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ABSTRACT

We forecast the constraints that the Euclid mission will place on the Hu—Sawicki f(R) modified gravity model using galaxy clustering and weak
lensing observations. Euclid’s primary probes will provide spectroscopic redshifts, photometric angular clustering, and weak lensing cosmic shear,
thus allowing for precise tests of deviations from general relativity. We consider these observables to evaluate how well Euclid can constrain the
extended model parameter fr,. For a fiducial value of |fz| = 5 x 107, we find that in our baseline pessimistic setting, Euclid will constrain
log,lfrol at the 4% level with spectroscopic clustering, at 2.7% with the cross-correlation of photometric probes, and at 1.8% when combining
all primary probes. This corresponds to an estimation on this model parameter of approximately |fro| = (5.0}1):3 x 107%) at the 10 level. We also
forecast constraints for models with |fxo| = 5 x 107> and |fzo| = 5 x 1077, finding that Euclid will distinguish these from the standard cosmological
model at more than 30~ when using the full combination of primary probes. Euclid will be a powerful experiment to test modifications to gravity,
provided that the theoretical systematics of the non-linear modelling are kept under control.
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1. Introduction

The origin of the accelerated expansion of the Universe con-
tinues to challenge our understanding of late-time cosmology.
A cosmological constant, A, remains in agreement with current
data, but its value, when considered as vacuum energy, does not
correspond to theoretical predictions and is rather considered as
a phenomenological parameter that fits the data. An appealing
proposal for an alternative model is that of modifying gravi-

differently on different particles). In this paper, we investigate
one popular scenario that belongs to the first class, in which the
theory of general relativity (GR) is modified by extending the
Ricci scalar, R, in the Hilbert-Einstein action with a general func-
tion of it, R — R + f(R). We forecast how well the forthcoming
Euclid satellite will constrain this scenario using galaxy clus-
tering (GC), both photometric (GCpp,) and spectroscopic (GCyp);
weak lensing (WL); and their combinations, either photometric

tational interactions felt by particles, either in a universal (the
same interaction for all particles) or non-universal way (acting

* This paper is published on behalf of the Euclid Consortium.
** Corresponding author: casas@physik.rwth-aachen.de
" Deceased.

probes alone (XC,p) or all observables together. In particular, we
produce for the first time validated forecasts on the Hu—Sawicki
f(R) model (Hu & Sawicki 2007), whose background expansion
mimics that of a cosmological constant model while differing at
the level of cosmological perturbations. The growth of structure
is driven here by a modification of gravity (MG).

A176, page 1 of 20

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202348713
https://www.aanda.org
http://orcid.org/0000-0002-4751-5138
http://orcid.org/0000-0002-2079-7438
http://orcid.org/0000-0001-7089-4503
http://orcid.org/0000-0002-7375-1230
http://orcid.org/0000-0001-8039-0480
mailto: casas@physik.rwth-aachen.de
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Casas, S., et al.: A&A, 707, A176 (2026)

Euclid' is a European Space Agency medium-class
space mission launched successfully on July 1, 2023. It
carries on board a near-infrared spectrometer and pho-
tometer (NISP) (Euclid Collaboration: Jahnke et al.  2025;
Euclid Collaboration: Hormuth et al. 2025) and a high-fidelity
visible instrument (Euclid Collaboration: Cropper et al. 2025)
that will allow it to perform both a spectroscopic and a
photometric survey of about 14000 deg®> of extragalactic
sky up to redshifts of about z ~ 2 (Laureijsetal. 2011;
Euclid Collaboration: Scaramella et al. 2022). This survey is
known as the Euclid Wide Survey. The main aim of the mission
is to measure the geometry of the Universe and the growth of
structures to determine the elusive nature of dark matter and
dark energy.

Euclid will include a photometric survey measuring posi-
tions and shapes of more than a billion galaxies, enabling the
analysis of WL and GCpy,. Given the relatively large redshift
uncertainties that we expect from photometric measurements
(compared to spectroscopic observations), these analyses will
be performed via a tomographic approach, in which galaxies
are binned into redshift slices that are considered as 2D (pro-
jected) data sets. On the other hand, the spectroscopic survey
will provide very precise radial measurements of the position
of galaxies. Even if the number density will be lower — com-
pared to the photometric survey — it will allow us to perform
a galaxy clustering analysis in three dimensions (GCgp, see
Euclid Collaboration: Mellier et al. 2025). The combination of
photometric and spectroscopic surveys will enable a powerful
test of the two independent gravitational potentials that are pre-
dicted to be different within f(R) cosmologies.

We want to quantify the effect of combining the
complementary information obtained from the two probes.
Euclid Collaboration: Blanchard et al. (2020, EC19 hereafter)
have shown that combining GC,, and its cross-correlation
(XCpp) with WL is able to improve the figure of merit by a fac-
tor of three for dynamical dark energy models. Our goal here
is to explore the impact of cross-correlation on the additional
parameter fry = df/dR (z = 0) describing the standard model
extensions within the f(R) model, which are defined in the next
section.

Several studies have tried to constrain the Hu-Sawicki
model. Among them, Huetal. (2016) used Planckl5 cos-
mic microwave background (CMB) data; baryon acoustic
oscillations (BAOs); and supernovae la from JLA, Wig-
gleZ, and CFHTLenS data sets. They obtained an upper
bound of [fzo] < 6.3 x 107* at the 95% confidence level.
Similar constraints from cosmological data were obtained,
for instance, in Nunes et al. (2017), Okada et al. (2013) and
Pérez-Romero & Nesseris (2018). A review of local and astro-
physical constraints on fgyg is given by Lombriser (2014).
Notably, a bound of |fzo| < 107® can be obtained when assum-
ing that the Milky Way can be treated as an isolated system in
the cosmological background without environmental screening.
Under similar assumptions, astrophysical tests are capable of
constraining | fzo| at the level of 10~7 (Baker et al. 2021). Further-
more, Desmond & Ferreira (2020) constrained | fro| < 1.4x 1078
using galaxy morphology.

After reviewing the f(R) formalism in Sect. 2, we present in
Sect. 3 the Euclid primary probes: WL, GC,,, and XC,y,, for the
photometric part and GCy, for the spectroscopic part. We then
present the survey specifications and analysis scheme in Sect. 4.

I http://www.euclid-ec.org/
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Finally, we present our results for the fiducial models considered
in Sect. 5 and conclude in Sect. 6.

2. Hu-Sawicki f(R) gravity

A modification of Einstein’s theory of GR can be obtained by
promoting the linear dependence of the Hilbert-Einstein action,
S, on the Ricci scalar, R, to a non-linear function, R + f(R)
(Buchdahl 1970):

P

~ 167G,

f d'xv=g[R+ f(R)], M
where g,,,, is the metric tensor and Gy is Newton’s gravitational
constant. We have expressed explicitly the speed of light, c, to
allow for consistency with the choice of units in the observable
quantities below.

The f(R) family of cosmologies implies a universal cou-
pling with all matter species, inducing an additional ‘“fifth force’.
Therefore, an important attribute that a viable late-time f(R)
modification must possess to leave a detectable signature in the
cosmic structure formation while complying with stringent con-
straints on gravity in the Solar System is that the functional
form f(R) gives rise to a screening mechanism, the so-called
‘chameleon mechanism’ (Khoury & Weltman 2004).

The fifth force has a range determined by the Compton wave-
length A. which has a very direct relationship to the parameter

Jro. For cosmological densities one has A = 32 +/|fzol/10~* Mpc
(Hu & Sawicki 2007; Cabre et al. 2012). This relation is impor-
tant because it is the screening scale that prevents us from having
fro = 0 as the fiducial model and thus being able to predict the
minimum detectable fgg.

As a specific example of this class of theories, we consider
here the model proposed by Hu & Sawicki (2007). The func-
tional form of f(R), adopting n = 1 for simplicity and the limit
|frl < 1, is given by

H2 D2
_ 0 0
J(R) = —6QpEo— + |frol 7> 2
c R
where fro < 0, Ry denotes the Ricci scalar in the cosmologi-
cal background today, Hy is the Hubble constant, and Qpgy is
the current fractional energy density attributed to a cosmological
constant. The only additional free parameter of the model over
ACDM is therefore fro.

For the [fro| < 1 values of interest here, the background
expansion history approximates that of ACDM and

_ H? Q
Ro = 3Qmo— (1 +4 DE’O) , 3)
C

Qm,O

with the matter energy density parameter Q0 = 1 — Qpg. The
model parameter |fro| characterises the magnitude of the devi-
ation from ACDM, with smaller |fgy| values corresponding to
weaker departures from GR. ACDM is recovered in the limit of
Sfro — 0.

In general, the background expansion history differs from
that of the ACDM model, but as shown in Basilakos et al.
(2013), deviations are very small and the full history can be
described by a series expansion whose leading term is given by
the ACDM value if |fzy| << 1. Conversely, it is possible to con-
struct a model that can mimic a given background history. This
class of models is called designer f(R) models (Song et al. 2007;
Pogosian & Silvestri 2008; Lombriser et al. 2012). Assuming
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a wCDM background, with constant w, Raverietal. (2014),
Hu et al. (2016), Battye et al. (2018) demonstrated that |1 + w| <
0.002 at 95% CL, due to the strong dependence of pertur-
bations of f(R) models on the background equation of state.
This value can be compared with the constraints on a stan-
dard wCDM model, which are at least an order of magnitude
worse (Battye et al. 2018). Moreover, for the screening mecha-
nism to work on solar system scales, Faulkner et al. (2007) and
Brax et al. (2008) demonstrated that, for a generic f(R) model,
1 + w| < 107*. This justifies our choice to assume an exact
ACDM background.

