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ABSTRACT

[astro-ph.CO] 21 Jun 2023

Context. The future Euclid space satellite mission will offer an invaluable opportunity to constrain modifications to Einstein’s general relativity at
cosmic scales. In this paper we focus on modified gravity models characterised, at linear scales, by a scale-independent growth of perturbations
while featuring different testable types of derivative screening mechanisms at smaller nonlinear scales.

Aims. We consider three specific models, namely Jordan-Brans-Dicke (JBD), a scalar-tensor theory with a flat potential, the normal branch of

o) Dvali-Gabadadze-Porrati (nDGP) gravity, a braneworld model in which our Universe is a four-dimensional brane embedded in a five-dimensional
Minkowski space-time, and k-mouflage (KM) gravity, an extension of k-essence scenarios with a universal coupling of the scalar field to matter.
In preparation for real data, we provide forecasts from spectroscopic and photometric primary probes by Euclid on the cosmological parameters
and the extra parameters of the models, respectively, wgp, Q. and &, which quantify the deviations from general relativity. This analysis will

- improve our knowledge of the cosmology of these modified gravity models.

(O Methods. The forecasts analysis employs the Fisher matrix method applied to weak lensing (WL); photometric galaxy clustering (GCpy); spec-
troscopic galaxy clustering (GC,) and the cross-correlation (XC) between GCp, and WL. For the Euclid survey specifications we define three
scenarios, characterised by different cuts in the maximum multipole and wavenumber, to assess the constraining power of nonlinear scales. For

O\l each model we consider two fiducial values for the corresponding model parameter.

S Results. In an optimistic setting at 68.3% confidence interval, with Euclid alone we find the following percentage relative errors: for log,, wsp,

.~ with a fiducial value of wgp = 800, 35% using GCy;, alone, 3.6% using GC,,+WL+XC and 3.3% using GCp,+WL+XC+GCy,; for log;, 2,
with a fiducial value of Q,. = 0.25, we find respectively 90%, 20% and 17%; finally, for €,y = —0.04 respectively 5%, 0.15% and 0.14%. From
the relative errors for fiducial values closer to their ACDM limits, we find that most of the constraining power is lost. Our results highlight the

E importance of the constraining power coming from nonlinear scales.

8vl

Key words. Gravitational lensing: weak — large-scale structure of Universe — cosmological parameters

1. Introduction the precision measurements arising from observations of mil-

. o . o lisecond pulsars can now be combined with detections of grav-
We have entered a new era in gravitational physics where it is ;i :0na1 waves and images of black hole shadows (Berti et al.
now possible to test and exploit general relativity (GR) onawide  5735) Ty this battery of techniques one must add cosmological
range of scales. The successes of Solar System constraints, and ' J- -0 using the large scale structure of the Universe (Fer-
reiral2019).

* This paper is published on behalf of the Euclid Consortium.
** e-mail: noemi. frusciante@unina.it
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There have been multiple attempts at constraining GR with
cosmological surveys (Aghanim et al.|[2020; Mueller et al.[2018}
Joudaki et al.|2018; |Lee et al.|[2021} [Raveri et al.|[2021)). Using
spectroscopic and imaging surveys of galaxies, combined with
measurements of the cosmic microwave background (CMB) it
has been possible to map out gravitational potentials over an ap-
preciable part of the universe as well as pin down the growth
rate of structure and its morphology out to redshift z ~ 2. The
resulting constraints have been an important first step in under-
standing gravity in an altogether untested regime yet they have
been underwhelming. For example, constraints on the simplest
scalar-tensor modification to GR — Jordan-Brans-Dicke (JBD)
gravity — are more than order of magnitude weaker (Joudaki
et al.[2022; Ballardini et al.|[2022) than those obtained from mil-
lisecond pulsar observations (Voisin et al.|2020), albeit on very
different scales.

The relevance of cosmological measurements for gravita-
tional physics is about to change with the upcoming generation
of large-scale structure surveys (Ferreira|2019). By mapping out
vast swathes of the Universe with exquisite precision, one hopes
that it will be possible to tighten substantially constraints on
gravitational physics on the largest observable scales. Of par-
ticular importance in this new vanguard is the Euclid mission.
The Euclid satellite will undertake two key, complementary sur-
veys — a spectroscopic survey of galaxies and an imaging survey
(targeting weak lensing and which can also be used to recon-
struct galaxy clustering using photometric redshifts) — with a pri-
mary goal of pinning down the nature of dark energy and ideally
suited for cosmological constraints on gravity (Euclid Collabo-
ration: Blanchard et al.|2020, EC19 hereafter).

Given the potential of the Euclid mission it is imperative to
assess its ability to constrain GR. One way of doing so is by
assessing how well it will be able to constrain specific exten-
sions of GR, in particular modified gravity models (MG). MG
models are particularly constrained by small scale experiments
such as the ones in the Solar System where fifth-force effects
(Bertotti et al.|2003) and a violation of the equivalence principle
(Williams et al.[2012; [Touboul et al.|2017)) have been thoroughly
investigated. As a result, extensions of GR which preserve the
equivalence principle in the Earth’s environment and exclude
large fifth-force effects on Solar System scales must shield small
scales from potential deviations from GR on large cosmological
distances. New physical effects would only reveal themselves
on large scales where the Euclid mission would have the po-
tential to unravel them. Screening of GR extensions have been
broadly classified into three families: the chameleon (Khoury &
Weltman| [2004), k-mouflage (Babichev et al.|2009) and Vain-
shtein (Vainshtein|[1972)) mechanisms (see, for a recent review,
Brax et al.|[2021). For chameleons, screening occurs in regions
of space where Newton’s potential is large enough whilst for
k-mouflage and Vainshtein this takes place where the first or
second spatial derivatives of Newton’s potential are also large
enough. One particular example of an extensively studied theory
with the chameleon screening property is f(R) gravity (Carroll
et al.|2004; [Hu & Sawicki|2007b). It has been shown that the Eu-
clid mission, using the combination of spectroscopic and photo-
metric probes, will be able to distinguish this model from ACDM
at more than 30 confidence level, for realistic fiducial values
of its free model parameter, fro (Casas et al.|2023)). Derivative
screening mechanisms, i.e. k-mouflage and Vainshtein, have not
been investigated within the context of the Euclid mission and
this will be one of the outcomes of the present work.

In this paper we will forecast how well the surveys from the
Euclid mission can be used to constrain a family of theories that
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modify the theory of GR yet retain one of its properties: a scale-
independent linear growth rate. The three theories we will con-
sider are: JBD gravity (Brans & Dicke|1961)), the simplest scalar-
tensor theory which involves a non-minimal coupling between
a scalar field and the metric; Dvali-Gabadadze-Porrati gravity
(DGP, see Dvali et al.||2000), a braneworld model which intro-
duces modifications on cosmological scales and screens with the
Vainshtein mechanism; a k-mouflage model (KM, see Babichev,
et al.|[2009; Brax & Valageas|2014} 2016), i.e. a scalar-tensor
theory with a non-canonical kinetic energy and the k-mouflage
screening property. The JBD theory is not screened and, there-
fore, suffers from large deviations from GR unless the Brans-
Dicke (BD) parameter wgp > 4 X 10* (Bertotti et al. [2003).
This is larger than the range of parameters testable cosmolog-
ically as we shall see below implying that the JBD model inves-
tigated here must be taken as a template for large scale deviations
against which we compare the DGP and k-mouflage models. All
these modifications of GR will, in one way or another, affect the
expansion rate and growth of structure and are, thus, prime can-
didates to be constrained by data from the Euclid mission.

We structure this paper as follows. In Sect.[2]we recap the es-
sential facts about linear cosmological perturbations in the con-
text of extensions to GR, identifying the phenomenological time-
dependent parameters, (i, 7 and X), that are fed into the linear
evolution equations. We then delve into the three candidate the-
ories we are exploring, laying out their corresponding actions,
background evolution, functional forms of {u, n and £} and how
all this is implemented numerically. In Sect. [3] we present a de-
tailed explanation of how we calculate all aspects of the theo-
retical model predictions that will go into the forecasting proce-
dure. In Sect. 4] we describe the survey specifications and how
these are integrated in the analysis method; in this paper we will
be using a Fisher forecasting approach. In Sect. [5|we present the
results of our methods and in Sect. |6l we conclude.

2. Linearly scale-independent modified gravity

We follow the Bardeen formalism (Bardeen| |1980; Ma &
Bertschinger]|1995), and define the infinitesimal line element of
the flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric
by

ds? = —(1 +2%) 2 d? + a*() (1 - 20) &;; dx’ dx | (1)

where a(?) is the scale factor as a function of the cosmic time ¢,
Y and @ are the two scalar potentials and ¢ the speed of light.
We will work in Fourier space, where modes are functions of
t and the comoving wavenumber k. At linear order, the matter
energy-momentum tensor can be decomposed as follows,

T = —p(1+8)c , T) = (p+p/cPevi , T = (p+6p)d'+X;, (2)

where § = p/p — 1 is the energy density contrast with p being
the matter density and p its background value, p = p + dp is the
pressure with p the background value, v; is the peculiar velocity
and 23. is the (traceless) anisotropic stress, Zf = 0. In the follow-
ing we work with the scalar component of the matter anisotropic
stress and the comoving density perturbation, respectively de-
fined as (pc* + p) (k- k; - 1/38") o = Ti with k = ki/k and
PA = pé +3(aH/k/c*)(p + p/c*)v, where v is the velocity poten-
tial defined through v; = —ik;v/k. Here H = a/a is the Hubble
function and a dot stands for the derivative with respect to the
cosmic time. In analogy to the ACDM model where curvature is
found to be compatible with zero, in this work we will assume a
flat spatial geometry.
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In models where gravity is modified by the presence of a
scalar field, the relations between the gravitational potentials and
the matter perturbations are modified. These deviations from GR
can be encoded into two functions, defined as follows:

Y = 4’2@ au(a. k) [pA+3(p + p/c?) o] . 3)
(@ +YP) = S’Tc# a{Z(a, k) [pA +3(p + p/c?) |
- %u(a, k(p+p/c)a), )

where Gy is Newton’s gravitational constant and c¢ the speed of
light. As such, a further function that can be introduced is the one
defining the ratio of the two potentials, 7 = ®/¥. In the absence
of anisotropic stress the three phenomenological functions are
related by the following expression:

S = Ju(l+n). )

The phenomenological functions u, n and X are identically
equal to 1 in the GR limit. In general they are functions of time
and scale. The models that we consider in this paper preserve
the scale-independent (linear) growth pattern, i.e. they have u =
u(a), £ = X(a) and n = n(a).

For a given theory, u and X can be determined numerically,
after solving for the full dynamics of linear perturbations via an
Einstein-Boltzmann solver. This can be achieved with hi_class
(Zumalacarregui et al.|2017; Bellini et al.|2020) or EFTCAMB (Hu
et al.|[2014} Raveri et al.|2014), which implements the effective
field theory formalism for dark energy into the standard CLASS
(Blas et al.|[2011}; |[Lesgourgues||2011) and CAMB (Lewis et al.
2000) codes, respectively. These codes have been validated as
part of an extended code comparison effort (Bellini et al.|2018)).
Alternatively, one can opt for the quasi-static (QS) limit, i.e.,
scales sufficiently small to be well within the horizon and the
sound-horizon of the scalar field, and derive the phenomenolog-
ical functions analytically. In this case, one can use the MGCAMB
patch to CAMB (Zhao et al.[|2009; [Hojjati et al.[|2011} [Zucca et al.
2019).

