000); ii) detection of all the relative minima; iii) merging
of nearby Voronoi cells into zones via the watershed trans-
form (Platen et al. 2007), cells correspond to local catchment
‘basins’, which are identified as voids. VIDE can also merge adja-
cent voids to construct a nested hierarchy of voids if a merg-
ing threshold is provided. In this case, when two adjacent voids
have at least one Voronoi cell on the ridge separating them lower
than the threshold, they are merged into a parent void. In this
work, in order to leave the algorithm parameter-free, and for con-
sistency with other Euclid void analyses (Hamaus et al. 2022;
Contarini et al. 2022), we do not explore this possibility.

VIDE provides some fundamental properties of voids. The
void size is measured by the effective radius, defined as the
radius of a sphere with the same volume as the void, R.g =
[(3/4m) X.; Vi1'/3, where V; is the volume of the i Voronoi cell
belonging to the void. The void centre is defined as the volume-
weighted barycentre, X, = >; x;V;/Vio, wWith Vo, = 33, V. We
note that this corresponds to the geometric centre of the void. In
addition, VIDE also provides the position of the tracer sitting in
the lowest-density Voronoi cell, that is, the minimum. The void’s
depth is estimated via the central density, defined as the mean
density in a sphere centred in the barycenter, X,, with radius
R /4. VIDE also computes void shapes via the inertia tensor
as well as the corresponding eigenvalues and eigenvectors. The
ellipticity is then computed as € = 1 — (J;/ J3)Y*, where J; and
J3 are the smallest and largest eigenvalues.

We detect voids in the distribution of Rockstar haloes.
After the void catalogues are produced, we post-process them
to measure the void-size function, which is the number density
of voids as a function of their size, R.¢. The void-size func-
tion is a sensitive probe for cosmology, strongly complemen-
tary to the galaxy 2pt-statistics (Pisani et al. 2015; Massara et al.
2015; Kreischetal. 2019; Verzaetal. 2019; Contarini et al.
2021, 2022, 2023; Verza et al. 2022, 2023, 2024). Additionally,
albeit not computed for this paper, the void catalogues allow one
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Fig. 5. Calculated matter and halo power spectra from the FORGE simulation suite in the mass bin 10'>7h~! My, < My, < 10'32h7! M,,. The solid
lines represent the reference ACDM simulations, while the dashed lines are the results of the nDGP simulations. Top left: Real-space power spectra
for dark matter. The dots above the solid lines highlight the locations where the power spectrum is estimated. Top right: Real-space power spectra
for haloes. Bottom left: Monopole of the halo power spectrum in redshift space. The shaded region shows the calculated variance of the monopole
of the ACDM halo power spectrum at redshift z = 0. Bottom right: Quadrupole of the halo power spectrum in redshift space. The shaded region
represents the calculated variance of the quadrupole of the ACDM halo power spectrum at redshift z = 0.

to compute the void-galaxy cross-correlation function, another
powerful statistic to constrain cosmology (see e.g. Hamaus et al.
2022).

5. Interpretation

The mock observables that we compute contain several interest-
ing signatures of non-standard models. Due to a large number of
analysed models, in this paper, we focus on showing results from
the nDGP, f(R), and interacting-dark-energy models, which we
obtained thanks to the analysis of the ELEPHANT, FORGE, and
CIDER simulations suites, respectively.

To mitigate the noise due to sample variance in the figures
below, we average the signals over the available realisations of
the ELEPHANT simulations. In the case of the FORGE suite, we
focus on a single cosmology’ corresponding to | fro| = 107534219,
In the case of the CIDER simulations, we focus on the IDE
model with 8 = 0.03 coupling. The nDGP, f(R), and IDE simu-
lations were run with the same initial conditions as their ACDM
counterpart so the effects of non-standard cosmologies can be
studied directly by comparing the generated observables.

7 In particular we use node 10 of the Latin-Hypercube sampling
described in Table 1 of Arnold et al. (2021).
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Fig. 6. Calculated halo mass function from the CIDER simulation suite.
The vertical and horizontal dash-dotted lines indicate the mass relative
to halos with 50 particles and the number density relative to a 1% shot-
noise error, respectively. The shaded region highlights the mass bin used
to calculate the halo power spectra shown in Fig. 7.

The main difference between the modified-gravity simula-
tion and ACDM is the inclusion of a fifth force. For nDGP, this
fifth force acts on all scales and increases in strength toward red-
shift zero (and goes to zero as we go to higher and higher red-
shifts). This is also true for f(R), with the exception that the fifth
force has only a finite range, so it does not affect the clustering
on the largest scales.

In the IDE simulations, the dark energy component interacts
with the dark matter, resulting in a transfer of energy between
the two. This interaction affects the growth of cosmic structures
by modifying the gravitational potential. This cosmological sce-
nario is expected to suppress structure formation at late time
compared to the standard ACDM model.

These differences lead to a number of different observable
signatures, a few of which we highlight below.