At the perturbation level, deviations from GR can be encoded
in phenomenological functions of the metric (Zhang et al. 2007;
Amendola et al. 2008; Planck Collaboration XIV 2016). Using
the Bardeen formalism (Ma & Bertschinger 1995), we can
define the conformal metric of the infinitesimal line element, ds,
in an expanding Universe as

ds? = *(0)[-(1 + 2¥) Z dr” + (1 - 20) dx' dx], @)

where a(7) is the scale factor in conformal time, 7; dx’ is the
three-dimensional infinitesimal spatial element; and ¥ and @ are
the two scalar potentials. Then the phenomenological functions
describe the modifications to the Poisson equations, namely

_1RW = @am[pAw(wcﬁ;)a], )

1 (@ - ) = @azp(ﬁ+ c%)a, ©)
(D +W) = @az{Z[pA+3(p+g)a]

el o

where the background quantities p and p are respectively the
density and pressure of the matter species and are only a function
of time (whereas perturbations are functions of time and scale);
o is the matter anisotropic stress; and pA = po + 3(aH/k)(p +
p/c®)v is the comoving density perturbation, with § = p/p — 1
as the density contrast and v as the velocity potential. The phe-
nomenological functions u(a, k), n(a, k), Z(a, k) are identically
equal to 1 in the GR limit. We note that only two of them are
independent from each other, and the third one is a combination
of the other two. In the limit of negligible anisotropic stress from
matter, the relation reduces to

S(a.k) = u(a, k)

[1+n(a, k)] ®)

These phenomenological functions can be determined ana-
Iytically by considering the quasi-static limit (i.e. scales suffi-
ciently small to be well within the horizon and the sound horizon
of the scalar field). In the case of f(R) gravity, the expressions
reflect the presence of an additional fifth force with a character-
istic mass scale

2 1+fR 1

my ~ ~— C))
T 3frr ke
For negligible matter anisotropic stress, one finds
(Pogosian & Silvestri 2008)
1 L+akPam ()
ula, k) = - (10)

1+ frla) 1+ 3k2a‘2m}R2(a)’

and for the Hu—Sawicki model under consideration, n, is given
by (Brax & Valageas 2013)
32
Hy (4Qpeo+Qmoa™)
c\2lfrol  4€DE0 + Qmo

Since f(R) models have a conformal coupling, light deflection is
weakly affected as follows,

(1)

mg(a) =

X(a) = (12)

_r
1+ fr(a)’

and weak lensing is affected in the same way as matter growth,
but with a different weight in time and scale.

This approach is at the core of the Einstein-Boltzmann
solver MGCAMB (Zhao et al. 2009; Hojjati et al. 2011; Zucca et al.
2019), or MGCLASS (Baker & Bull 2015; Sakr & Martinelli
2022), each a modification of the standard Einstein-Boltzmann
solver CAMB or CLASS, respectively. We note that here we
assumed that the prefactor 1/(1 + fz) in Eq. (10) is unity
(Hojjati et al. 2016). This approximation is valid for viable val-
ues of fro. Given our choice of fiducial values, |fgo| < 1, the
deviation of X from unity is also negligible.

Alternatively, the phenomenological functions u, 1, and
Y, can be determined numerically, after solving for the full
dynamics of linear perturbations via EFTCAMB (Hu et al. 2014,
Raveri et al. 2014), which implements the effective field the-
ory formalism for dark energy into the standard CAMB code
(Lewis et al. 2000); see Hu et al. (2016) for an application to
Hu-Sawicki f(R) gravity. This code has been validated as part
of an extended code comparison effort (Bellini et al. 2018).

For the model under consideration, we have compared pre-
dictions of the angular power spectrum up to £ = 5000 of the
CMB and the matter power spectrum up to k = 102 Mpc™! both
from MGCAMB (quasi-static) and EFTCAMB (full evolution). Both
codes lead to a subpercent agreement, well within the desired
level of accuracy. For the range of values of |fgg| considered in
this work the agreement of the angular power spectra is never
worse than 0.25% for the temperature-temperature power spec-
trum (for £ < 10% it is below 0.1%) and 0.1% for the lensing
power spectrum, for the matter power spectrum the two codes
agree extremely well up to k = 0.022Mpc™! (<0.1%) and for
larger k the relative difference is always below 0.25%. We show
in Fig. 1 for the matter power spectrum the relative difference
between EFTCAMB and MGCAMB at three different redshifts. The
agreement of the two codes has been tested against the choice
of the GR transition time, i.e. the time at which an MG model
starts to deviate significantly from its GR limit. We find that the
level of agreement is not affected by this parameter (once this is
the same in both codes). For the present analysis, we set the GR
transition time at @ = 1073, This choice is justified by consid-
ering that in the Hu—Sawicki model the growth function is scale
dependent and large k modes show a significant deviation from
GR already at high redshift. Moreover, in this case an early GR
transition time guarantees a smooth transition between the MG
and GR regimes. We have also verified that this is the case using
MGCLASS. Given the agreement of the codes, we conclude that
the quasi-static approximation for the Hu—Sawicki f(R) model
is a valid assumption and we proceed with the forecasts using
the inputs from MGCAMB.

Finally, the scale-dependent i function in Eq. (10) introduces
a scale-dependent growth of structures, as shown by Zhang
(2006) and Song et al. (2007). In Fig. 2, we plot the growth
rate of perturbations, f(k,a) = dInd/dIna, in f(R) Hu—Sawicki

A176, page 3 of 20
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Fig. 1. Relative difference between EFTCAMB and MGCAMB for the linear
matter power spectrum (AP/P = [PEFTCAMB - PMGCAMB]/PMGCAMB) at three
different redshifts, z = O (solid orange line), z = 1 (dashed blue line),
and z = 3 (dot-dashed purple line) for the three fiducial models with
Ifzol = 5 % 107> (HS5), |fzol = 5 x 107° (HS6), and |fzo| = 5 x 1077
(HS7).
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Fig. 2. Ratio of the scale-dependent matter growth rate f(k,z) in f(R)
gravity (for the fiducial value |fzo| = 5 X 107%) with respect to ACDM
for three different wavenumbers, 5 x 10~3 (solid blue line), 5 x 1072
(dashed purple line), and 5 x 10~! s Mpc~! (dot-dashed orange line), as
a function of redshift from z = 0 to z = 2.5. The smaller the spatial
scales and the lower the redshifts, the larger the enhancement of the
growth rate compared to ACDM.

gravity with respect to that in ACDM, for three different scales
k, namely 5 x 1073 (solid blue line), 5 x 1072 (dashed purple
line) and 5 x 107! hMpc" (dot-dashed orange line), as a func-
tion of redshift from z = 0 to 2.5. This shows that the growth of
perturbations at large scales is very similar to the one in standard
GR at the redshifts of interest for large-scale structure formation.
However, at smaller scales (larger k) the growth of perturbations
is enhanced in f(R) at low redshifts (see Bueno Belloso et al.
2011, for a parametrisation of the growth rate in generic f(R)
models, in terms of the growth index y). These very features also
complicate observational modelling, which in addition serves as
a stress test of the forecast pipeline for constraints on theories
beyond ACDM.
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3. Theoretical predictions for Euclid observables

As we describe in the next section, the forecasting methods and
tools used in this paper are the same as those of EC20. However,
we must note here that the change in the gravity theory intro-
duced through the Hu—Sawicki model implies significant modifi-
cations of the recipes used to compute theoretical predictions for
the Euclid observables. We discuss in this section how moving
away from the standard GR assumption impacts the predictions
for the angular power spectra, C(¢), that will be compared with
the photometric survey data as well as the power spectra, P,
compared with data of the spectroscopic survey.

3.1. Photometric survey

For the Euclid photometric survey, the observables that need
to be computed and compared with the data are the angular
power spectra for WL, GC,p, and their cross-correlation, XCpp,.
In EC20 these were calculated using the Limber approximation
plus the flat-sky approximation with the prefactor set to unity in
a flat ACDM Universe:

Zmax wX () WY(Z)
XY 1 J
€ O=5 f % Toro

Here, k, = (€ + 1/2)/r(z), r(z) is the comoving distance to red-
shift z = 1/a — 1, and Pss(k¢, z) is the non-linear power spec-
trum of matter density fluctuations, &, at wave number k; and
redshift z in the redshift range of the integral from z.,;, = 0.001
to Zmax = 4. The dimensionless Hubble function is defined
as E(z) = H(z)/Hy, and in all subsequent equations, Hy is
expressed in units of km s~ Mpc™!

For each tomographic redshift bin i, the window functions
W¥(z) with X = {L, G} (corresponding to WL and GCpp, respec-
tively) need to be computed differently with respect to what was
done in EC20 as, when abandoning the assumption of a GR grav-
ity theory, one has to account for changes in the evolution of
both the homogeneous background and of cosmological pertur-
bations. However, in the case of the f(R) model considered in
this work, the background is ACDM up to a high precision. In
general, one also has to account for both the modified evolution
of the Bardeen potentials, ® and ¥, and the fact that in MG, the
GR relation @ = W is not necessarily satisfied. Using the modi-
fied Poisson equation for @ + ¥ of Eq. (7), this combination can
be related to Pss as

Pss(ke, 2) . (13)

H,
Pcpw(k,Z)—[ mmo( ) (1 + 95k, z)] Pukz),  (14)

where we assumed a standard background evolution of the mat-
ter component, i.e. pn(z) = pmo(l + 2)°, and Pg; is computed
accounting for the MG effects introduced through Eq. (5).