In the following, we will introduce the three models under
consideration, i.e., JBD, DGP and KM. We will provide the
background evolution equations and the expressions for y, n and
X for each of these models.

2.1. Jordan-Brans-Dicke gravity

The Jordan-Brans-Dicke theory of gravity (Brans & Dicke|1961)
is described by the following action,

)

(6)

where g, is the metric and R its associated Ricci scalar, ¢ is
the JBD scalar field (which has the dimensions of the inverse
of Newton’s constant), wgp is the dimensionless BD parameter,
and £, is the matter Lagrangian which is minimally coupled to
the metric. We have included a cosmological constant, A. The
model has only one free parameter, wgp; in the limit in which
wpp — oo, the scalar field is frozen and we recover Einstein
gravity.

The JBD theory of gravity is remarkably simple in that it
depends on so few parameters. Yet, cosmological constraints

4
Sgp = fd4x \/__g [165 (¢R - % ﬂvaﬂ¢8v¢ - 2A) +Ln

on JBD gravity can have wider implications if one takes the
view that it is the long-wavelength, low-energy limit of more
general scalar-tensor theories (see Joudaki et al.|[2022| for ex-
ample). Furthermore, more general scalar theories may be en-
dowed with gravitational screening which will kick in on smaller
scales or, alternatively, regions of high density, for example. As
a consequence local constraints will, to some extent, decouple
from more global, or large scale, constraints. Thus, constraints
on cosmological scales on JBD theory may cover a broad class
of scalar-tensor theories and, furthermore, be independent from
model specific constraints on small scales. Thus, while simple,
JBD gravity is a powerful tool for constraining general classes
of scalar-tensor theories using cosmological data.
The modified Einstein field equations are

81
ct ¢

WBD

1 (03
Gyv = Tyv+ ? (Vy¢vv¢ - Eg,uvva‘pv ¢)

1
5 V.00 - g (O + A)] . (7

Here T, is the total matter stress-energy tensor while O denotes
the d’ Alembertian. On the background, these equations give

_ , 2 A
32 =3P _apd  womd A @)
o T 24 ¢
' x5 2 L5 A
2H+3H2:——1T£_@¢_2_2H?_?+_’ (9)
¢ 2 ¢ ¢ ¢ ¢
and the scalar field equation of motion reads
8 T 4A
Uo=— - ) 10
¢ ct (3+2wBD) 3+ 2wpp (10)

where T' = g""T,, is the trace of the stress-energy tensor on the
background.
The phenomenological QS functions in this theory read

1

T-—,
Gno
4+ 2w

PEELET (1)
3+ 2wgp
O] 1 + wsp

n=o = —

lP_ 2+U.)BD.

Constraints on JBD gravity have been obtained by using
a combination of different cosmological data sets and sam-
pling over different parameterisation of the BD parameter wgp.
For example, |Avilez & Skordis| (2014) imposed a flat prior
on —log,,(wpp) to obtain a lower bound of wgp > 1900 at
95% CL with CMB information from Planck 2013 data. Bal-
lardini et al.| (2016) obtained log;, (1 + 1/wgp) < 0.0030 at
95% CL combining Planck 2015 and BOSS DRI10-11 data;
this upper bound was subsequently updated in [Ballardini et al.
(2020) with a combination of Planck 2018 and BOSS DR12
data to log;, (1 + 1/wgp) < 0.0022 at 95% CL. [Joudaki et al.
(2022) used a combination of the Planck 2018 CMB data, the
3 X 2pt combination of the KiDS and 2dFLens data, the Pan-
theon supernovae data, BOSS measurements of the BAO, to
find the coupling constant wpp > {1540, 160, 160, 350} at
95% CL for the different choices of parametrization (or pri-
ors): {log,, (1/wgp), log,o (1 + 1/wsp), 1/wep, 1/10g, wsp}.
These constraints were obtained fixing the value of the scalar
field today to

szD +4

GN¢((1: 1) - 20—)BD+3 ’

(12)
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in order to guarantee that the effective gravitational constant at
present corresponds with the one measured in a Cavendish-like
experiment (Boisseau et al.|[2000). See also |Avilez & Skordis
(2014); Joudaki et al.| (2022); Ballardini et al. (2022) for studies
of the JBD model without imposing this condition and Ballardini
et al.|(2016);|Ooba et al.|(2017); Rossi et al.|(2019); Braglia et al.
(2020, 2021); |Cheng et al.| (2021) for a simple generalization
of these constraints extending the JBD action (6) with different
potentials and couplings to the Ricci scalar.

The JBD model is implemented in CLASSig (Umilta et al.
2015)) and hi_class (Zumalacarregui et al.[2017; Bellini et al.
2020). For these codes the agreement and validation of the
background and linear perturbations was thoroughly studied in
Bellini et al.| (2018)). In this paper we use the results produced
with hi_class.

2.2. Dvali-Gabadadze-Porrati braneworld gravity

The Dvali-Gabadadze-Porrati model (Dvali et al.[2000) is a five-
dimensional braneworld model defined by the action

A

S =
1671'G5

P

167Z'GN

fdsx\/—_yR5+f d4X\/—_g[ R+Lm},
M oM

13)

where 7y is the five-dimensional metric and Rs its Ricci cur-
vature scalar. Gs and Gy are the five- and four-dimensional
Newton’s constants, respectively. The matter Lagrangian is de-
noted with £, and is confined to a four-dimensional brane in a
five-dimensional Minkowski spacetime. The induced gravity de-
scribed by the usual four-dimensional Einstein-Hilbert action is
responsible for the recovery of the four-dimensional gravity on
the brane. The cross-over scale r. = Gs5/(2Gy) is the only pa-
rameter of the model and GR is recovered in the limit r, — co.

The Friedmann equation on the brane is given by (Deftayet
2001)

B sy 87r—G,5.

Te 3
There are two branches of solutions depending on the embedding
of the brane: the self-accelerating branch (sDGP, Bowcock et al.
2000; Deffayet|2001) and the normal branch (nDGP, Bowcock:
et al.|[2000; Deftayet/2001)), corresponding to the + and — sign
for the contribution from the five-dimensional gravity, respec-
tively. The self-accelerating branch admits the late-time acceler-
ation without dark energy but the solution is plagued by ghost
instabilities (Luty et al.[2003};|Gorbunov et al.[2006; |Charmousis
et al.[[2006). Thus we focus on the normal branch. In order to
separate the effect of MG on structure formation from that on
the expansion history, it is often assumed that the background
expansion is identical to that of ACDM. This can be achieved by
introducing an additional dark energy contribution with an ap-
propriate equation of state (Schmidt|[2009; Bag et al.|2018). We
will adopt this approach.

The evolution of density and metric perturbations on the
brane require solutions of the bulk metric equations. These bulk
effects can be encapsulated in an effective 3 + 1 description that
uses the combination of any two of the functions y, i, X. Us-
ing the results of [Koyama & Maartens| (2006); Hu & Sawicki
(2007a); |[Song| (2008)); |(Cardoso et al.| (2008); Lombriser et al.
(2009)); Seahra & Hul (2010)), we have

(14)

1+g
n= 1-o’
-8
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s)

where, using the quasi-static (QS) approximation, we have
(Lombriser et al.[2013)

2Hr, 1+ A\l

c 3H? ’
such that the effective modification introduced with 7 can be
treated as scale-independent.

The effective 3 + 1 Poisson equation for the lensing potential
in the QS approximation is

1
8(@) = gqs = —3 [1 ¥ (16)

87TGN

—IX(@+¥) = ——a’pA, (17)
c
therefore (Lombriser et al.|2013)
>=1, (18)
and hence
1 H 1 H

=1+ —, =l+——|1+—]. 19

pa@ =1+s5,  p@=1+ 4 \/Q_( *3112) (19)

We have chosen to parameterise the modification to gravity
by Q. = ¢?/(4r2H}).

There are not many studies on constraining nDGP with an
exact ACDM background. However, [Raccanelli et al.| (2013),
using measurements of the zeroth and second order moments
of the correlation function from SDSS DR7 data up to rms;x =
120Mpc h~', and marginalized bias, found an Q. upper limit
at 95% of ~ 40 (from r. > 340Mpc with fixed Hy =
70kms™! Mpc"). In addition, Barreira et al.| (2016) used clus-
tering wedges statistic of the galaxy correlation function and the
growth rate values estimated from more recent BOSS DR12 data
to set [reHo/c]™! < 0.97 at 95% C.L., corresponding to an upper
bound of Q. < 0.27.

There have also been recent attempts to forecast Q. [Liu
et al.| (2021), using galaxy cluster abundance from the Simons
Observatory and galaxy correlation functions from a DESI-like
experiment, found 6(€2,.) ~ 0.038 around a fiducial value of 0.25.
Cataneo et al.| (2022) forecast for Euclid-like future constraints
on a fiducial Q. ~ 0.0625 a 1o accuracy of 0.0125 from com-
bining the 3D matter power spectrum and the probability distri-
bution function of the smoothed three-dimensional matter den-
sity field probes. Also/Bose et al.|(2020) forecast for a LSST-like
survey, using cosmic shear alone, on a fiducial ;. ~ 0 a 1o ac-
curacy of 0.08.

Note that constraints have also been inferred for a nDGP
model with cosmological constant rather than a constructed dark
energy field, thus with an approximate ACDM background. For
this model, [Lombriser et al.|(2009)) and | Xu|(2014) inferred some-
what stronger constraints of Q.. < 0.020 (95% C.L.) and Q,. <
0.002 (68% C.L.) from the combination of CMB and large-scale
structure data, where the constraints are mainly driven by the
CMB data. Thus, high-precision CMB measurements such as by
the Planck satellite tightly constrain Q. In this work we focus
on the model with the exact ACDM background as our interest
is to see how Euclid can constrain the modification in structure
formation that is not coming from a different background.

nDGP has been implemented in MGCAMB and in QSA_CLASS
(Pace et al|2021)). These codes solve for a ACDM-background
evolution and Eqs. (I8) and (I9). The overall agreement in the
linear matter power spectrum is never worse than 0.5%. In this
paper we use the results produced with MGCAMB.
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2.3. k-mouflage gravity

k-mouflage theories are built complementing simple k-essence
scenarios with a universal coupling of the scalar field ¢ to matter.
They are defined by the action (Babichev et al.|2009} Brax &
Valageas|[2014} 2016)

d4x\/_[

where Gy is the bare Newton constant, M* is the energy density
scale of the scalar field, g,, is the Jordan frame metric, g, is the
Einstein frame metric with g, = Az(go)gw, S m is the Lagrangian

of the matter fields z,bff,), ¥ 1s defined as

R + C2M4K(X) + Sm(lph g,uv) (20)

I T
X=~"""F5xm@
2M

and M*K is the non-standard kinetic term of the scalar field.

In these theories the evolution of both the background and
perturbations is affected by the universal coupling and by the
scalar field dynamics. The amount of deviation from ACDM at
the background level and in perturbation theory can be expressed
in terms of two time-dependent functions, related to the coupling
A and the kinetic function K, i.e.,

@1

_ 2

dlnA 2 dg \™!