Abundance of dark matter haloes — In Fig. 2, we compare the
cumulative halo mass function of the nDGP and ACDM models.
The inclusion of the fifth force means structures will form more
rapidly than in ACDM and this is indeed what we see. This is
most pronounced at the high-mass end where the abundance is
up to 50% larger. In Fig. 4, we compare the cuamulative halo mass
function of the f(R) and ACDM model. We see roughly the same
qualitative features as for nDGP in that the halo abundance gen-
erally increases with halo mass and with redshift compared to the
reference ACDM results. However, as opposed to nDGP, we see
an over-abundance of ‘small’ haloes at earlier times in the f(R)
simulations. This is a consequence of the fact that the fifth force
only acts on ‘small’ scales and the fact that the screening mecha-
nism is more effective at suppressing the fifth force in and around
the most massive haloes. The comparison of the halo mass func-
tion between the standard ACDM and the § = 0.03 IDE model
can be seen in Fig. 6. In the IDE model, the interaction between
the dark energy and dark matter caused a substantial reduction
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in the HMF. This is a straightforward consequence of the sup-
pressed growth rate of the matter fluctuations.

Clustering of dark matter — In Figs. 3, 5, and 7, we show
the calculated real- and redshift-space power-spectrum multi-
poles for the haloes and dark matter for nDGP, f(R), and IDE,
respectively. For the modified gravity models, the effect of the
fifth force is again clearly in the dark matter power spectrum
and shows two different effects: for nDGP, we have a scale-
independent growth rate causing the power spectrum to be
boosted on all scales displayed, while for f(R) we have a scale-
dependent growth-rate where f(R) agrees with ACDM on the
largest scales, but is boosted below a critical scale that is related
to the range of the fifth force. For both models, the difference
with respect to ACDM increases in strength as we get closer
to the present time. In the case of the interacting-dark-energy
model, the energy transfer between the dark energy and dark
matter caused a scale-independent suppression in the dark matter
power spectrum. At redshift 2, this is ~3%, and this difference
increases to ~5% for z = 0.55 compared to the ACDM model.

Halo bias — When it comes to halo clustering in real space,
we see the opposite effect as for the dark matter power spectrum
in Figs. 3 and 5, with nDGP and f(R) being less clustered than
ACDM. This comes from a smaller halo bias in these modified-
gravity models (see e.g. Barreira et al. 2014 for a theoretical
explanation for nDGP). In the interacting-dark-energy scenario,
the halo bias in real space is 6% higher than for ACDM. As a
consequence, the real-space clustering of the dark matter haloes
is more prominent in the IDE simulation.

Redshift space distortions — For the redshift-space halo
power spectra, the boost in the ratio with respect to ACDM
is seen to be larger than in real space, which comes from the
larger velocities in the modified-gravity simulations, leading
to enhanced redshift-space distortions. The monopole redshift-
space power spectra of the haloes in the mass bin 102747 M, <
Miao < 103217 M, in the IDE simulations are showing
a 5-10% excess power compared to the ACDM counterpart,
similarly to the real-space clustering. On the other hand, the
quadrupole only shows a power increase at smaller, non-linear
scales.

6. Summary

In this paper, we describe a new pipeline based on the Rockstar
halo finder and the nbodykit LSS toolkit to post-process
cosmological simulations with modified gravity, non-standard
expansion history, modified dark matter or dark energy compo-
nents, or altered initial conditions. We used this pipeline to anal-
yse 474 cosmological N-body simulations in various ACDM and
non-standard cosmological scenarios in a consistent way. With
this pipeline, we generated halo catalogues, halo mass functions,
reconstructed density fields, real- and redshift-space power spec-
tra, Gaussian covariances, halo biases, and void catalogues. This
generated data will serve as a theoretical prediction and refer-
ence for Euclid as well as other Stage-IV cosmology projects.
Using the calculated quantities, we identified distinctive signa-
tures of non-standard behaviour in nDGP and f(R) modified-
gravity models, and in the CIDER interacting-dark-energy
scenario.

The synthetic halo catalogues are crucial in the produc-
tion of additional observables, which can be used for a
direct comparison with cosmological observations of Euclid.
In the near future, we shall extend the generated database
with halo density profiles (Navarro et al. 1996; Le Brun et al.
2018), synthetic galaxy catalogues (Berlind et al. 2003), weak
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Fig. 7. Calculated matter and halo power spectra from the CIDER simulation suite in the mass bin 10'>7A~" My < My, < 10'3247" M. The solid
lines represent the reference ACDM simulations, while the dashed lines are the results of the IDE simulations. Top left: Real-space power spectra
for dark matter. The dots above the solid lines highlight the locations where the power spectrum is estimated. Top right: Real-space power spectra
for haloes. Bottom left: Monopole of the halo power spectrum in redshift space. The shaded region shows the calculated variance of the monopole
of the redshift space ACDM halo power spectrum at redshift z = 0.55. Bottom right: Quadrupole of the halo power spectrum in redshift space.
The shaded region represents the calculated variance of the quadrupole of the redshift space ACDM halo power spectrum at redshift z = 0.55.

lensing (Jaroszynski et al. 1990; Bartelmann & Schneider 2001)
and ISW (Giannantonio et al. 2008) maps, and lightcones
(Merson et al. 2013).

We have generated overall more than 100 TB of post-
processed data from the available non-standard simulations. Dur-
ing the analysis, the pipeline used 66 CPU hours and 60GB of
memory per billion particles per snapshot on average. The data are
available on request on the CosmoHub® platform (Tallada et al.
2020; Carretero et al. 2017) designed for interactive exploration
and distribution of massive cosmological datasets.

8 https://cosmohub.pic.es/home
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