We can therefore use the recipe of Eq. (13) accounting for
the effects of these modifications of gravity, not general modifi-
cations, for example, if matter coupling shifts Q.,(a). We can cal-

culate H, r, and Pgss, provided by dedicated Boltzmann solvers,
but with the new window functions (Spurio Mancini et al. 2019)

ni(z)

WO (k,z) = —b(k )n_E() (15)
L H,
Wh(k,2) = —Qmo( ) (1 + Dk, 2)
" fzmax dz ’}’l (2) r(Z 2) VVIIA(k, 2, (16)
z np @)
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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 Wl.IA(k, 7) encodes the contribution of intrinsic alignments
(IAs) to the WL power spectrum. We followed EC20 in assum-
ing an effective scale-independent galaxy bias. The main rea-
son for this choice is to be able to compare it with the standard
analysis with the modified gravity model as the only variable.
Accounting for a scale-dependent galaxy bias would introduce
further degrees of freedom that could confuse the comparison
between the different cosmological models. A detailed analysis
of both the concordance model and modified gravity theories that
account for scale-dependent galaxy bias is beyond the scope of
this work (see e.g. Tutusaus et al. 2020, for an analysis on the
concordance model with a local, non-linear galaxy bias model).

The IA contribution is computed following the eNLA model
from EC20, in which

~ AnCialm071a(2) ni(z) Ho

1A _ o
W) = = ot = 0) o) ¢ @ (17
where
— A <L>(Z) o
Fia@) = (1 +2) Lol (18)

with (L)(z) and L, (z) redshift-dependent mean and the character-
istic luminosity of source galaxies as computed from the lumi-
nosity function, Aja, Bia, and na are the nuisance parameters
of the model, and Cy, is a constant accounting for dimensional
units. See Appendix B for their respective meanings and values.

Changes in the theory of gravity impact the IA contribution
introducing a scale dependence through the modified perturba-
tions growth. This is explicitly taken into account in Eq. (17)
through the matter perturbation 6(k, z), which is considered to be
scale dependent in this case. This also allowed us to consider the
scale dependence introduced by massive neutrinos, which was
assumed to be negligible in EC20.

We note that while the window function for WL includes
the MG function X to properly account for the modifications to
@+, the GCy, one does not have any explicit MG contribution,
as the modifications to the clustering of matter are taken into
account in the new Pgss(ke, 2).

We can therefore apply this recipe to the Hu—Sawicki f(R)
model. Given our choice of the fiducial fzo, discussed in Sect. 4,
the background modifications with respect to ACDM are neg-
ligible, while this model affects the evolution of perturbations,
and therefore Pgss, through Eq. (5), with the u function given by
Eq. (10).

The function X needs to relate the ® + ¥ and matter power
spectra, as in Eq. (14), and it is given by Eq. (12). As previously
discussed for our fiducial choice, |fgro| < 1, the deviations of X
from unity are negligible, and therefore the geometrical part of
the lensing kernel entering Eq. (16) reduces to the standard one.

3.2. Spectroscopic survey

To exploit the data from the Euclid spectroscopic survey, we
needed to compute the theoretical prediction for the observed
galaxy power spectrum in the extended model considered here.
The full non-linear model for the observed galaxy power spec-

trum is given by

2
1 ([postk2) + fosth o]
Pobs (et #Q,ref;z) =

71 (@q)(2) 1+ Kgo3(2)

Pyy (k, o3 2)

U%(Z) Fz(k’ﬂHQ Z) + PS(Z) 5

(19)
where the Pgy(k,u; z) is the de-wiggled power spectrum that
models the smearing of the BAO features due to the displace-
ment field of wavelengths smaller than the BAO scale,

Pk, 1:2) = Pas(k: ) 9% + Py (ki) (1-e79%) . (20)

where the Py (k;z) is a ‘no-wiggle’ power spectrum with the
same broad band shape as Pgs(k;z) but without BAO features
(see below for details on how we computed it).

In Eq. (19), k is the modulus of the wave vector k and yy is
the cosine of the angle 6 between this vector and the line-of-sight
direction #. These quantities on the right-hand side are functions
of their counterparts at a reference cosmology, i.e. k = k(kgt),
Ho = Horer, Which are transformed due to the Alcock-Paczynski
effect; see EC20 and Casas et al. (2024) for the explicit formula.
This transform, which also scales the overall P, is parame-
terised in terms of the angular diameter distance Da(z) and the
Hubble parameter H(z) as

Da(2)
(7)) = ——, 21
1 @ DA,ref(Z) @D
_ Href(Z).
() = HE (22)

The term in the curly brackets in Eq. (19) is the contribution
of redshift space distortions (RSD) corrected for the non-linear
Finger-of-God (FoG) effect, where we defined bog(k,z) as the
product of the effective scale-dependent bias of galaxy samples
and the rms matter density fluctuation og(z); similarly, fog(k, z)
is the product of the scale-dependent growth rate and og(z). As
in the photometric survey, we follow EC20 in using an effective
scale-independent galaxy bias. An analysis of modified gravity
with scale-dependent galaxy bias models is left for future work.

The observed galaxy power spectrum is modulated by the
redshift uncertainties, which manifest as a smearing of the
galaxy density field along the line of sight. Hence, the factor F,
in Eq. (19) reads as

F.(k, pig:2) = e < Hi7i@, (23)

Here, 02(z) = ¢(1 + z)00 ./ H(z) and o7, is the error on the mea-
sured redshifts.

Finally, P(z) is a scale-independent shot noise term, which
enters as a nuisance parameter (see EC20).

The change in the gravity model affects the way to compute
the theoretical predictions, as these expressions need to account
for the possibility that the growth rate f(z) also depends on the
wave number k. In general, this is the case for any MG model and
also when perturbations in the dark energy sector are considered.
For the model considered in this article, the only terms affected
are those directly related to the growth rate, namely, f(k, z) itself
and the two phenomenological parameters related to the velocity
dispersion, o, and the pairwise velocity dispersion, o-,. These
are

1
e = o5 [ APl (1= i1+ Fk D). @4

720) = — f dk Posth, Sk ).

672 @5)
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The phenomenological parameters o(z,up) and op(z)
explain the damping of the BAO features and the FoG effect,
respectively. The smearing of the BAO peak is due to the bulk
motion of scales smaller than the BAO scale. For the power spec-
trum, this can be modeled in the Zeldovich approximation by a

multiplicative damping term of the form exp [—kikj (d'(2)d’ (z))],

where (d'(2)d’(z)) is the correlation function of the displace-
ment field ¢’ evaluated at zero distance (see for instance the
Appendix C of Peloso et al. 2015 for more details). Finally,
we would like to clarify that in Eq. (20) we used the function
g, to express the damping of the BAO features in the matter
power spectrum to keep the recipe closer to EC20; in this work,
Gu = oy(2, Hg).

In ACDM model the growth rate is scale independent and
both Egs. (24) and (25) are the same (see EC20). We note that
even if 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. Finally, due to
the scale dependence of o, and o, we evaluated both param-
eters in each redshift bin, but kept them fixed in the Fisher
matrix analysis. This method corresponds to the optimistic set-
tings in EC20. We would like to highlight that in this work we
take directly the derivatives of the observed galaxy power spec-
trum with respect to the final parameters. This is in contrast
to EC20 where we first performed the Fisher matrix analysis
for the redshift-dependent parameters H(z), Da(z) and fog(z),
and then projected to the final cosmological parameters of inter-
est. Using the Euclid spectroscopic probe to measure the scale-
dependence of the growth rate of structure formation, above the
expected effect of neutrinos, would be a smoking gun for mod-
ified gravity. However, the forecasting method we apply here,
using direct derivatives of the observed galaxy power spectrum,
does not allow us to do this easily in the Fisher approximation.
Neither was the case in EC20 with the “projection” method. For
this, we would need a binning in k-modes, calculate Fisher matri-
ces for each of these larger k-bins and have a good estimation of
the covariance among those bins. This has been attempted pre-
viously in (Hojjati et al. 2012), but we we leave this for future
work.