=2 gz |o— : (22)
dlna K’ \87Gn dlna

where over-bars denote background quantities and a prime indi-

cates derivatives w.r.t. ¥. The KM Friedmann equation therefore

reads

876G A? oM _
oSO B k)

3 (1-g)? A4 23)

Considering linear scalar perturbations around an FLRW
background, the phenomenological functions p and X read (Ben-
evento et al.[2019):

X(a) = A*

pa) = (1 +e)A?, (24)

We recover GR when ¢; — 0, &, — 0, and A and K are constants,
with M*K playing the role of the cosmological constant, see
Eq. (20).

In addition to the six standard ACDM parameters, the KM
model requires the specification of the kinetic function K(f) and
of the coupling A(y). Following Brax & Valageas| (2016), this
can also be expressed in terms of the time-dependent background
values K(a) and A(a). Brax & Valageas| (2016) proposed a sim-
ple parameterization that satisfies self-consistency constraints. It
involves five parameters, {ex0,ya,m, @y, Yy}, where € is the
value of €, at redshift z = 0 and must be negative to ensure there
are no ghosts in the theory. For the coupling function A(a), this
reads

(ya+Dal”

A@=1+a, -« 25)
YA t+a
with
3 1 1+
. (m— )’ A:_Gz,o( ')’A). 26)
2m —1 YAVA

Here, m is the exponent of the kinetic function for large argu-
ment, K ~ ", which also specifies the high-redshift dependence
of A(a), while 4 sets the redshift where A goes from the current

unit value to the high-redshift value 1 + a4, whigh is parame-
terized by €. The background kinetic function K(a) is conve-
niently parameterized in terms of a function U(a), with

dK’ U(a) - £0 €2A4
— = =, X=———"F7 > 27)
dv &y W Moy <—3€2 + ‘311‘]‘1';)
which we take to be of the form
2
1
Ula) a”In(yy + a) (28)

(\aeq + Va)In(yy +a) + aya®

The various terms in this expression allow us to follow the radi-
ation, matter and dark-energy eras. The parameters ay and yy,
of order unity, set the shape of the transition to the dark-energy
era. The main parameter is €, which measures the amplitude
of the deviation from GR and ACDM at z = 0. Other parame-
ters, of order unity, mostly describe the shapes of the transitions
between different cosmological regimes.

The KM model has been tested against a set of comple-
mentary cosmological data sets, including CMB temperature,
polarization and lensing, type Ia Supernovae, baryon acoustic
oscillations (BAO) and local measurements of H, (Benevento
et al.|2019). This gives the 95% C.L. bounds —0.04 < e < 0,
while the other parameters are unconstrained (as long as they do
not become very large). These results are consistent with earlier
more qualitative CMB studies (Barreira et al.||2015)). The X-ray
cluster multiplicity function could provide bounds of the same
order (Brax et al|2015)), but more detailed analysis are needed
to derive robust constraints.

The fact that € is the main parameter constrained by the
data can be understood from Eqgs. and and the prop-
erty that at leading order over €,, we have €] ~ —¢,. Indeed, this
shows that the running of Newton’s constant and the impact on
the linear metric and matter density fluctuations are set by ¢,. Be-
cause most of the deviations from ACDM occur at low redshift,
this is mostly determined by the value €, ¢ at z = 0. Therefore, in
this work we focus on the dependence on €, o, which is left free
to vary, while we fix the other parameters to y4 = 0.2, m = 3,
ay = 0.2, and yy = 1, as some representative values for the
other parameters. Thus, this gives one additional parameter, €,
in addition to the six standard ACDM parameters. The ACDM
model is recovered when €,y = 0, independently of the value of
the other parameters; indeed for e;9 — 0 we have:

Ala)—> 1, @ —0, €@-—0, Va, (29)
and the kinetic function in Eq. (20) reduces to a cosmological
constant.

To produce linear predictions for this theory we use its im-
plementation in the EFTCAMB code, described in|Benevento et al.
(2019).

3. Theoretical predictions for Euclid observables

Both the forecasting method and the tools used in this paper are
the same as the ones in [EC19|apart from the changes needed to
account for the use of MG rather than GR in the predictions of
Euclid observables. The motivations and the relevant changes in
the recipe have been described in a previous paper on forecasts
for f(R) theories. We therefore refer the reader to [Casas et al.
(2023)), while here we only remind the reader of the main steps.

Article number, page 5 of 22



A&A proofs: manuscript no. project2

3.1. Photometric survey

The observables we consider for the Euclid photometric survey
are the angular power spectra Ciy(f) between the probe X in the
i - th redshift bin, and the probe Y in the j - th bin, where X refers
to weak lensing (WL), photometric galaxy clustering (GCyy,), or
their cross correlation, XC. These are still calculated as in [ EC19
relying on the Limber approximation and setting to unity the £ -
dependent factor in the flat sky limit. The spectra are then given
by

XY Zmuxd WX(Z)WY(Z)
"f'()‘cfz@,, “THORER)

with k, = (€ + 1/2)/r(z), r(z) the comoving distance to redshift
z = 1/a -1, Pss(ke, z) the nonlinear power spectrum of matter
density fluctuations, 0, at wave number k, and redshift z. We
set (Zmin, Zmax) = (0.001,4) which span the full range where the
source redshift distributions n;(z) are non vanishing. The GCy
and WL window functions read (Spurio Mancini et al.|2019)

ni(z) H(z)

Pss(ke,2) 30)

Wik, 2) = bi(k, z )_T @3
H2 Zmax (7 /
Wh(k,2) = EQmo 2 1+ 91 X@) dz'nl;)r(i(z)@
+ WAk, 2), (32)

where n;(z)/n; and b;(k,z) are, respectively, the normalised
galaxy distribution and the galaxy bias in the i-th redshift bin,
and W}A(k, 7) encodes the contribution of intrinsic alignments
(IA) to the WL power spectrum. Notice the presence of the func-
tion X(z) in the WL window function which explicitly accounts
for the changes in the lensing potential due to the particular MG
theory of interest. Its explicit form for the cases under consider-
ation can be found in Section 2} The impact on the background
quantities H(z), r(z) and the matter power spectrum Ps;s(k, z)
are, on the contrary, already taken into account by the dedicated
Boltzmann solver so that the GCp, window function remains un-
changed.

The IA contribution is computed following the eNLA model
adopted in [EC19|so that the corresponding window function is

Ara Cia Qo Fia(z) ni(z) H(z)

1A _
Wik = = sk = 0) @) < (33)
where

_ Lo P
Fra@) = (1 + )" [—L*(z) , (34)

with (L)(z) and L,(z) redshift-dependent mean and the charac-
teristic luminosity of source galaxies as computed from the lu-
minosity function, A, Bra and 11 are the nuisance parameters
of the model, and Cj, is a constant accounting for dimensional
units. This model is the same as the one used in [EC19|since IA
takes place on astrophysical scales which are unaffected by mod-
ifications to gravity. However, MG has an impact on the growth
factor introducing a possible scale dependence. This is explicitly
taken into account in Eq. (33) through the matter perturbation
0(k, z), which is considered to be scale dependent in this case.
This allows us to consider also the scale dependence introduced
by massive neutrinos, which was assumed to be negligible in
EC19. We nevertheless stress that, for the models we are consid-
ering in this paper, the scale dependence is quite small so that
the IA is essentially the same as in the GR case.
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3.2. Spectroscopic survey

We now discuss the modelling of the power spectrum to analyse
the data from the Euclid spectroscopic survey.

For the models considered in this paper, the Compton wave-
length of the scalar field is much larger than the scales probed by
Euclid. Moreover, it is assumed that the speed of propagation of
scalar fluctuations is of the order of the speed of light, so that the
sound horizon is of the order of the Hubble scale. Under these
assumptions, we can apply the quasi-static approximation and
relate the scalar field perturbation to the gravitational potential.
Since in all these models the weak equivalence principle holds,
the modelling of the bias as an expansion in the derivatives of
the gravitational potential remains unchanged with respect to the
ACDM one. To be consistent with the official forecast, we will
use the same modelling for galaxy clustering as in [EC19|

The observed galaxy power spectrum is given by

1 [bO’g(Z) + fos(u ]
Pons(k, g3 2) = >
1@ q@ | 14 [ S (z)k,uQO'p(z)]
Pdw(k’ Mo Z)

Fo(k,puo:2) + Ps(z),  (35)

o2(2)

where Pgaw(k, tg; z), the de-wiggled power spectrum, includes
the correction that accounts for the smearing of the BAO fea-
tures,
Paw(k, 19 2) = Pi2(ki )8 + Poy (ki) (1 - e#F) . (36)
and Ph“(k z) stands for the linear matter power spectrum.
Py (k; z) is a ‘no-wiggle’ power spectrum with the same broad-
band shape as P““(k z) but without BAO features (see discussion
below). The functlon
gulk,0,2) = 0@ {1 = 5 + 311 + FT (37)
is the nonlinear damping factor of the BAO signal derived by
FEisenstein et al.|(2007), with

f dkPi2(k, 7).

The curly bracket in Eq. (33) is the redshift-space-distortion
(RSD) contribution correcting for the nonlinear finger-of-God
(FoG) effect, where we defined bog(z) as the product of the effec-
tive scale-independent bias of galaxy samples and the r.m.s. mat-
ter density fluctuation og(z) (let us note that we marginalize over
bog(z)), while g is the cosine of the angle 6 between the wave
vector k and the line-of-sight direction # and o-l%(z) = 02(z). Al-
though these parameters are assumed to be the same, they come
from two different physical effects, namely large-scale bulk flow
for the former and virial motion for the latter.

The factor F, accounts for the smearing of the galaxy density
field along the line-of-sight due to redshift uncertainties. It is
given by

oi(z) = (38)

Flk, pg;7) = 719770 (39)
where 0,(z) = ¢(1 + 2)o0/H(z) and oy is the error on the
measured redshifts.

The factor in front of the curly bracket in Eq. (353) describes
the Alcock-Paczynski effect, which is parameterised in terms of
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the angular diameter distance Da(z) and the Hubble parameter
H(z) as

DA(2)

()= 40

1 (Z) DA,ref(Z) ( )
_ Hyer(2)

a0 = 1)

Due to the Alcock-Paczynski effect, yy and k are re-scaled in
a cosmology-dependent way as a function of the projection
along and perpendicular to the line-of-sight. In the previous
Eq. (33), the arguments u and k are themselves functions of
the “true” pgrer and kes at the reference cosmology. This rela-
tion, which for each argument, is a function of ¢, and g, , can
be found in Sect. 3.2.1 of [EC19| Finally, the P(z) is a scale-
independent shot-noise term, which enters as a nuisance param-
eter (see EC19).

Due to the scale independence of o, (= o), we evaluate it at
each redshift bin but we kept it fixed in the Fisher matrix analy-
sis. This method corresponds to the optimistic settings in [EC19}
We would like to highlight that in this work we take directly
the derivatives of the observed galaxy power spectrum with re-
spect to the final parameters, contrary to [EC19| where first a
Fisher matrix analysis is performed for the redshift dependent
parameters H(z), Da(z) and fog(z) and then projected to the fi-
nal cosmological parameters of interest. However, we checked
that both approaches lead to consistent results when considering
the ACDM and wow,CDM models. The other term appearing
in Eq. (36) is the non-wiggle matter power spectrum and this
has been obtained applying a Savitzky-Golay filter to the matter
power spectrum ng(k; 7). For more details on this implementa-
tion, see EC19.

3.3. Nonlinear modelling for WL

The galaxy power spectrum on mildly nonlinear scales can be
modelled by a modified version of the implementation in|[EC19|
This is no more the case when we move to the deeply nonlin-
ear regime where an analytical description of the matter power
spectrum is unavailable for the models of our interest.

The wide window functions (in particular, the WL one) en-
tering the prediction of the photometric observables Cf;y(f) re-
quire an accurate description of nonlinear scales. In particular,
one should explicitly account for the impact of baryons, and
include nuisance parameters which control the baryonic feed-
back in order to avoid biasing the parameter estimation (see e.g.
Schneider et al.|[2020blla). However, at the moment we do not
have accurate Euclid-like simulations including baryonic effects,
especially in the case of MG cosmologies. Therefore, we ignore
these effects in our analysis, leaving their inclusion for a future
work. In the following subsections, we comment on the indi-
vidual prescriptions for each MG model, which will be used to
compute the nonlinear matter power spectrum. While having a
common prescription at nonlinear scales for all models would
be desirable, given the different behaviors of each model at non-
linear scales, this remains an ambitious goal. Currently we have
at our disposal codes implementing the specific features of each
model which have already been tested and used in literature thus
reinforcing the validity of our procedure.

3.3.1. Jordan-Brans-Dicke gravity

For the nonlinear prescription, we use a modified version of
HMCODE (Mead et al.[2015},[2016)). HMCODE is an augmented halo

model that can be used to make accurate predictions of the non-
linear matter power spectrum over a wide range of cosmologies.
A brief summary of how this works is given below.

In the halo model (Cooray & Sheth|[2002)), the nonlinear
matter power spectrum can be written as a sum Pyp(k,z) =
Piu(k, z) + Poy(k, z) where

0 2
Pou(k, 2) = Pin(k, 2) [f b(M,2)W(M, k,z)n(M, z) dM | ,
0

(42)

is the so-called 2-halo term (correlation between different halos)
and

Pk, z) = f WM, k,z)n(M, z) dM , (43)
0

is the so-called 1-halo term (correlations between mass-elements
within each halo). Above M is the halo mass, Pj,(k,z) is the
linear matter power spectrum, n(M, z) is the halo mass function
and b(M, z) is the linear halo bias.

The window function W is the Fourier transform of the halo
matter density profiles:

LY s
WM&O=:f‘MﬁgﬁQMMnOW, (44)
P Jo kr

where p(M, r, ) is the radial matter density profile in a host halo
of mass M and p is the mean matter density. The halo mass is re-
lated to the virial radius, ry, via M = 4nr3A,(2)p/3, where Ay(z)
is the virial halo overdensity. The halo profiles, the halo defini-
tion and the halo mass function can either be computed from ex-
cursion set models, extracted from numerical simulations and/or
parametrised as functions with free parameters which are then
fit to data. HMICODE does a combination of this and the resulting
fitting function has, for ACDM, been shown to be accurate to
2.5% for scales k < IOhMpc‘1 and redshifts z < 2 (Mead et al.
2021)).

In Joudaki et al.| (2022)), a modification of HMCODE that is
able to include the effects of JBD, was made using a suite of
N-body simulations obtained with modified versions of both the
COmoving Lagrangian Acceleration (COLA, [Tassev et al.[2013}
Winther et al.|[2017)) and RAMSES (Teyssier|2002) codes. COLA
solves for the perturbations around paths predicted from second
order Lagrangian perturbation theory (2LPT), and it has proven
to be fast and accurate on large scales. This was used for scales
k < 0.5hMpc~! to generate a large enough ensemble of simu-
lations and reduce sample variance. On very small scales, up to
k < 10 hMpc~!, RAMSES grid-based hydrodynamical solver with
adaptive mesh refinement were used.

The spectra generated by these simulations were then used
to calibrate HMCODE. While we do not consider the effects of
baryons here, the advantage of HMCODE, rather than Halofit is
that the former is able to capture baryonic feedback at ~ 5% ac-
curacy level up to k =~ 10 A Mpc™! (Mead et al.2021). This will
become an important consideration (Schneider et al.[2020bla) in
future, more detailed analyses. To take into account JBD, on top
of modifying the expansion history and growth of perturbations,
the virialised halo overdensity was modified as

Ay =Qu(z)7%32 (45)

2
x {do + (418.0 — do) arctan [ (0.001 jwsp — 50.0)"? ‘} ’
T
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where dy = 320.0 + 40.0z°2°. This modification has the feature
that it reduces to the original ACDM HMCODE as wgp — 0.
We stress that this modification is not a physical claim about
JBD causing this particular change in the virialised halo over-
density, but rather that this change in the virialised halo overden-
sity within the HICODE machinery is able to accurately reproduce
the JBD power-spectrum to the given accuracy. The resulting
power spectrum with this modification was found to be accurate
to 10% for the fitted range 10* > wpp > 50 and on scales up to
k ~ 10 hMpc™'. This nonlinear prescription was made with past
weak-lensing surveys in mind and fitted to a range of wpp and
scales that we can realistically constrain at the present time. Let
us note that if doing parameter inference with actual Euclid data
the accuracy here might not be good enough.

We can see in Fig. [T] the comparison of the matter power
spectrum and the lensing angular power spectrum of JBD with
wpp = 800, which we will refer to as JBD1, and their compar-
ison to ACDM. In the top left panel we plot the linear (dashed)
and nonlinear (solid) matter power spectrum as a function of
scale for z = 0. In the top right panel we show the ratio of these
power spectra with respect to their corresponding ACDM cases,
using the same o-g normalization today.

We can see that for JBDI, the linear power spectrum is al-
most identical to its standard model counterpart, however the
nonlinear power spectrum shows a small suppression on small
scales, kicking off at about k = 0.3 hMpc~'. It is important to
note that, unlike nDGP, the JBD theory is not endowed with
gravitational screening so any modification on small scales in
the nonlinear power spectrum is inherited from the change in
the primordial amplitude, Ag, in the linear power spectrum. In
order for o to be the same in ACDM as in JBD we need a
higher primordial amplitude A,. A higher A, in ACDM means
nonlinear structures form faster and get more massive, which in
the matter power-spectrum then translates into an even higher
amplitude on nonlinear scales (i.e. it increases more than linear
theory predicts) which gives rise to the small-scale suppression
seen in Fig.[I] This effect can also be found in pure ACDM if one
considers the ratio of the matter power spectrum for two differ-
ent values of Ag. The result will then be constant on large scales,
but shows an enhancement or suppression on small scales. If we
instead showed results with the same primordial amplitude in
JBD as in ACDM then the JBD power-spectrum would show
a certain enhancement to ACDM on linear scales and an ever
bigger enhancement on nonlinear scales, which is more in line
with naive expectations of having a larger gravitational constant
leading to an enhancement in the matter power-spectrum. The
signature we see in the matter power-spectrum naturally impacts
the lensing spectrum, which shows a similar suppression at small
scales, given that for a given multipole and redshift bin, it is just
proportional to the matter power spectrum as defined in Eq. (30).

3.3.2. Dvali-Gabadadze-Porrati gravity

We will model the nonlinear power spectrum using the halo
model reaction (Cataneo et al.|2019) which has been shown to
agree with N-body simulations at the 2% level down to k =
3hMpc~! with small variation depending on redshift, degree of
modification to GR and mass of neutrinos (Bose et al.[2021)). The
approach attempts to model nonlinear corrections to the power
spectrum coming from modified gravity through the so-called
reaction R(k, z), which employs both 1-loop perturbation theory
and the halo model. The nonlinear power spectrum in nDGP is
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given by the product

Pi(k,2) = R(k, ) PRk, 2), (46)

where the pseudo power spectrum is a spectrum where all non-
linear physics are modelled using GR but the initial conditions
are tuned in such a way as to replicate the modified linear cluster-
ing at the target redshift. In this work we use the halofit formula

of Takahashi et al.{(2012) to model P2 (k, z) by supplying the
formula with a nDGP input linear matter power spectrum.
The halo model reaction, R(k, z), is given by a corrected ratio

of target-to-pseudo halo model spectra

{[1 - E@Ie™@ + E@)}Pan(k, 2) + Pru(k, 2)

R(k,2) = & (47)
o (k.2)
The components are given explicitly as
PPk, 2) =Poy(k, 2) + Py (k, 2), (48)
Pk z
&(z) =lim % (49)
k—0 PII)H (k,2)
- -1
z Ak, 2)
kie(2) = — k{ln [—_ - 8(z)} —In[1 - 8(1)]} ,
) Pou(k,2)
(50
where
P*OO (k,Z)+P (k,Z) Seu
Ak, 7) = — P, 2) = Pin(k, 2).
P oophs 2) + P (k. 2)
(5D

Pyy(k, z) is the 2-halo contribution which we can approximate
with the (nDGP) linear power spectrum, Py (k, z) (see for a re-
view on the halo model [Cooray & Sheth|[2002). Py(k,z) and

PP (k, 7) are the 1-halo contributions to the power spectrum
as predicted by the halo model, with and without modifica-
tions to the standard ACDM spherical collapse equations, re-
spectively. We remind the reader that by definition, the pseudo
cosmology has no nonlinear beyond-ACDM modifications. Sim-

ilarly, Py_jo0p(k,z) and Pﬁ’iﬁiﬂ;(k, 7) are the 1-loop predictions
with and without nonlinear modifications to ACDM, respec-
tively. As in previous works, the limit in Eq. (#9) is taken to be
atk = 0.01 hMpc™! and we compute k, using k = 0.06 2 Mpc™".
This scale is chosen such that the 1-loop predictions are suffi-
ciently accurate at all the redshifts considered.

We note that the correction to the halo model ratio in Eq.
has been shown to improve this ratio when there are modifica-
tions to gravity that invoke some sort of screening mechanism
(Cataneo et al.|2019).

As in previous works, in our halo model calculations we use
a Sheth-Tormen mass function (Sheth & Tormen||1999, 2002),
a power-law concentration-mass relation (see for example Bul-
lock et al.| 2001) and an NFW halo density profile (Navarro
et al[|1997). These calculations are performed using the publicly
available ReACT code (Bose et al.|[2020). We refer the interested
reader to this reference for further computational and theoretical
details.

Finally, as previously discussed in the JBD case, we show in
Fig. the comparison of the matter power spectrum and the
lensing angular power spectrum of nDGP vs. ACDM as a func-
tion of scale for z = 0. Here we have chosen for Q.. the value
Q.. = 0.25 that is farther away from ACDM. We will refer to this
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choice as nDGP1 model. The ratio of these power spectra with
respect to their corresponding ACDM cases has been done using
the same og normalization today. We can see that for nDGP1,
the linear matter power spectrum is identical to the ACDM one.
However, the nonlinear matter power spectrum shows a suppres-
sion starting from scales k = 0.1 hMpc’l, which reaches about
10% at scales of about k = 1.0 AMpc~'. This impacts of course
the lensing spectrum, which shows a similar suppression at small
angular scales, given that for a given multipole and redshift bin,
it is just proportional to the matter power spectrum as defined in
Eq. (30).