The no-wiggle matter power spectrum Py, (k;z) entering
Eq. (20) has been obtained using a Savitzky—Golay filter in the
matter power spectrum Pgss(k; z). The Savitzky—Golay filter is
usually applied to noisy data to smooth their behaviour. This
convolution method consists of fitting successive subsets of adja-
cent data points with a low-order polynomial. If the data are
equally spaced (as is in our case, equally spaced in log, k),
then an analytic solution to the least-squares can be found as
a series of coefficients that can be applied to all the subsets. In
practice, using the Savitzky—Golay filter, we recover exactly the
same shape and amplitude of the matter power spectrum without
the BAO wiggles. While in EC20 we used the Eisenstein—Hu fit-
ting formula (Eisenstein & Hu 1998) for the no-wiggle power
spectrum, this is a fitting formula that only applies approxi-
mately to ACDM models and therefore cannot be straightfor-
wardly applied in our case. We find that the Savitzky—Golay
(SG) method is more accurate for models where the growth
of matter density field depends on the scale k. The aforemen-
tioned smoothing filter has also been used in previous works
(Boyle & Komatsu 2018) to reconstruct the neutrinos masses
from galaxy redshift survey. In Fig. A.1 we plot our reconstruc-
tion of the wiggles computed with the Eisenstein—-Hu formula
compared to the SG method used in this work, where we can see
that it performs very well also in the case of f(R).
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3.3. Non-linear modelling for the spectroscopic probe

In the present analysis, for the spectroscopic probe, we adopt the
non-linear modeling described above in Eq. (19) as it represents
a minimal modification to what was used in the ACDM fore-
casts of EC20. This is a full-shape analysis with phenomeno-
logical terms that account for the quasi-linear evolution of
biased tracers in redshift space. In our baseline analysis, we
leave the o, and o, parameters fixed and also assume a scale-
independent galaxy bias, which is a good approximation for
very large scales. For our baseline settings, we chose to fol-
low this more simplistic route, and it allowed us to have a clean
comparison with EC20 with fixed theoretical systematics. How-
ever, it is worth noting that the state-of-the-art, based e.g. on
the Taruya-Nishimichi-Saito model (Taruya et al. 2010) or on
perturbation theory prescriptions based on the Effective Field
Theory of Large Scale Structure (EFToLSS, see Carrasco et al.
2012, and references therein), has been implemented in the
analysis of real data from the BOSS survey (Song et al. 2015;
Colas et al. 2020) and the DESI? survey (DESI Collaboration
2025; Novell Masot et al. 2025). Furthermore, eBOSS analyses
(Beutler et al. 2014, 2017; de Mattia et al. 2021), as well as fore-
casts for unbiased parameter estimation for Stage IV cosmolog-
ical surveys, show that the choice of k. is not universal (see
e.g. Markovic et al. 2019), and different k,,x for the monopole,
quadrupole, and hexadecapole are required (the k. for the lat-
ter is considerably smaller). Therefore, we study several kp,x
choices for the full shape of the power spectrum of spectroscop-
ically observed galaxies. In Linde et al. (2024) the authors have
tested these EFToLSS predictions against our phenomenologi-
cal model described here and have found that for intermediate
scales, the error bars are of similar magnitude when opening
the parameters o7, and o, in each redshift bin. In this case, the
number of nuisance parameters increases to 8 for our 4 redshift
bins. In this case, the fiducial values of these velocity dispersion
parameters are calculated using Eqgs. (24) and (25) and they are
varied in the Fisher analysis with a rescaling parameter, the fidu-
cial value of which is unity. Regarding the galaxy bias, we use
the so-called ‘Q-bias’ approximation (see Song et al. 2015) with
the scale-dependent form

1+A2k2
1+Ak’

and we took the fiducial values for these two parameters
A;[h~"Mpc] and A, [h~2Mpc?] based on previous work done
in Euclid Collaboration: Bose et al. (2024), where a y’-analysis
was performed on simulated data for the HS6 f(R) Hu—-Sawicki
model. The values of these nuisance parameters can be found in
Table B.1.

In the presence of massive neutrinos, most of these for-
malisms would need further adjustments, as there is a degen-
eracy between the scale-dependent power spectrum damping
induced by the free-streaming of neutrinos and the scale-
dependent and growth-enhancing effect of the fifth force in
f(R) (see Baldi et al. 2014). There is the possibility of breaking
this degeneracy, by using information on redshift space distor-
tions. This involves extending the perturbation theory modeling
(Wright et al. 2019) or performing a detailed comparison with
galaxy mocks from simulations (Garcia-Farieta etal. 2019).
However, in Bose et al. (2020) it has been shown that at the
scales probed by Euclid and with realistic error bars and tak-
ing into account the necessary screening mechanisms, the f(R)

bi(k) = by (26)

2 https://www.desi.lbl.gov/
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modelling can be well approximated by leaving the perturbation
theory kernels intact.

3.4. Non-linear modelling for the photometric probe

While for the galaxy power spectrum on mildly non-linear scales
we use a modified version of the model in EC20, we do not have,
in general, an analytical solution for the deeply non-linear power
spectrum in a f(R) cosmology. In this work, we therefore use a
fitting formula designed in Winther et al. (2019) that captures
the enhancement in the power spectrum compared to a ACDM
non-linear power spectrum, as a function of the parameter fro.
This fitting function has been calibrated using the DUSTGRAIN
(Giocoli et al. 2018) and the ELEPHANT (Cautun et al. 2018)
N-body simulations (see Winther et al. 2015, for a comparison
of different N-body codes for f(R) cosmologies).
The fitting function we used is given by

Pt (k,2)

Prcom(k,z)

=1+X;

[1]

(k,2)

+Xo k
- Xj . arctan(Xy k)XstXek,

27

where the {X;} are themselves functions of fry and redshift, X =
X(z; fro)- The redshift dependence is a polynomial relation to the
scale factor a = 1/(1 + z) given by

Xi(z; fro) = Xoo(W) + Xa ()@ — 1) + Xny)a - 1)%,

with each X;; coefficient in itself defined as a polynomial in y =
log(fro/ fzy) given by

(28)

Xijy) = Xijo + Xijiy + Xipy’. (29)
With three indices for X;j, this gives in total 6 X 3 X 3 = 54
free parameters for the scale, redshift and fry dependence. The
response function, E(k, z), is the ratio of the non-linear matter
power spectrum in f(R) theory to the non-linear spectrum cal-
culated within the ACDM model. The fitting formula Eq. (27)
found in Winther et al. (2019) is a direct fit to the ratio Z(k, z).
This fitting formula is not defined outside the range 107 <
|fzol < 1077, and therefore this limits our smallest fiducial value
for | fro| across probes to 5 X 1077 since we need to be far from
the lower limit to be able to compute the numerical derivatives
accurately. In Fig. 3 we plot the function Z(k, z) for each of the
fiducial | fgo| values chosen in this model, namely 5 X 1073 (blue
line), 5 x 107 (purple line), and 5 x 1077 (orange line), as a
function of scale k. To compare the enhancement with respect
to ACDM in our redshifts of interest, we evaluate it at z = 0.25
(solid lines) and z = 1.75 (dashed lines). These redshifts corre-
spond approximately to the means of the first and last lensing
tomographic bins of our survey, respectively (see Sect. 4) also
Fig. 3. As can already be seen from this figure, the enhance-
ment with respect to ACDM decreases rapidly with a smaller
|frol value; therefore, we expect to have worst constraints for
smaller values of |fzo| when testing this model against probes
that are sensitive to the deeply non-linear power spectrum. We
note, however, that the Fisher matrix sensitivity is dominated by
the response of this function to small changes in | fzo| (i.e. its first
derivatives), which can become large at small scales, and there-
fore we can obtain relatively tight constraints, even if the abso-
lute enhancement compared to ACDM is of just a few percent
when evaluated at the fiducial cosmology. In Sect. 4 we specify
our choice of fiducial parameters for each model.

1.5

— Ifrol=5x1073 z=0.25
—— Ifgol=5x107°

— Ifrol=5x1077

=== z=175

,_ _ ,_
) [ ~

2= P (K/Pacom(®)

Fig. 3. Ratio of the non-linear power spectrum in f(R) gravity to ACDM
from the fitting function in Eq. (27) for three different values of the
| frol parameter, namely, 5 x 1073 (blue line), 5 x 107° (purple line), and
5x 1077 (orange line), as a function of scale, k, evaluated at two different
redshifts, z = 0.25 (solid lines) and z = 1.75 (dashed lines). These red-
shifts correspond approximately to the means of the first and last lens-
ing tomographic bins of our survey, respectively (see Section 4). The
fitting formula designed in Winther et al. (2019) is not defined outside
107 < |frol < 1074,

We implemented Z(k, z) into the Boltzmann codes MGCAMB
and EFTCAMB, and to obtain the non-linear f(R) matter power
spectrum, we then multiplied Z(k,z) by a ACDM non-linear
spectrum, P?ER)(k, 7) = Z(k,z) Pacom(k,z). For the ACDM
power spectrum Pxcpm(k, 2), we use the Halofit ‘Takahashi’ pre-
scription (Takahashi et al. 2012), as this is the prescription most
readily available in MGCAMB, and also the prescription used in
Winther et al. (2019) to test the fitting formula against N-body
simulations. During the preparation of this work, an emulator
for the deeply non-linear matter power spectrum has been devel-
oped by the Euclid collaboration, the EuclidEmulator (see
Euclid Collaboration: Knabenhans et al. 2019, for details on its
implementation), calibrated on the Euclid Flagship simulation
(Potter et al. 2017). Whilst it might be interesting to use it in
the future, the current available version, EuclidEmulator?2 (see
Euclid Collaboration: Knabenhans et al. 2021), offers a Python
wrapper to the Boltzmann code CLASS (Lesgourgues 2011;
Blas et al. 2011) rather than to MGCAMB and EFTCAMB we use for
this paper; we are therefore not using the EuclidEmulator in
the current analysis (see Sect. 2). Also, during the preparation of
this work, an emulator for the non-linear matter power spectrum
in |fro| was developed by Arnold et al. (2022) and goes under
the acronym FORGE. The authors of this papers have indepen-
dently checked that this emulator agrees well with the fitting
formula by Winther et al. (2019) around the fiducial values of
interest. However, this FORGE emulator has been calibrated with
massless neutrino simulations and allows only for variations of
the cosmological parameters Qy, o, 03, and A. Since in this work
we want to have the flexibility to vary all other cosmological
parameters and also the ability to connect to accurate modified
gravity Boltzmann codes, we leave the application of this emu-
lator for future work. The fitting formula in Winther et al. (2019)
is also checked to be valid in the presence of non-zero neu-
trino masses, using data from Baldi et al. (2014). With the value
> m, = 0.06eV chosen in this work, this fitting formula is accu-
rate enough across our ranges of scales and redshifts of interest.
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For the photometric observables, we are probing up to
smaller scales. For this reason, including nuisance parameters
about baryonic feedback on the matter power spectrum would be
necessary for unbiased parameter estimation, and it would also
possibly entail a degradation of the constraints from WL (see
e.g. Schneider et al. 2020a,b). However, at the moment, we do
not have accurate Euclid-like simulations that include baryonic
effects, especially in the case of MG cosmologies. Therefore, we
ignore these effects in our analysis, leaving them for future work.