As the og normalization is the same for the ACDM reference
spectrum, it is essentially the PﬁfEUdo by definition. This means
the quantity associated with the green solid curve in the top right
panel of Fig. [T] is approximately R(k,z = 0). This quantity is
largely governed by the ratio of the nDGP to pseudo 1-halo terms
atk > 0.1 :Mpc™" (Cataneo et al.|2019). In a nDGP cosmology,
there will be more high-mass halos when compared to its GR
counterpart due to the supplemental fifth force sourced by the
additional degree of freedom. High-mass contributions to the 1-
halo term are relatively more suppressed by the NFW density
profile (see for example Fig. 9 of |Cooray & Sheth|[2002, and
Eq. [52). This will cause the 1-halo GR power spectrum to be
larger than the DGP 1-halo spectrum if the linear clustering in
the two cosmologies is the same at the target redshift.

We note that if instead we fix the same primordial amplitude
of perturbations, we will have the reverse, more halos will have
formed by the target redshift in the nDGP cosmology giving an
enhancement of the 1-halo term over GR. We refer the reader
to Figs. 6 and 8 in |[Cataneo et al.| (2019) highlighting these two
scenarios, GR and nDGP with the same late time amplitude of
linear perturbations and one with the same early time amplitude
respectively.

3.3.3. k-mouflage gravity

For the KM nonlinear matter power spectrum, we use a simi-
lar analytical approach that combines 1-loop perturbation the-
ory with a halo model. This method was introduced in Valageas
et al.|(2013) for the standard ACDM cosmology. As in usual halo
models, it splits the matter power spectrum over 2-halo and 1-
halo contributions, as in Eq. {#8)), but it uses a Lagrangian frame-
work to evaluate these two contributions in terms of the pair-
separation probability distribution. This provides a Lagrangian-
space regularisation of perturbation theory, which matches stan-
dard perturbation theory up to 1-loop order and includes a partial
resummation of higher-order terms, such that the pair-separation
probability distribution is positive and normalised to unity at all
scales. Thus, the two-halo term goes beyond the Zeldovich ap-
proximation by including a non-zero skewness, which enables
the consistency with standard perturbation theory up to 1-loop
order, as well as a simple Ansatz for higher-order cumulants
inspired by the adhesion model. The 1-halo term includes a
counter-term that ensures its falloff at low k, in agreement with
the conservation of matter and momentum,

< dy M ~ 2
Piy(k) = fo f)= | (k) = Wikgn)| (52)

v
where iy, (k) is the normalised Fourier transform of the halo ra-
dial profile, W(kgy) is the normalised Fourier transform of the
top-hat of Lagrangian radius g,,, and f(v) is the normalised halo
mass function. This counterterm is not introduced by hand, as it
arises directly from the splitting of the matter power spectrum

over 2-halo and 1-halo contributions within a Lagrangian frame-
work, which by construction satisfies the conservation of matter.
Additionally, v is defined as 8./0 (M), where . is the linear den-
sity contrast associated to a nonlinear density contrast of 200,
and o(M) is the root mean square of the linear density contrast
at mass scale M. The threshold &, is sensitive to the modifica-
tion of gravity. In principles it also depends on M, as the shells
in the spherical collapse are coupled and evolve differently de-
pending on their masses due to nonlinear screening. However,
for the models that we consider here, screening is negligible be-
yond 1 4~! Mpc (clusters are not screened), so that d is indepen-
dent of M.

This nonlinear modelling was extended in [Brax & Valageas
(2013) to several modified-gravity scenarios ( f(R) theories, dila-
ton and symmetron models), and in Brax & Valageas| (2014);
Brax et al.|(2015) to KM models. This involves the computation
of the impact of modified gravity on both the linear and 1-loop
contributions to the matter power spectrum, which enter the 2-
halo term, and on the spherical collapse dynamics, which enter
the 1-halo term through the halo mass function. Therefore, this
nonlinear modelling exactly captures the modification of grav-
ity both up to 1-loop order and at the level of the fully nonlin-
ear spherical collapse. The Ansatz for the partial resummation
of higher-order terms is the same as for the standard ACDM
cosmology (this implies that their values are also modified as
they depend on the lower orders to ensure the positivity and the
normalisation of the underlying pair distribution). A compari-
son with numerical simulations (Brax & Valageas|2013)) for f(R)
theories (with |fz,| = 107, 107 and 107°), shows that this ap-
proach captures the relative deviation from the ACDM power
spectrum at z = O up to k = 32 Mpc~'. We have not compared
this recipe with numerical simulations of the KM theories yet,
which have only recently been performed (Herndndez-Aguayo
et al.|2022). However, we expect at least the same level of agree-
ment, as the KM models are simpler and closer to the ACDM
cosmology than the f(R) models (as in ACDM, the linear growth
rate is scale independent).

We can see in Fig.[]the comparison between the KM 1 model
defined with €0 = —0.04 and its ACDM counterpart, normalised
to the same og and cosmological parameters at z = 0, for the
matter and cosmic shear power spectra. We can notice that the
ratio of the linear matter power spectra increases on intermedi-
ate scales (1072 < k < thpc_l): this is due to the change
of the background evolution, which slightly affects the scales
at matter-radiation equality. Indeed, H(z) is greater for KM1 at
high redshift (Benevento et al.|2019), which implies a smaller
Hubble radius at matter-radiation equality. This in turns means
that the change of the slope of the linear power spectrum, from
PL(k) ~ k' to PL(k) o k™%, is shifted to smaller scales, and
whence to higher k. This implies that the ratio Pgy,/Prepm
grows on these intermediate scales, where the linear power spec-
trum changes slope, because of this delay to higher k of the tran-
sition. Because the two spectra have the same o and the ra-
tio Py /Pacom grows with , the ratio is below unity at low &
and above unity at high k. Moreover the linear growth rates are
scale-independent for both KM and ACDM, therefore the ratio
Py / PAcpm goes to a constant at very low k and at very high
k, where the slopes of both linear power spectra are equal to
or ng — 4 (i.e., outside of the intermediate scales where the slope
of the linear power spectrum slowly runs with k). This flat ra-
tio can be clearly seen in Fig. |l at low k. The amplitude of the
deviation is set by the parameter €, . There is a significant mul-
tiplicative factor, of about 7, as it reaches 30% for e, 9 = —0.04.
This is partly due to nonlinear effects in the scalar field sector,
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both in the background and in the linear growth rate, which are
not completely irrelevant. At z = 0, even though €, = —0.04 we
have € ~ 0.12, whereas at linear order in the scalar field dy-
namics we should have expected that €, = —e,. As the growth
of structures is actually sensitive to €, this leads to a stronger
effect than could be expected from the value of ¢, itself. Then,
the power spectrum being a quadratic functional of the density
field gives an additional amplification factor of 2 for relative per-
turbations.

Beyond this global behavior of the ratio PRy, /Prdpy- an-
other impact of the slight modification of the background is to
shift the baryon acoustic oscillations. This leads to the oscilla-
tions seen at BAO scales, k ~ 0.01 Mpc™'. Nonlinear effects
lead to a decrease of the ratio Pyy;,/Prépy as compared with
the linear prediction of mildly nonlinear scales. This is due to
the loss of information in the power spectrum in the nonlinear
regime, which can be related to the universal NFW profile of
virialized halos within the halo model. Then, the shape of the
nonlinear power spectrum at those scales is mostly set by the
scale where the nonlinear transition takes place and this happens
to occur at somewhat larger scales for the ACDM counterpart
(i.e. the higher linear power at higher k in the KM1 scenario is
mostly erased by the nonlinear dynamics).

As usual, the integration along the line of sight leads to a
much smoother curve for the cosmic shear angular power spec-
trum. Even though the 3D nonlinear matter power spectrum is
reduced at z = 0 for KM1 as compared with ACDM, as seen in
the upper right panel, the lensing power is increased, as seen in
the lower right panel. This is due to the coupling function A(yp),
which is greater than unity at z > 0 and leads to a higher value of
the phenomenological function %, see Eq. (24), or in other words
to a greater Newton constant at high redshift.

4. Survey specifications and analysis method

We will vary as base cosmological parameters:

0O = {Quo, Qvo, h, 15, 05}, (53)
for which we choose the following fiducial values:
Qmo = 0.315, Qpo = 0.049,

h=0.6737, ng = 0.966, (54)

where Qo = Q¢ 0+ 0+€,,0. To fix the fiducial value for og we
will use the same initial amplitude of primordial perturbations
for all models, namely A = 2.09681x 107?. Note that the fiducial
cosmology includes massive neutrinos with total mass of Xm, =
0.06 eV, but we keep £m, fixed in the following Fisher matrix
analysis. In the following we will specify the og value for each
model along with the fiducial values of the model parameters:

1. JIBD

@ﬁdq] = {0’8 = 0816, loglo WBD = 290309}
@ﬁd’z = {0’8 = 0.812, logm WBD = 339794}

(JBD1);
(JBD2). (55)
These values correspond to wgp = 800 and wgp = 2500

respectively. In these cases the initial value of the scalar field
has been fixed to ¢;,; = 1/GN.

2. nDGP
Ofa,1 = {og = 0.8690, log,, Q. = —0.60206} (nDGP1);
Onao = {og = 0.8105, log,, Qe = -6} (nDGP2). (56)
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These values correspond to Q. = 0.25 and Q. = 1079,
respectively for nDGP1 and nDGP?2.

3. KM
O, = {03 =0.994, &, = -0.04) (KM1);
Ogp = {og = 0.813, & = -0.0001} (KM2). 67

We follow |[EC19|for setting up the specifics of the photomet-
ric probes as we briefly summarise here. The sources are split in
10 equi-populated redshift bins whose limits are obtained from
the redshift distribution

2 3/2
Z z
worlef e (]
20 20
with zo = 0.9/ V2 and the normalisation set by the requirement
that the surface density of galaxies is 7i, = 30 arcmin™~. This is
then convolved with the sum of two Gaussians to account for
the effect of photometric redshift. Galaxy bias is assumed con-
stant within each redshfit bin, with fiducial values b; = V1 + Z;,
and Z; the bin centre. Any possible scale dependence of the bias
introduced by GR is taken to be negligible.

As in|[EC19, we consider a Gaussian only covariance whose
elements are given by

(58)

5K
Cov [CAB(0), CP()] = — S0
ov|ci*0. PO Q0+ 1) fugAL

x {[CiC@ + NS | [CEP @y + NEP(0)]
+ [CaP@ + NP By + NS, (59)

where upper-case (lower-case) Latin indexes run over WL, GCpy,
(all tomographic bins), 62,, is the Kronecker delta symbol com-
ing from the lack of correlation between different multipoles
(¢, 1), fsy = 0.36 is the survey sky fraction, and A¢ denotes the
width of the 100 logarithmic equi-spaced multipole bins. Note
that, for the observables of interest here, we can take a white
noise so that it is

i
O n—]o'z (60)
i
NGO = =, (61)
N0 =0, (62)

where 02 = 0.3% is the variance of observed ellipticities.

We keep following [EC19| for evaluating the Fisher matrix
Fop(z;) for the observed galaxy power spectrum. Here, @ and
B run over the cosmological parameters of the set @, the in-
dex i labels the redshift bin, each respectively centred in z; =
{1.0, 1.2, 1.4, 1.65}, whose widths are Az = 0.2 for the first three
bins and Az = 0.3 for the last bin. As a difference with respect
to [EC19, we adopt here the direct derivative approach varying
the observed galaxy power spectrum with respect to the cosmo-
logical parameters directly. We include two additional redshift-
dependent parameters In bos(z;) and Pg(z;) that we marginalise
over. Spectroscopic galaxy bias, b(z), and expected number den-
sity of Her emiitters, n(z), are as reported in Table 3 of [EC19]

For all probes, we consider an optimistic and a pessimistic
scenario defined according to the specifications for WL, GCpp,
and GCy, in Table Note that, for GCp, we have added a third
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Fig. 1. Large-scale structure observables for the different MG models considered in this work evaluated at the fiducial values of the model
parameters used for the Fisher matrix analysis. Top Left: The linear (dashed) and nonlinear (solid lines) matter power spectrum Pjs(z, k) entering
Egs. @) and @, respectively, evaluated at redshift z = 0, for KM1 (e, = —0.04, blue), JBD1 (wgp = 800, red) and nDGP1 (Q,. = 0.25, green).
Top Right: Ratio of the matter power spectra for the above mentioned models with respect to their ACDM counterpart with the same value of
og today, both for the linear (dashed) and nonlinear (solid) cases. While for nDGP1 and JBD1 the linear ratio remains constant, in the case of
KMI1 the ratio shows large-scale damping and oscillatory features that appear at scales around k ~ 0.1 2 Mpc™'. Bottom Left: Cosmic shear (WL)
angular power spectra for the first bin i = j = 1, defined in Eq. (30) for the three models considered above, with the same legend labels. Bottom
Right: Ratio of the cosmic shear C; ;({) to their ACDM counterpart, for the bin combination i = j = 1. For JBD1 and nDGP1 the suppression in
the nonlinear power spectrum can also be seen as a suppression of the lensing angular spectra. For KM 1, however, although the nonlinear power
spectrum is also decreased at small scales the lensing enhancement function X defined in Eq. (Z4) is larger than 1 at z > 0, giving an overall

increase in the lensing C; j(£) when compared to ACDM.

scenario, referred to as quasi-linear, fixing the maximum wave
number to kpax = 0.154 Mpcfl. We explore this more conserva-
tive case since the underlying matter power spectrum of Eq. (36))
that we are using in our observed galaxy power spectrum recipe
is a linear one. Nonlinear corrections actually start playing a role
for wavenumbers larger than k = 0.1 A Mpc~! for the redshifts in
consideration (see [Taruya et al.|2010). Cutting at a lower kpx
should avoid any bias induced by neglecting nonlinear correc-
tions below this scale. However, such a severe cut also removes
part of the information encoded in GCg;, so that we want to quan-
tify how this affects the constraints. In all scenarios, we fix the
oy = op nuisance parameter for GCy, to the values directly cal-
culated from Eq. (38) for the fiducial cosmological parameters.
We consider both GCg, alone and the combination of all pho-
tometric probes: GCp, WL, and their XC. Moreover, we also
consider the full combination of all Euclid main probes: GCsp,
GCph, WL, and the XC between GC,, and WL. It is important
to mention that we account for all the mixed terms in the co-
variance matrix for the photometric probes such as, for instance,

Cov [CbL(f), ClgL(é’)]. However, we follow EC19| in neglecting
any correlation between GCy, and the photometric probes. In the
pessimistic scenario, we further impose a cut z < 0.9 to GC,, and

XC to remove any overlap between these probes and GCg,. Note
that such a cut is applied only when we add GCg, to the pho-
tometric probes, while it is not when using photometric probes
alone in the pessimistic case. No cut is ever applied in the opti-
mistic case.

5. Results

In this section we discuss the results of the Fisher matrix analysis
for the three models under investigation, JBD, nDGP and KM,
and for each of them we consider two fiducial cases presented
in Sect. EI Additionally, for each case we consider a quasi-linear,
pessimistic and optimistic scenario as discussed in Sect.[d] In the
following we present the 68.3% and 95.4% joint marginal error
contours on the cosmological and model parameters for the opti-
mistic setting and for completeness we include the contour plots
for the pessimistic scenario in the Appendix [A] We stress that
we are interested in detecting a non zero value for the model’s
parameters, therefore we present the relative errors on the corre-
sponding fiducial values. In the specific cases of JBD and nDGP
we performed the Fisher analysis on the logarithm of the extra
parameter, namely log;, X with X = wpp and X = Q.. for JBD
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Table 1. Euclid survey specifications for WL, GCp, and GCy,.

Survey area Agqurvey 15000 deg2
WL
Number of photo-z bins N, 10
Galaxy number density fgal 30 arcmin™>
Intrinsic  ellipticity disper- o 0.30
sion
Minimum multipole Crnin 10
Maximum multipole Cinax
— Pessimistic 1500
— Optimistic 5000
GCpy
Number of photo-z bins N, 10
Galaxy number density Tgal 30 arcmin 2
Minimum multipole Conin 10
Maximum multipole Cinax
— Pessimistic 750
— Optimistic 3000
GCyp
Number of spectro-z bins n, 4
Centres of the bins Zi {1.0, 1.2, 1.4, 1.65}
Error on redshift 00 0.001
Minimum scale Kmin 0.001 A Mpc*1
Maximum scale Kmax
— Quasi-linear 0.15 hMpc™!
— Pessimistic 0.25 hMpc~!
— Optimistic 0.30 A Mpc™!

and nDGP respectively. This choice is dictated by the fact that
we cannot perform a Fisher analysis on a parameter varying by
order of magnitudes. Additionally, we need to use as parameter
a quantity that is of order one in the analysis in order to avoid
having large differences between the largest and lowest eigen-
values of the Fisher matrix. For the specific case of nDGP, the
use of the logarithm of the model’s parameter allows us to con-
sider only its positive viable range, which would not be possible
if we performed a Fisher analysis directly on Q... We note indeed
that a prior like Q. > 0 cannot be imposed a priori in the Fisher
analysis. Beside discussing the results on log;, X we will also
report on the uncertainties on the parameter itself, X. We note
that we cannot use a Jacobian transformation to convert between
the Fisher matrices because the transformation between the two
parameterisations is nonlinear and the assumption of Gaussian-
ity is valid for the logarithmic parameterisation only. In order to
obtain the constraints on the parameter X we use:

X® = Xfig X 10*toz10X | (63)

As a consequence the uncertainties on X will be asymmetrical.
We now proceed to discuss in detail each model.

In order to have a global view on the results for the three MG
models analysed, we summarise in Fig. 2] the 68.3% marginal
errors on the models parameters, log;, wgp for JBD, log;, Q.
for nDGP and €,y for KM in all the scenarios and combinations
of probes we used. Let us note that we did not consider WL
probe alone because we verified that WL provides constraints
roughly of the same order as the GC,, ones. When we combine
with GCp, and XC the constraints are significantly boosted. Ad-
ditionally, we note that the constraining power of the spectro-
scopic sample is very weak and this is due to the fact that we
do not go deep enough in the nonlinear regime and also because
when using GC probes we introduce degeneracies among the
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MG parameters, amplitudes and bias parameters. These features
characterise all the models.
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Fig. 2. Marginalised 1o errors on the models’ parameters relative to
their corresponding fiducial values, for JBD (case 1 in blue and case
2 in cyan), nDGP (case 1 in green and case 2 in light green) and KM
(case 1 in red and case 2 in light red). We show the marginalised 1o
errors for GCy; in the optimistic (dotted area), pessimistic (dashed area)
and quasi-linear (filled area) scenarios (top panel), for WL+XC+GCy,
in the optimistic and pessimistic cases (central panel) and for the
GC +WL+XC+GCyy, in the the optimistic and pessimistic cases.
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5.1. Jordan-Brans-Dicke gravity

There are remarkably strong non-cosmological constraints on
JBD gravity, with current bounds of order wpp > 10°. But, as
pointed out above, it is useful to look at JBD gravity as a long
wavelength limit of more general scalar-tensor theories with a
wide range of small scale limits which may be endowed with
gravitational screening. It then makes sense to focus on what
we already know from cosmology, where constraints are of or-
der wgp > 10°, independently from what we know from non-
cosmological systems. Two further, practical reasons lead us to
choose wgp ~ 103, First of all this value is at limits of the range
for which we have calibrated the nonlinear prescription we are
using. Second, the likelihood is very flat for high values of wgp
which can lead to numerical errors in the finite differences of the
Fisher matrix evaluation for some of the observables. We thus
consider two cases for JBD. The first fiducial with wgp = 800
(JBD1) and the second one with wgp = 2500 (JBD2). Whereas
the first one is nearly compatible with the most recent constraints
from publicly available CMB and LSS data, the second one is
well within the current bounds (Ballardini et al.|2020; Joudaki
et al.|[2022; Ballardini et al.|2022)). Table E] summarises the rela-
tive (with respect to the fiducial values) uncertainties for the cos-
mological and model parameters in the quasi-linear, pessimistic
and optimistic Euclid cases. Fig. [3] shows the 68.3% and 95.4%
joint marginal error contours on the cosmological model param-
eters for the optimistic settings for both JBD1 (left panel) and
JBD2 (right panel). Note that as in (Casas et al.| (2023) for f(R),
we have performed the Fisher matrix analysis on the parame-
ter log;, wpp. instead of directly on wpp, since for large num-
bers and differences in the order of magnitude, the Fisher matrix
derivatives might become unstable.

In the optimistic setting, we find that Euclid will be able to
constrain log;, wgp as follows:

- JBDI:
— at 35% for the GCgj, alone;
—at 3.6% when considering the combination
WL+XC+GChpp;
- at 3.3% for GCy, +WL+XC+GCpp,.
- JBD2:
— at 92% for the GCy;, alone;
—at 5.1% when considering the combination
WL+XC+GCpy;

— at 4.6% for GCyp+WLA+XC+GChp.

For JBD1 the parameter log,, wgp can be measured at high
statistical significance even in the pessimistic case, whereas this
does not hold for JBD2.

We now discuss the forecast errors on the parameter wpp
propagating the uncertainties according to Eq. (63). For JBD1

we obtain wgp = 800739 for GCy, wpp = 800*1% for

WL+XC+GCpp, and wpp = 800j%28 for GCyp+WLA+XC+GCpp;
these results correspond to relative errors of 1000%, 27% and
25%, respectively. For JBD2, always in the case of optimistic

settings, we obtain wpp = 2500’:580 for WL+XC+GCp;, and

WBD = 2500”_’;%0 for GCyp+ WL+XC+GCpy; these correspond
to relative errors of 48% and 40%, respectively (JBD2 is uncon-
strained by GC alone).

These results for the optimistic settings demonstrate how Eu-
clid alone could potentially detect at statistically significant level
values of wpp which are compatible with current publicly avail-
able CMB and LSS data (Ballardini et al.|[2020; Joudaki et al.
2022; Ballardini et al.|[2022)), but not those which are compatible
with Solar System constraints. Although Euclid specifications

are not exactly the same, these results we find here are consis-
tent with previous ones in Ballardini et al.[(2019), once rewritten
in the coupling to the curvature y = (4wpp)~".