We are aware that there are important degeneracies among
the effect of f(R) and neutrino masses, especially at non-linear
scales (see e.g. Hu et al. 2015; Baldi et al. 2014). Although mas-
sive neutrinos suppress the power spectrum at small scales,
on the one hand, f(R) will increase clustering at a similar
range of scales, therefore partially cancelling the former effect
(Baldi et al. 2014). Ignoring these degeneracies might artifi-
cially tighten our constraints on |fgg| since we would be con-
sidering a much higher signal than the one actually present
under a large sum of neutrino masses (He 2013; Motohashi et al.
2013; Harnois-Déraps et al. 2015). Breaking these degenera-
cies is possible, either by using statistics on the cosmic web
(Shim et al. 2014), higher than second-order statistics in weak
lensing (Peel et al. 2018; Giocoli et al. 2018), or machine learn-
ing (Peel et al. 2019; Merten et al. 2019). However, these tech-
niques are beyond the scope of this work. Galaxy clusters
and voids also offer the possibility of distinguishing between
these two possible scenarios, as investigated in Hagstotz et al.
(2019a,b), Ryu et al. (2020), and Contarini et al. (2021).

4. Survey specifications and analysis method

In order to forecast constraints on this specific model, we follow
the same approach as EC20. We adopt the same Fisher matrix
formalism, as well as the codes validated therein. Given that the
theoretical model considered is crucially different, we update the
forecast recipe and the corresponding codes as described in the
previous section. The cosmological parameters here considered
and their fiducial values, for which we again followed EC20,
read

={Qmo, Qb o, h, ns, 08, logylfrol} »
HSS5 : @ﬁsts—{O32 0.05, 0.67, 0.96, 0911, —4.301},
HS6 : Osgq1s6 = {0.32, 0.05, 0.67, 0.96, 0.853, =5.301},
{

HS7 : Osqns7 = {0.32, 0.05, 0.67, 0.96, 0.823, —6.301}. (30)

The fiducial values of og shown above are obtained keeping
the scalar amplitude of the primordial power spectrum Ay fixed
for the three cosmologies. Given the impact of the f(R) model
under examination, this leads to o values that appear in ten-
sion with currently available results. However, it is important to
stress that the comparison should be done with modified grav-
ity analyses of the present data, rather than with results obtained
assuming ACDM. In fact, the fiducial values of og we quote are
compatible with such analyses, as degeneracies between o-g and
modified gravity parameters increase the mean value of the for-
mer while also broadening the constraints (see e.g. Abbott et al.
2023).

In the following text and in the figures, we refer to the model
with the corresponding |fzo| = 5 x 107> fiducial as HSS5, the
model with | frol = 5% 107 as HS6 and the model with a fiducial
value of |frol = 5 x 1077 as HS7. The baseline fiducial used for
the rest of this work is the HS6 model since it corresponds to
a value of |fgo| still allowed by observations and with enough
distinctive signatures with respect to ACDM to be detected
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by future observations. We note that our fiducial cosmology
includes massive neutrinos with a total mass of >, m, = 0.06 eV,
but we keep ), m, fixed in the following Fisher matrix analysis.
We also use the same initial amplitude of primordial perturba-
tions for both fiducial models, namely A; = 2.12605 x 107°. As
discussed previously in Sect. 3.4, fixing neutrino masses ignores
the degeneracies between their effect on the power spectrum and
the increase of clustering at small scales; therefore, our con-
straints might be tighter than in a scenario in which also ), m,
is varied.

Concerning the photometric probes, the galaxy distribution
was binned into ten equally populated redshift bins with an over-
all distribution following

z 2 z 3/2
s ol ()]
20 20

with zo = 0.9/ V2 and the normalisation set by the requirement
that the surface density of galaxies is i1, = 30 arcmin . The red-
shift distribution was then convolved with a sum of two Gaussian
distributions to account for the photometric redshift uncertain-
ties (see EC20, for details). The galaxy bias was assumed to be
constant within each redshift bin. Its values, b;, were introduced
as nuisance parameters in our analysis, with their fiducial values
determined by b; = V1 + Z;, where Z; is the mean redshift of each
redshift bin. Even though deviations from GR introduce, in prin-
ciple, a scale dependence also in the galaxy bias, we assumed
that this is negligible in our case.

Moreover, we followed EC20 in accounting for a Gaussian
covariance between the different photometric probes:

€1V

K
o) - e
x{[ci@+Nico] [P + NP

+ [P0 + NP [ChEer + NEC@)]) . (B
where upper-case Latin indexes A,... = {WL, GCpy}; lower—
case Latin indexes i,... run over all tomographlc bins; 6% T
the Kronecker delta symbol fsky = 0.36 represents the fractlon
of the sky observed by Euclid; and A¢ denotes the width of the
multipole bins, where we used 100 equally spaced bins in log-
space. The noise terms, which for the observables considered
here are in fact white noise, namely N;‘}B ) = N;‘}B , read

K
NE () = 2o, (33)
n;
K
NS = =2, (34)
NiH6 =0 (35)

where o2 = 0.3% is the variance of observed ellipticites.

For the spectroscopic probe, we evaluated the Fisher matrix
Fop(z;) for the observed galaxy power spectrum according to
the recipe outlined in EC20 (see Sect. 3.2). Here, @ and S
run over the cosmological parameters of the set @, the index
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. In this paper, in comparison
to EC20, we adopt the direct derivative approach, i.e. we vary
the observed galaxy power spectrum with respect to the cosmo-
logical parameters of @ directly, plus two additional redshift-
dependent parameters In bos(z;) and Ps(z;) that we marginalise
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over. We consider the numerical values for the galaxy bias, b(z),
and the expected number density of the observed Ha emitters,
n(z), reported in Table 3 of EC20°.

For both probes, we consider two different settings: an opti-
mistic and a pessimistic case. In the optimistic case, we con-
sider kpax = 0.30hMpc‘l for GCsp, fmax = 5000 for WL, and
Cmax = 3000 for GCp, and XCpy,. Instead, in a pessimistic set-
ting, we consider kpy.x = 0.25 hMpc_1 for GCyp, €max = 1500
for WL, and €. = 750 for GCpp, and XC,y,. Based on recent
work on updated Markov chain Monte Carlo forecasts by the
Euclid collaboration Euclid Collaboration: Mellier et al. (2025)
and Euclid Collaboration: Archidiacono et al. (2025; specifi-
cally for the neutrino sector), we adopted the pessimistic sce-
nario as our baseline setting, as we believe this represents a more
conservative estimation of the constraining power of the mission
given the yet unknown systematics modelling.

At the smallest photometric redshift bin, the galaxy number
density distribution n(z) peaks around z = 0.25, which means
that under the Limber approximation and for our fiducial cos-
mology, the corresponding maximum values of k evaluated in
the power spectrum corresponding to the pessimistic and opti-
mistic settings for GCpy, are kpax = [0.7,2.9] hMpc*I, respec-
tively, and for WL the maximum wave-numbers probed are
kmax = [1.4,4.8]1h Mpc_1 for pessimistic and optimistic, respec-
tively. For smaller values of z, the values of k at a given € increase
monotonically, but there the window functions in Eq. (15) and
Eq. (16) suppress the power spectrum, and we set it to zero
after a fixed kpax = 3OhMpc*1. In both settings, we fix the
nuiscance parameters o, and o, for GCyp, which we calculate
directly from Eqs. (24) and (25) for the fiducial value of the
cosmological parameters. In Appendix B we show the results
for a more conservative setting, in which o, and o, are varied
freely at each redshift bin and we marginalise as well over two
parameters for the scale-dependent galaxy bias; see Eq. (26). In
practice, the real constraining power will lie between these two
extremes, as the future improvements in modelling and the pri-
ors obtained from simulations enable us to pin down the large
number of free nuisance parameters. We also performed a pes-
simistic quasi-linear forecast for GCy, only, where we set our

maximum wave number at k. = 0.157 Mpc_1 in order to have
a more conservative estimate of the constraining power of the
GCq, probe. The reason for this is that the underlying matter
power spectrum of Eq. (19) that we are using in our observed
galaxy power spectrum recipe is a linear one, as we detailed in
Sect. 3.2. It is known that non-linear corrections start playing a
role above scales of around k = 0.1 AMpc™! for the redshifts
under consideration (see Taruya et al. 2010) and, therefore, the
use of a linear power spectrum beyond these scales can bias our
constraints. Hence, we aim to estimate what would happen if we
used just quasi-linear scales in the analysis. As shown in Sect. 5,
the effect of these two different scale cuts on the constraining
power on the log,,| fzol parameter is minimal for our GCj, recipe.
As a reference for the reader, we list the specific scale choices
and settings used for each observable in Table 1.