Finally, let us note that in the pessimistic setting we find that,
for some parameters, the combination of the photometric probes
has more power in constraining than the full combination with
spectroscopic probes, see Table [2]and Fig. [A.T] This is because
for the pessimistic setting we adopt a cut in redshift as described
in Sect. ] to avoid possible overlaps in z. Therefore, we lose the
power from GC,, at high redshift. This contingency is present
only for the JBD case and not for the other models we study
in this work. We identify the physical mechanism behind it in
the fact that JBD does not have a proper screening mechanism,
while, on the contrary, nDGP and KM include it such that at non-
linear scales they recover ACDM. This reduces the importance
of the constraining power coming from nonlinearities (which is
captured by photometric probes) for the latter models, being in-
stead important for the former. We show further results in Ap-
pendix [A] where we present the results without this z-cut.

5.2. Dvali-Gabadadze-Porrati gravity

The two cases considered for the nDGP model are log;, Q.. =
—0.60206 (nDGP1) and log,, ;. = —6 (nDGP2). We summarise
the 68.3% marginalised errors (relative to the fiducial values) in
Table [3] on the cosmological and model parameters in the opti-
mistic, pessimistic and quasi-linear case. We show in Fig. ] the
68.3% and 95.4% joint marginal error contours on cosmolog-
ical and model parameters for the optimistic scenario for both
nDGP1 (left panel) and nDGP2 (right panel). In Fig. @] we
show the same but for the pessimistic setting.

In the optimistic setting, we find that Euclid will be able to
constrain log,, Q. as follows:

- nDGP1:
— at 90% for GCgp, alone;
— at 20% when considering WL+XC+GCpy;
- at 17% for GCy,+ WL+XC+GCpy,.

- nDGP2:
— GC, has no power in constraining the parameter.
— at 81% for both WL+XC+GCpp and
GCyp+WL+XC+GCpp.

Regardless of the specific case considered (nDGP1 or
nDGP2), the power in constraining Qp, o, Qb0 and £ is the same,
while ng and og are better constrained in the nDGP2 case. For
example, in the optimistic setting, ns for WL+XC+GCpy, is con-
strained at 0.52% for nDGP1 and 0.37% for nDGP2 and they fur-
ther improve when considering the full combination of probes,
being, respectively, 0.37% and 0.17%. In Fig. [} in the log, o Qr.—
ng panel, we notice that the two parameters are anti-correlated in
the nDGP1 case. This makes the forecast errors on ng larger than
the nDGP2 case where the anti-correlation disappears. A similar
discussion can be done for the o-g parameter. Indeed, in the opti-
mistic setting, for nDGP1 we have 0.37% for WL+XC+GCpy,
and 0.26% for the full combination of probes, while for the
nDGP2 model we obtain 0.25% and 0.14%, respectively.

As previously done for the JBD model, we translate the
forecast errors on the parameter log;, Q. to the parameter Q,
see Eq. (63). Quantitatively for the optimistic scenario, for

nDGP1 we get Qi = 0.257962 for GCyp, Qe = 02570 for

WL+XC+GCpy, and Q. = 0.25j8:8; for GCyp+WL+XC+GCpp.
These correspond to relative errors that can reach 247%, 32%

and 26% respectively. For nDGP2 we obtain an upper bound
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Fig. 3. 68.3% and 95.4% joint marginal error contours on the cosmological parameters for JBD1 (left panel) and JBD2 (right panel) in the
optimistic case. In red GCyp,, in blue WL+XC+GC,;, and in green GCgp+WL+XC+GC,.

Table 2. Forecast 10~ marginal errors on the cosmological and model parameters, relative to their corresponding fiducial value, for JBD1 and JBD2
in the pessimistic, quasi-linear and optimistic cases, using Euclid observations GCg,, WL+XC+GCyp, and GCyp,+ WL+XC+GCpyp.

JBD1 wgp = 800

Qo Qvo  log,owep h ng o3

Pessimistic setting

GCyp (kmax = 0.15 A Mpc ™) (quasi-linear) 387% 6.68% 87.72%  1.52% 2.46% 1.95%
GCyp (kmax = 0.25hMpc™") 1.59% 235% 39.49% 0.53% 1.24% 0.98%
WL+XC+GCyp, 037% 5.10% 10.89% 3.20% 1.25% 0.34%
GCyp+WL+XC+GCpp 0.55% 144% 1501% 027% 0.52% 0.43%
Optimistic setting

GCyp (kmax = 0.3 Mpc™) 1.39% 191% 34.60% 0.42% 1.09% 0.85%
WL+XC+GCy 027% 3.43% 3.55% 1.69% 0.52% 0.11%
GCyp+WL+XC+GCppy 0.23% 1.08% 3.29% 0.11% 0.21% 0.10%

JBD2 wgp = 2500

Pessimistic setting

GCyp (kmax = 0.152Mpc™") (quasi-linear) 388% 6.74% 233.99% 1.53% 2.45% 2.01%
GCyp (kmax = 0.25hMpc™") 1.59% 2.36% 104.99% 0.53% 1.24% 0.99%
WL+XC+GCpp 0.34% 5.09% 17.32% 321% 124% 0.27%
GCyp+WL+XC+GCpy, 1.42% 196% 7417% 047% 1.01% 0.97%
Optimistic setting

GCyp (kmax = 0.3AMpc™") 1.39% 192% 9230% 043% 1.09% 0.87%
WL+XC+GCy, 0.25% 3.40% 5.12% 1.70% 0.56% 0.10%
GCyp+WL+XC+GCpp 0.20% 1.09% 4.55% 0.11% 0.21% 0.09%

that is ;. < 0.072 in the optimistic setting. While for the pes-
simistic case € is unconstrained regardless of the probe we
consider because the fiducial parameter is very close to ACDM
and we do not have enough nonlinear information. To exam-
ine this, we have considered the linear power spectrum: we find
that the derivative with respect to log,, €. approaches 0 in the
ACDM limit, and P] |;p-s = 0.0002 compared to P |o25 ~ 0.08,
where a prime here denotes a derivative with respect to logy Q.
This leads us to conclude that the pessimistic case is still too
dominated by linear structure information to constrain .. when
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we are close to the ACDM limit. It should also be noted that
in the authors do find meaningful constraints
using cosmic shear with the same scale cuts we employ in our
pessimistic case, but they use a full Markov chain Monte Carlo
(MCMC) approach to a ACDM fiducial data vector, sampling
in Q,, as well as employing a different covariance and binning
scheme. Additionally it is known that the results obtained by us-
ing a Fisher approach can be different from those computed with
MCMC method though the sampled parameter is the same (Per-|

otto et alJ2006; [Wolz et al.|2012)). Therefore a direct comparison
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of results is not straightforward. Lastly, our loss in sensitivity in
the ACDM limit justifies the tight upper limit in nDGP1 when
compared to the nDGP2 one.

Moreover a cut in the maximum multipole and scale at lower
values, as it is for the pessimistic (or quasi-linear) scenario, leads
to larger uncertainties on the model parameter (log;, ) com-
pared to the optimistic setting as shown in Table [3|and in Figure
[2] where the impact of the different scales adopted is highlighted.
On the contrary, the relative errors on the cosmological parame-
ters only slightly deteriorate. This means that most of the power
of Euclid in constraining this model comes from the nonlinear
scales.

Finally, in this analysis we have performed the forecasts on
the logarithm of Q. following the motivation discussed in Sect.
[l however we tested that a similar constraining power can be
obtained by sampling Q.. directly. For the 3x2pt in the optimistic
setting we obtain for the nDGP1: a 24% constraint with respect
to the 32% obtained on €. indirectly from the log sampling.

5.3. k-mouflage

Here we presents our results for the KM model with the two
fiducial choices of the €y parameter (KM1 6y = —0.04 and
KM2 ¢y = —0.0001). The KM1 model represents an extreme
case allowed within 95.4% confidence interval by current cos-
mological data, while KM2 is practically indistinguishable from
ACDM. Shown in Fig. [5]are the forecast 68.3% and 95.4% joint
marginal error contours on cosmological and model parameters
for the optimistic scenario. Fig.[A.3|shows forecast results for the
same models in the pessimistic scenario. The 68.3% errors for
both the optimistic and pessimistic configurations are reported
in Table [l

In the optimistic setting, we find that Euclid will be able to
constrain the modified-gravity parameter €, as follows:

- KM1:
— at 5% for the GCy;, alone;
—at 0.15% when considering the combination
WL+XC+GCpp;
- at 0.14% for GCyp+ WL+XC+GCpy,.
- KM2:

— none of the combinations of probes we consider are able
to constrain KM2;

— upper bound at 8 x 10~* for the GCy, alone;

— upper bound at 7 x 10~* when considering the combina-
tion WL+XC+GCpp;

— upper bound at 6 X 10~* for GCgp+WL+XC+GCpp.

Considering the KM1 fiducial, the optimistic configura-
tion will allow us to constrain €y to ~ 5% accuracy, us-
ing GCg, alone. In the worst case scenario of cutting the ob-

served galaxy power spectrum at kpa, = 0.15hMpc™!, the er-
ror on € increases to ~ 11%. The constraining power greatly
improves when considering the combination WL+XC+GCyy,
with percentage error on € lowering to 0.15% in the opti-
mistic case, with no substantial worsening in the pessimistic sce-
nario. Among the cosmological parameters varied for the KM1
model, e is the most tightly constrained by the combination
WL+XC+GCpp. This shows that this combination of data is
well suited to capture the modification induced by k-mouflage
to the Poisson and lensing equations, probing y and ¥ indepen-
dently. Moreover the Euclid survey will probe the redshift range
z 2 1 where the largest effect determined by the running of New-
ton’s constant is expected to manifest (see, e.g., Benevento et al.

2019). We note that the addition of GCp to WL+XC+GC,y, does
not improve constraints on € in both the pessimistic and opti-
mistic scenarios.

The percentage error on € in the ACDM-proximate KM?2
fiducial model goes from 760% using GCj, alone to a value of
464% with the full combination of GCy,+ WL+XC+GCy, in the
best case scenario. This tells us that, in the optimistic case, the
Euclid survey will be able to detect a deviation from ACDM
only if |&| 2 6 x 107, improving over the constraining power
of present CMB and LSS data by somewhat more than one order
of magnitude.

From Fig. [5| we notice that & is anti-correlated with the A
parameter. This correlation can be exploited to reduce the Hub-
ble tension, as noticed in/Benevento et al.|(2019)). This effect de-
termines a lower forecast error for the 4 parameter in the KM1
fiducial model, for which €, is tightly constrained by Euclid
probes, especially when the full data combination is considered.
A similar argument applies for the Q,, o parameter which is also
better constrained in the KM1 case. The uncertainties for the
other parameters do not vary sensibly with the fiducial choice of
€.0-

6. Conclusions

We have explored the constraining power of the future Euclid
mission for linearly scale-independent extensions of the con-
cordance cosmological model, i.e. models that induce modifi-
cations to the linear growth of perturbations that are solely time-
dependent, while featuring different testable types of screening
mechanisms at smaller nonlinear scales. We considered three
specific models, namely JBD, a scalar-tensor theory with a stan-
dard kinetic term and a flat potential (Sect. @; the nDGP
gravity, a braneworld model in which our Universe is a four-
dimensional brane embedded in a five-dimensional Minkowski
space-time (Sect. [2.2); and KM gravity, an extension of k-
essence scenarios with a universal coupling of the scalar field
to matter (Sect. 2.3)).

We derived forecasts from Euclid spectroscopic and photo-
metric primary probes on the cosmological parameters and the
extra parameters of the models, respectively, log,, wpp for JBD,
log,o € for nDGP and €, for KM. In order to do so, we applied
the Fisher matrix method to weak lensing (WL); photometric
galaxy clustering (GCpp); spectroscopic galaxy clustering (GCyp)
and the cross-correlation (XC) between GCp, and WL. For each
MG model we considered two fiducial values for the correspond-
ing model parameter, following the rationale of having a case
which is representative of the ACDM limit and another which
differs more significantly while still being (nearly) compatible
with current bounds. We modelled the nonlinear matter power
spectrum using different prescriptions for each MG model: the
HMCODE (Mead et al.|2015] [2016)) calibrated on a suite of N-
body simulations from modified versions of COLA (Tassev et al.
2013 |Winther et al.[2017)) and RAMSES (Teyssier|2002) for JBD;
the halo model reaction (Cataneo et al.|[2019) for nDGP; and
an analytical approach that combined 1-loop perturbation theory
with a halo model for KM following Brax & Valageas| (2014);
Brax et al.|(2015)).

When setting the Euclid survey specifications, we defined
three scenarios, characterized by different cuts in the maximum
multipole and wavenumber, to assess the constraining power of
nonlinear scales: the quasi-linear with kpa, = 0.155hMpc™
for GCyp; the pessimistic with kpax = 0.25 /’lMpC_l for GCyp,
Cmax = 1500 for WL and i = 750 for GCpy; the optimistic
with kpax = 0.3hMpc_l for GCyp, fmax = 5000 for WL and
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Fig. 4. 68.3% and 95.4% joint marginal error contours on the cosmological parameters for nDGP1 (left panel) and nDGP2 (right panel) in the
optimistic case. In red GCyp, in blue WL+XC+GCp, and in green GCy, + WL+XC+GC,.

Table 3. Forecast 10~ marginal errors on the cosmological and model parameters, relative to their corresponding fiducial value, for nDGP1 and
nDGP2 in the pessimistic, quasi-linear and optimistic cases, using Euclid observations of GCy,, WL+XC+GCpj, and GCyp+WL+XC+GCpp,.

nDGP1 Q.. =0.25

Qo Qb0 log; e h U %]

Pessimistic setting

GCyp (kmax = 0.15 2 Mpc™") (quasi-linear) 223% 430% 142.20% 0.57% 1.69% 1.55%
GCyp (kmax = 0.25 hMpc™) 1.41% 243%  97.63%  030% 1.12% 1.04%
WL+XC+GCpy 1.13% 5.64%  49.59%  2.65% 0.92% 1.08%
GCyp+WL+XC+GCpypy 0.55% 195% 4027%  0.26% 0.68% 0.46%
Optimistic setting

GCyp (kmax = 0.3hMpc™") 1.33% 2.15%  90.06% 0.25% 097% 0.95%
WL+XC+GCpp 0.30% 5.08%  19.59%  2.33% 0.52% 0.37%
GCyp+WL+XC+GCpyy 025% 128% 16.99%  0.15% 0.33% 0.26%

nDGP2 Q,. =10"°

Pessimistic setting

GCyp (kmax = 0.15 A Mpc ™) (quasi-linear) 236% 4.51% 3020.58% 0.59% 1.68% 2.52%
GCyp (kimax = 0.25hMpc™") 1.46% 2.51% 1923.03% 0.31% 1.10% 1.68%
WL+XC+GCy, 0.86% 5.61% 398.64% 2.65% 0.81% 0.58%
GCyp+WL+XC+GCpp 0.89% 1.84% 378.82% 0.22% 1.01% 0.39%
Optimistic setting

GCyp (kmax = 0.3 Mpc™) 1.38% 2.21% 1801.03% 0.26% 0.97% 1.54%
WL+XC+GCpy 029% 5.08%  81.02% 2.32% 0.37% 0.25%
GCyp+WL+XC+GCpypy 025% 1.12%  80.83% 0.12% 0.17% 0.14%

Cmax = 3000 for GCpp. In Sect. E] we have reported in great
detail, and discussed, the results corresponding to these dif-
ferent scenarios; for each case, we considered three different
combinations of data: GCg, only, WL+XC+GCp;, and the full
GCyp+WL+XC+GCyyp. For each of such combinations we pre-
sented the relative errors on the fiducial values of the three mod-
els as they can give us a glimpse into possible future detections
of non-zero modified gravity parameters.

With the full set of probes, we found that, in the optimistic
scenario, Euclid alone will be able to constrain the JBD param-
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eter wgp = 800729 in the fiducial case JBD1 for the full combi-

-160
nation of probes, and in the JBD2 case wgp = 2500719/ These
indicate that Euclid alone will be capable of detecting at statis-
tically significant level only values of wpp which are compati-
ble with current bounds from CMB and LSS. While we found
that in the pessimistic case the combination of all probes can
be less constraining than that of the photometric ones; this is
to be attributed to the cut z < 0.9 that we apply to GCp, and
XC in the full data combination for the pessimistic scenario and

which removes the constraining power of the photometric part at
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Fig. 5. 68.3% and 95.4% joint marginal error contours on the cosmological parameters for KM1 (left panel) and KM2 (right panel) in the optimistic
case. In red GCyp, in blue WL+XC+GC,;, and in green GCy, + WL+XC+GCyy,.

Table 4. Forecast 10 marginal errors on the cosmological and model parameters, relative to their corresponding fiducial value, for KM1 and KM?2
in the pessimistic, quasi-linear and optimistic cases, using Euclid observations of GCyp, WL+XC+GCp;, and GCy,+WL+XC+GCpy,.

KM1 €0 = -0.04

Qo Qv €0 h ng o3

Pessimistic setting

GCyp (kmax = 0.15 2 Mpc™") (quasi-linear) 2.68% 534% 11.14% 142% 1.48% 1.48%
GCyp (kmax = 0.25 hMpc™) 1.57% 3.22% 5.77% 0.52% 1.02% 1.08%
WL+XC+GCypy 0.36% 7.36% 0.22% 1.40% 193% 1.10%
GCyp+WL+XC+GCppy 0.34% 1.73% 0.22% 0.14% 0.60% 0.52%
Optimistic setting

GCyp (kmax = 0.3hMpc™") 1.48% 3.08% 4.99% 041% 0.89% 1.04%
WL+XC+GCpp 0.20% 4.30% 0.15% 0.59% 0.98% 0.84%
GCyp+WL+XC+GCpyp, 0.17% 1.47% 0.14% 0.10% 0.34% 0.36%

KM2 &, =-0.0001

Pessimistic setting

GCyp (kmax = 0.15 A Mpc™') (quasi-linear) 299% 5.61% 1264.58% 0.77% 1.63% 1.15%
GCyp (kmax = 0.25hMpc™") 1.60% 3.08% 824.38% 0.38% 1.07% 0.98%
WL+XC+GCy, 1.18% 5.22% 939.23% 1.03% 151% 1.17%
GCyp+WL+XC+GCpp 0.68% 1.90% 645.16% 0.28% 0.79% 0.67%
Optimistic setting

GCyp (kimax = 0.3 Mpc™") 1.45% 2.69% 759.45% 0.31% 0.94% 0.93%
WL+XC+GCyp 040% 3.43% 658.67% 0.66% 0.87% 0.75%
GCyp+WL+XC+GCpypy 032% 1.52% 46438% 0.18% 0.34% 0.41%

lower redshift. This cut impacts the JBD model, given that the
latter does not have a screening mechanism and nonlinear scales
(which are captured by GCpy,) provide therefore quite stringent
constraints.

For the nDGP model, we get for the optimistic scenario that

Q. = 0.25f8:8§ with the full combination in the nDGP1 fiducial

case, while for the nDGP2 fiducial (Q,. = 107°) we find that
Q.. < 0.072. Furthermore, nDGP2 case is closer to the ACDM
model than the KM2 one, which is why nDGP2 has worse con-
straints compared to KM?2.

For the KM scenario, we get constraints for the full combina-
tion of probes in the fiducial KM1 case of ;9 = —0.04 + 0.0056.
Out of the full set of cosmological plus model parameters, €
is the most tightly constrained one for KM1 by the full combi-
nation, thanks to the independent constraints on clustering and
lensing, probing the running of Newton’s constant in the range
z 2 1 where the largest effect is expected. The KM2 fiducial
model (with 9 = —0.0001) is unconstrained for all the differ-
ent combinations of probes.
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Although it has been shown that for values close to the
ACDM limit, the nDGP2 and KM2 models remain uncon-
strained in the pessimistic setting, it is remarkable how Eu-
clid alone can significantly reduce the allowed space for these
models. For the full probe combination (GCy,+WL+XC+GCpp)
nDGP2 upper bound at ;. < 0.072 for the optimistic scenario
significantly improves the current constraints derived with the
same approach and similar type of data. This is consistent with
the results found in Bose et al.| (2020).

The forecasts for KM2 give |6 < 5.6 X 10~* in the opti-
mistic case and |e | < 7.5 x 107 in the pessimistic, improving
by more than one order of magnitude, even in the pessimistic
case, the current constraints from a combination of different
cosmological datasets (Benevento et al.[|2019). In addition, Eu-
clid alone will provide constraints on wgp which will be tighter
than those obtained by a combination of current CMB and low-
redshift data Joudaki et al.[(2022)).

Finally, our analysis clearly showed that most of the con-
straining power of Euclid comes from the nonlinear scales. We
conclude that Euclid will be able to provide outstanding con-
straints on extensions beyond the concordance model given a
good modelling of our theoretical observables at these scales,
like the one used in this analysis, seen from the substantial dif-
ferences in constraining power between the optimistic and pes-
simistic case. Additionally we would like to stress that the com-
bination and cross-correlation of future Euclid data with CMB
measurements will be of crucial importance for cosmological
constraints of extended models. As already shown within the
FEuclid Collaboration (Euclid Collaboration: Ili¢ et al.|2022)) the
improvements in the constraints when cross-correlation of Eu-
clid with CMB data is considered can be of the order of two to
three and in some cases even larger. A large effort is currently
ongoing to extend this analysis to other extended models includ-
ing those in this work.
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Appendix A: Further results

In this Appendix we show additional results to complement what
has been discussed in Sect.[5] In Figs. and we pro-
vide the 68.3% and 95.4% joint marginal error contours in the
pessimistic case on the cosmological parameters for the JBD,
nDGP and KM respectively. We also include Fig. for the
JBD case in the pessimistic scenario without the cut at z < 0.9.
As discussed in Sect. [5.1] the combination of all probes in the
pessimistic scenario might result in worse constraints for some
parameters with respect to the combination WL+XC+GC,, be-
cause in the former we perform a cut in redshift to avoid overlap

between XC and GC,, with GCy,. Comparing Figs. [A.T|and [5.1]

we conclude that the z-cut removes the constraining power of the
photometric part. In detail, without z-cut we have the following
forecast 68.3% relative error for GCyp+WL+XC+GCpp:

- JBDI1: {Qm,O,Qb,Osloglo wBD,h, ns,O'g} =
{0.36%, 1.28%,9.95%, 0.20%, 0.44%, 0.29%} ,

- JBD2: {Qm,0, Qb0,l0g;o weD, 1, 15, 08} =
{0.33%, 1.26%, 16.55%,0.17%,0.39%, 0.24%}.
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