In this work, as in EC20, we show the results for most of
these single probes, but also for their combinations. It is impor-
tant to mention that when we consider the combination of GCypy,
with WL, we neglect any cross-correlation. However, when we

3 The most up-to-date value of the Euclid Wide Survey area is closer
to 14000 deg”, but we use the EC20 values in Table 1 to facilitate a
comparison with previous works. In the Fisher approximation, the con-
straining power Figure of Merit is simply proportional to the square root
of the area.

Table 1. Euclid survey specifications for WL, GC,;, and GCy,p.

Survey area Agurvey 15000 deg2
WL

Number of photo-z bins N, 10

Galaxy number density Tlgal 30 arcmin 2

Intrinsic ellipticity o o 0.30

Minimum multipole Cimin 10

Maximum multipole ‘max

— Pessimistic (baseline setting) 1500

— Optimistic 5000
GCpp

Number of photo-z bins N, 10

Galaxy number density Tgal 30 arcmin 2

Minimum multipole Conin 10

Maximum multipole Crnax

— Pessimistic (baseline setting) 750

— Optimistic 3000
GCyp

Number of spectro-z bins n, 4

Centres of the bins Z {1.0, 1.2, 1.4, 1.65}

Error on redshift 00 0.001

Minimum scale Kimin 0.001 A Mpc_1

Maximum scale Kmax

— Quasi-linear 0.15hMpc™!

— Pessimistic (baseline setting) 0.25 hMpc™!

— Optimistic 0.30 2 Mpc™!

add their cross-correlation XCp,, we include them both in the
data vector and in the covariance, i.e. we perform a full analysis
taking into account the cross-covariances between GCpp, WL,
and their cross-correlation. This combination of three distinct
two-point correlation functions is also known in the literature
as 3 X 2pt, and we use this terminology interchangeably in this
work. Moreover, again following EC20, we do not present the
values for GC,y, alone. The main reason for this choice is that we
consider both og and the galaxy biases as parameters, which are
degenerate in the linear regime. Even if this degeneracy might be
partially broken when adding non-linear information, the Fisher
formalism can still manifest numerical instabilities for this sin-
gle probe alone. Therefore, we always show the constraints from
GC,y in combination with other probes. In the optimistic setting,
we assume that GCg, is uncorrelated with photometric probes.
In the pessimistic setting, we neglect any correlation between
GC,, and WL, and also apply a redshift cut at z < 0.9 for GCpy,
and XCyy, in order to minimise the overlap between the different
galaxy clustering probes. However, we note that this redshift cut
is only applied when combining spectroscopic and photometric
data. Even in the pessimistic case, we do not apply any redshift
cut when considering photometric data alone.

Finally, in this work, we have validated again the codes used
in EC20 to account for the modified recipe outlined in the pre-
vious sections. We have compared, for the constraint on each
parameter of @ and the nuisance parameters of each probe, the
performance of each independent code with the median of the
constraints obtained by the available codes. We have verified that
the relative difference in percentage between a given code and
such a median is always below 10%, both for marginalised and
unmarginalised parameters, which was the threshold for code
consistency adopted in EC20 and more recently in Casas et al.
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Table 2. Forecast 1o~ marginal relative errors on the cosmological parameters for a flat f(R) model with |fz| = 5 x 107 (logolfrol = =5.301)
in the pessimistic and optimistic cases using Euclid observations of spectroscopic galaxy clustering (GC,), WL, photometric galaxy clustering

(GCyph), and the cross-correlation among the photometric probes XCyy.

|frol = 5 x 1076
Quo  Qvo log;lfrol h ns o3

Fiducial values 032 0.05 -5.301 0.67 096 0.853

Pessimistic setting

GCyp (kimax = 0.15AMpc™)  2.1% 5.7% 7.4% 43% 2.1% 2.0%

GCyp (kimax = 0.25hAMpc™")  1.4% 2.8% 3.9% 1.9% 1.0% 1.1%

WL 23% 47% 8.3% 21% 4.8% 1.5%

GCy, + WL 0.8% 1.9% 2.3% 1.3% 0.7% 0.5%

WL + GCp, + XCypyy 0.8% 5.0% 2.7% 32% 1.7% 0.4%

GCyp + WL+GCp, + XCpy,  0.6% 1.7% 1.8% 1.0% 0.6% 0.4%

Optimistic setting

GCyp (kmax = 0.30AMpc™)  1.3% 2.2% 3.1% 1.3% 09% 0.8%

WL 1.4% 45% 4.7% 9% 32% 09%

GC,, + WL 0.7% 1.5% 2.1% 09% 0.6% 0.4%

WL + GCpp + XCppy 03% 4.3% 1.4% 21% 0.7% 0.2%

GCyp + WL+GC, +XCpy,  03%  1.2% 1.1% 05% 04% 0.2%
(2024). Concerning the spectroscopic probes, here we have cor- ——
rected for an inconsistency in the unit conversion from Mpc™! . = GC,,
to A Mpc™! units that affected previous forecasts; thus, the sen- ¢ - WL
sitivity to i degrades with respect to EC20, while the sensitivity = SVEQE\ZFLI +XC

to the other cosmological parameters is only mildly altered due
to their small correlations with /. This mistake was also present
in Casas et al. (2024) and we have checked that manually rein-
troducing this bug yields the same constraints for ACDM as
reported there. The pipeline used for this paper is the publicly
available* CosmicFishPie code, which has been validated in
Casas et al. (2024) against Markov chain Monte Carlo pipelines
and is inspired by the original code used in EC20. After publica-
tion, the notebooks for reproducing the figures in this paper will
be available in an example directory of Cosmicfishpie €.

5. Results
5.1. Pessimistic baseline setting

As shown in Eq. (30), we have chosen three different fiducial
values of the Hu—Sawicki f(R) model parameter, namely |fzo| =
5% 1077 (HS7), | frol = 5x 1076 (HS6) and | fzo| = 5x 107> (HS5),
based on our discussion of current observational constraints in
Sect. 1. We employ HS7, which contains a very small value of
| frol as our GR-limit test, since we cannot correctly perform fore-
casts at lower values of | fzo| due to the limitations we have in the
non-linear modelling with the Winther fitting formula mentioned
in Sect. 3.4. We remind the reader of the two considered set-
tings, pessimistic and optimistic, as explained in Sect. 4 plus the
‘quasi-linear’ setting for GCyy, defined by ko = 0.157 Mpc!.

For our baseline fiducial (HS6) and our baseline settings,
Euclid alone will be able to constrain the additional parameter
log,lfzol, which has a value of log,o|frol = —5.301 at the 1o
level with an absolute error of

— Olog,lfel = 0.20 with spectroscopic GCy; alone
(corresponding to a relative 3.9% error);

= Olog,,lfrol = 0.43 with WL alone
(corresponding to a relative 8.3% error);

4 https://github.com/santiagocasas/cosmicfishpie
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W GCyp+ WL +GCpp +XCpp
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Fig. 4. Marginalised 1o errors on cosmological parameters relative to
their corresponding fiducial value for the pessimistic baseline case,
which equals to [fzl = 5 x 107°. We show results for GC,, (pur-
ple); WL (blue); GC,, + WL (orange); the combination of all photo-
metric probes, including cross correlations, WL + GCyp, + XCpy (red);
and the combination of all spectroscopic and photometric probes,
GCy, + WL + GCyp, + XCpyp, (yellow). One can see that the constraints
on log|frol and o are similar among GC,, and WL, but for other
parameters such as the Hubble parameter, 4, or the fraction of baryons,
Qy, the constraints coming from GCj, alone are even more stringent
than the constraints of all photometric probes combined on their own.

— O-]Oglolfko\ =0.14 combining WL, GCph, and XCph
(corresponding to a relative 2.7% error);
— Olog,olfiel = 0.95 using the full combination GCy, + WL +
ph + XCph (corresponding to a relative 1.8% error).

In Table 2 and in Fig. 4, we list the forecasted 1o fully
marginalised errors (relative errors to its fiducial) on all the cos-
mological parameters considered for our model with |fgo| =
5 x 107 (HS6), for the individual probes and their combina-
tions in the pessimistic setting. The probes shown are GCg,
(in purple), WL (in blue), GCy, + WL (orange), the 3 x2pt
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Fig. 5. Joint marginal error contours at 1o and 20 on the cosmolog-
ical parameters for a flat f(R) model with |fzo| = 5 x 107 in the
optimistic setting. Purple is for GCy,, blue for WL, orange for the
combination GCg, + WL, and yellow for all the photometric probes
including their cross-correlation XCpy,, combined with GCg,, namely
GC,p + WL + GCpyp, + XCpy,. While the WL probe is unable to properly
constrain the Hubble parameter /# and the primordial slope ng on its
own, the orthogonality of the contours for GCy, and WL in the sub-
spaces involving & and ng, helps lift degeneracies and further improves
the fully marginalised constraints on log,|fzol, when probe combina-
tions are used.

combination of all photometric probes, including cross correla-
tions, WL + GCy, + XCpp, (red) and the combination of all spec-
troscopic and photometric probes GCg, + WL + GCpyp, + XCpy
(yellow). We keep the same color convention in all figures of the
article when showing constraints from different probes. Table 2
contains this information also for the pessimistic survey settings.

In Fig. 5, we plot the elliptical 1o and 20" contours for
the probes GCg,, WL, the combination GCg, + WL, and all the
Euclid probes combined GCg, + WL + GCpyp, + XCpy, using the
same colour convention mentioned before. From the parame-
ters used in the Fisher matrix, we leave out this plot Q¢ as it
does not provide any additional information. As can be seen in
this figure, GCy, is always better at constraining 4 and ng, com-
pared to the cosmic shear probe (WL) alone. However, due to the
orthogonality of the contours, especially in the subspaces that
combine og with ng and £, there is an important lifting of degen-
eracies, which makes the combination of GCy, and WL (shown
in orange) much more constraining. The relative constraint on
log;olfrol coming from WL alone (blue) is of the order of 8%,
this reduces by a factor 4 when combined with the spectroscopic
probe (orange), with an extra 30% improvement in constraining
power when adding all Euclid probes together (yellow), yielding
in total a relative constraint on log;y|frol of 1.8% in this pes-
simistic baseline setting. Throughout this work, we indicate the
1o constraints rounded to the nearest significant digit, since our
Fisher matrix method has been validated at the 10% level on the
discrepancy between 1o~ marginalised and unmarginalised errors
on the cosmological and nuisance parameters, as mentioned in

Sect. 4. In Appendix B we explicitly show the contribution to
the constraining power and the breaking of degeneracies from
the GCg, probe itself. For the same HS6 model considered above,
it can be seen in Fig. A.2 that it is the spectroscopic probe that
helps break degeneracies in the 4 and Qo planes, mainly due
to the sensitivity of the BAO wiggles on these two parameters.
The cosmic shear probe (WL) is relatively insensitive to Qg
and % and the full combination of photometric probes is also not
good at constraining 4. It is the breaking of degeneracies when
combining GC,, and WL probes, that improves considerably the
constraints on all parameters, showcasing the particular power
of combining Euclid’s primary probes to measure parameters in
and beyond the standard model of cosmology.

5.2. Constraints on the fundamental model parameter | fro|

We note that we performed the Fisher matrix analysis on
the parameter log,,|frol, instead of directly on |frol, since for
very small numbers and for large order of magnitude differ-
ences, the Fisher matrix derivatives might become unstable (see,
e.g., Camera et al. 2018, Appendix Al). Therefore, it is recom-
mended to have all the involved parameters in the Fisher matrix
to be of the same order of magnitude. Since the transformation
between log;|frol and | frol is non-linear and the parameter con-
straints are not small in some cases, we cannot simply use a
Jacobian transformation to convert between the Fisher matrices
in this case. Our assumption of Gaussianity is only true for the
logarithmic parametrisation log,|frol.- Therefore, the posterior
contours for |fro| will be non-Gaussian.

We can, nevertheless, obtain the fully marginalised con-
straints on |fgo| by transforming the log;,|frol symmetric
bounds
log ol frol™ = log;olfrolid £ Tiog,qfiols (36)
into the upper and lower bounds for the linearly parameterised
parameter |fxol
fiol® = Ifolsa x 10C=e0tiol). (37)
This will result in asymmetric errors in |fgo| since the upper and
lower bounds will be given by the exponentiation of the symmet-
ric 1o bounds.

Using these formulas, we can obtain the upper and lower 1o-
bounds for our fiducial parameter | fxo| for the different cases

= |frol = (50735 x 107°) with spectroscopic GCqp alone;
|frol = (5.0*57 x 107°) with WL alone;

|fkol = (5.0*19 x 107°) combining WL, GCy, and XCp,
|fxol = (5.0%}3 x 107%) with GCyp+WL+GCp+XCpp.

As one can clearly see from these numbers, the stronger the con-
straint on the log, | frol parameter, the more symmetric the upper
and lower bounds on | fzo| become, simply due to the central limit
theorem and the fact that for a very peaked likelihood, a Gaus-
sian approximation is always possible around the maximum of
the posterior distribution.

In order to visualise this, we take our Fisher matrices com-
puted for each of the cases and probes and assign them to a mul-
tivariate Gaussian distribution, by using the Fisher matrix as the
inverse covariance. We then sample from this distribution and
transform the samples of log,,lfrol into samples on |fgo| using
the inverse of the logarithmic transformation, see Eq. (37). Using
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Fig. 6. Same as Fig. 5 (HS6) but for a subset of the cosmological
parameters (omitting WL alone) when transforming the contours back
into the fundamental parameter |fzo|. While in the logarithmic case the
marginalised Fisher contours are simply Gaussians by definition, this
is not the case for the contours on the linearly parameterised case | fzo.
For the probes GCq;, (purple) and WL (blue) on their own which are less
constraining, the errors on |fo| are very asymmetric with heavy tails on
the right. However, the smaller the 10 marginalised error on log, | frol
is, the better the marginalised posterior on |fgo| can be approximated by
a Gaussian. This can be seen for the full combination of Euclid probes
(yellow).

this technique, we plot on the left side of Fig. 6 the marginalised
posterior 1D and 2D distributions for the original model parame-
ter | fro| in the HS6 case, for the optimistic setting, using the same
colour convention as before. Compared to Fig. 5 we show now,
for illustration purposes, the 3 X 2 pt combination of photomet-
ric probes (WL + GC,p, + XCpy,) in red, instead of the GC,, + WL
combination, and we focus only on the parameters |frol, mo
and og. We also remove the WL probe, since its constraints on
|frol are weak. For the subspaces involving the |fro| parameter,
we now see non-symmetrical posterior distributions, which are
clearly non-Gaussian, and noticing the marginalised 1D poste-
rior distributions in the top of each sub-panel, we see that they
have a longer tail on the upper side of the constraints. This asym-
metry is also due to the fact that using the logarithmic param-
eterisation automatically prevents us from going into negative
regions of the parameter space for |fgo|, and therefore the prob-
ability distributions are skewed towards the positive side. How-
ever, the stronger the constraints on this parameter (for example,
in the case of the full combination of the Euclid probes, in yel-
low), the better the Gaussian approximation.

5.3. Comparison of the HS5, HS6, and HS7 Hu—Sawicki
models

In addition to our baseline fiducial for f(R) gravity, |frol =
5 x 107%, we also perform forecasts on a second and third fidu-
cial, namely |fzo| = 5 x 107 (HS5) and |fzo| = 5 x 1077 (HS7),
the latter is closer to ACDM in terms of perturbations and back-
ground evolution. A closer limit to ACDM is currently not possi-
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ble using non-linear predictions, since our non-linear fitting for-
mula discussed in Sect 3.4 cannot be extrapolated for values of
the f(R) model parameter smaller than |fgo| = 5 x 1077. We
also perform forecasts on a flat ACDM model in order to have
a comparison scenario within the assumptions of our recipe for
the large scale structure probes.

In Table A.1 we report the 1o fully marginalised forecasted
errors for these models in the optimistic and pessimistic set-
tings for the most important Euclid probe-combinations dis-
cussed above. For the HS5 model we find in general very sim-
ilar constraints to HS6, but it is important to remark that due
to the increased signal at non-linear scales and also the larger
k-dependence of the growth, due to a higher value of |fgo|, we
obtain better constraints on log;|frol for the full combination
of probes, both in the pessimistic and optimistic settings, with
relative errors of 1.3% and 0.6%, respectively. In the case of
the HS7 model, the fiducial value of |fgo| is yet another order
of magnitude closer to ACDM as compared to HS6, and there-
fore, we expected the extra signal on the power spectrum coming
from modified gravity to be much smaller. We indeed find that
this is the case, and compared to HS6, the relative percentage
constraints on log|frol degrade by a factor 3.6 in GCyp, a fac-
tor 4.9 in WL and a factor 3 when considering the full Euclid
spectroscopic and photometric combination. The final relative
constraint on log;,|fro| for this latter case is 1.8%, which corre-
sponds to a determination of |fgo| = [S.Ojf x 1077]. In Fig. 7
we plot the confidence contours for this HS7 model in the base-
line pessimistic setting compared to the HS6 baseline model. In
dark purple/purple we plot the constraints for GCs, for HS7/HS6
and in dark red/red the constraints on the 3 X 2 pt photometric
Euclid probe. For the standard cosmological parameters, such as
in the subspace of Q0 vs. i or o3, we can see that we recover
very similar contours in size and in orientation. However, for
the log,,|frol parameter the ellipses in HS7 become consider-
ably more elongated. For instance, one can see in the panel of
log;olfrol vs. og that the GCy, probe alone is not sufficient to
distinguish these two models from each other, but the full pho-
tometric combination is able to discriminate between them at
more than 20-. As discussed previously, this is under the assump-
tion that both models have the same primordial amplitude and,
therefore, due to a larger growth in the case of HS6, they end up
with different values of o today. To be certain that the choice
of og values does not affect our constraints, we performed a
Fisher matrix forecast of the HS6 model, changing its primor-
dial amplitude A, so that it has the same amplitude of fluctua-
tions og = 0.816 today as the baseline ACDM model. We found
that none of the parameter constraints changed considerably with
respect to the baseline HS6 case. We have also tested that when
fixing the extra model parameter log;lfrol in the HS7 model,
which is the closest we have to ACDM and just deviates in the
non-linear power spectrum and the growth rate function by a few
percent (see Figs. 2 and 3), we then recover the same constraints
on the five remaining ACDM parameters. This comparison is
shown in the left panel of Fig. A.3, where in dark yellow we
show the full combination of Euclid probes for the pessimistic
HS7 case and in cyan the corresponding 1D and 2D contours for
the ACDM scenario as described in EC20.

On the right panel of Fig. 7, we compare now the constraints
across the three models studied in this work, HS5 (in dotted
lines), HS6 (in solid lines) and HS7 (in dashed lines) for the
fundamental parameter |fzo|. We plot the 1D fully marginalised
posterior on |fgol| for the spectroscopic probe GCg, on its own
and the 3 X 2 pt photometric combination of probes, using again
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Fig. 7. Left: Joint marginal error contours at 1o and 20" on the cosmological parameters for a flat f(R) model with |fxo| = 5 x 107° (HS6) vs.
Ifrol = 5 x 1077 (HS7) in the pessimistic setting. Lighter colours and solid contours correspond to HS6, while darker colours and dashed empty
contours correspond to HS7. In purple the spectroscopic GCyp, in red the combination of photometric probes (GCy, + WL + GCyp, + XCpy). These
two HS models only differ by their value of o3 and log; | fzo|. Therefore the contours look very similar in the standard cosmological parameters. For
log,lfrol the ellipses become much more elongated in HS7. Right: One-dimensional fully marginalised posteriors on the |fzo| parameter for HS7
(dashed), HS6 (solid), and HS5 (dotted) after applying the transformation in Eq. (37). We use the same colour convention as before. The shaded
vertical areas correspond to the 1o confidence intervals, while the Gaussian curves extend up to 30~ Using the full combination of photometric
probes, HS7 and HS6 can be distinguished at 207, and both of them can be distinguished from HS5 at 30~ or more.

the same colour codes as before. The shaded areas under the
curve represent the 10~ confidence intervals and the extent of the
Gaussian curves corresponds to a 30~ deviation from the mean.
Due to the logarithmic scale of the x-axis, the distributions look
symmetric again, nevertheless, we can see that in absolute | fxol
numbers, the constraints are much larger on the right side of the
constraints. In the HS7 model for the pessimistic baseline setting
and using all Euclid primary probes, the forecasted upper bound
on |frol would be 1.1x107® at 107, 1.7x 107 at 20- and 2.3x 107°
at 30, allowing us to distinguish it from 5 x 107, which is the
HS6 model. On the other hand, assuming that the data would
follow the HS7 model and using only the spectroscopic probe
or only the photometric probe, it would be impossible to distin-
guish this model from HS6 and HSS at more than 30, as we show
in the right panel of Fig. 7. Using Eq. (37), the rest of the non-
symmetric bounds on |fgg| can be recovered for all the numbers
listed in Tables 2 and A.1. Since we performed the Fisher matrix
analysis on the logarithm of the original model parameter, we
opt to report here only the forecasted Fisher matrix constraints
which are Gaussian and therefore symmetric.

Under our given assumptions (and the fact that we have fixed
for both models the sum of neutrino masses and the same initial
amplitude of perturbations Ag), we can say that the full com-
bination of Euclid probes would be capable of distinguishing
between these three f(R) models with a high degree of certainty.
Since most of the constraints in the photometric probe come
from small scales, this highlights again the importance of using
the deeply non-linear regime of structure formation to test this
f(R) theory accurately and in an ideal setting, discern it from the
ACDM model, provided the data indicate a strong preference for
the standard cosmological model with a large statistical signifi-
cance.

6. Conclusions

In this work, we have focused on the ability of the future Euclid
mission to constrain extensions of the concordance cosmological
model. The abundant literature on f(R) cosmologies, as well as
their properties (screening mechanism, scale-dependent growth
of structures, possibility to rewrite it as a scalar-tensor theory
embedded in the Horndeski action), make f(R) an ideal test case
of modified gravity models. In this work, we have considered
Hu & Sawicki (2007) f(R) cosmologies and predicted forecasts
on their peculiar parameter, fgo, and other cosmological parame-
ters.

As in EC20, the forecasts were validated and computed
for spectroscopic galaxy clustering (GCsp), photometric galaxy
clustering (GC,p), WL cosmic shear, and the cross-correlation
between the last two probes (XC,y). The extension presented
in this paper of the forecasting pipeline developed in EC20 is
threefold: First, the class of cosmologies investigated here goes
beyond ACDM; second, the encoded equations for all probes
now include a growth factor that is scale dependent; and finally,
the Fisher matrix codes have now also been validated for this
extended recipe. The validation was carried out as follows:

1. We first compared the input quantities obtained from differ-
ent Boltzmann solvers and compared the quasi-static limit
with the full evolution, finding equivalent results for the red-
shifts and scales of interest — in particular, predictions on
the matter power spectrum up to k = 10 AMpc™" led to sub-
percent agreement between quasi-static and full evolution.

2. We then used the forecast pipeline presented in EC20 and
modified it to account for scale-dependent quantities and
other MG modifications arising in f(R).

3. Asin EC20, we implemented independent forecast codes and
considered their output validated when the discrepancy on
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each parameter uncertainty, compared to the median, was
less than 10%, both before and after marginalisation. As
mentioned in Sect. 4, an error in the unit conversion was
found in EC20, which affected the constraints on the param-
eter h reported in that article and in Casas et al. (2024). We
have carefully checked that after correcting for this error in
both pipelines, we recover the same results.
We have therefore computed forecasts in an optimistic and a pes-
simistic setting, depending on the range of scales considered for
each probe and on the level of systematics included. This choice
follows the one in EC20, to allow for easier comparison, and is
summarised in Table 1. In the specific case of GCy,, we have also
shown the impact of a more conservative quasi-linear choice due
to the additional uncertainty in the non-linear predictions for a
theoretical model beyond ACDM.

We chose the pessimistic setting as our baseline spec-
ifications after careful review of the systematic modelling
that needs to be included based on recent work in the Euclid
collaboration (see Euclid Collaboration: Mellier et al. 2025;
Euclid Collaboration: Bose et al. 2024; Euclid Collaboration:
Archidiacono et al. 2025; Casasetal. 2024; Euclid
Collaboration: Koyama et al. 2025). Therefore, while we
expect progress in the next years in extracting information from
the smallest scales, the large amount of systematics and nuisance
parameters needed to obtain an accurate unbiased modelling
will ultimately end up reducing the pure statistical constraining
power coming from the non-linear scales. The final constraints
should lie somewhat between our two specification limits. For
this setting, combining all Euclid primary probes and consid-
ering our baseline fiducial |fzo] = 5 x 107, we have obtained
that Euclid alone will be able to constrain log;,|fro| at the 1.8%
level using the full combination GCg, + WL + GCpp, + XCpp,.
This uncertainty increases to 2.7% when considering only the
photometric probes, which highlights the importance of combin-
ing spectroscopic and photometric observables. The constraint
considering the spectroscopic probe alone increases to 3.9%. In
the text, we discussed how these constraints on the logarithmic
parameter transform into asymmetric constraints of the original
model parameter |frol. The log,,|frol parametrisation has been
used several times in the literature, not only for theoretical con-
siderations but also in Markov chain Monte Carlo explorations
of cosmological likelihoods, such as in Dossett et al. (2014),
Schneider et al. (2020a), and Troster et al. (2021). However, for
future analysis with real data, one should reconsider if other
compact re-parametrisations of |fzo|, for example the one used
in Terukina et al. (2014), would be physically more meaningful.

The reported bounds in Table 2 of the pessimistic base-
line HS6 scenario correspond to determinations of |fgo| that

are |frol = 5.0739 x 107® with spectroscopic GCy, alone,
[frRol = 5.0f%g x 1076 combining WL, GCp,, and XCpp

and |fgo| = 5.0%5 x 107° with the full Euclid combination
GCyp, + WL + GCpp, + XCpy. For the fiducial model HSS, |frol =
5 x 107>, which is already at the margins of the possible obser-
vational constraints, we obtained constraints of the same order.
This hints at the fact that Euclid should be able to distinguish
these two models from each other once data become available.
For the model HS7, we find that the bounds become significantly
less constraining since it is a model very close to ACDM with
a similar growth of perturbations as compared to the standard
cosmological model. Nevertheless, we also find that when using
the full combination of Euclid photometric and spectroscopic
probes, this model can also be distinguished from HS6 and from
a ACDM cosmology at around 30

This result highlights the significant amount of information
that can be extracted from cross-correlating photometric probes
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and by including a larger range in non-linear scales. In conclu-
sion, Euclid will be able to provide outstanding constraints on
extensions beyond the concordance model thanks to its ability
to probe the non-linear scales, where most of the information is
contained. However, a good knowledge of the modelling of our
theoretical observables at these scales, such as the one used in
this analysis, and a good control of the systematic uncertainties
is required in order to reach reliable final results when the data
become available.
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Appendix A: Further results
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Fig. A.1. Comparison between the Eisenstein-Hu fitting method (in pur-
ple) and the Savitzky-Golay filter (in orange) for calculating the non-
wiggle matter power spectrum. The curves show the ratio of the total
linear matter power spectrum from CAMB divided by the correspond-
ing smooth non-wiggle power spectrum.

In this Appendix we show further results to highlight differ-
ent aspects of our analysis. In Fig. A.1 we show the difference
between our determination of the non-wiggle matter power spec-
trum using the Savitzky-Golay (SG) filter (in blue) as compared
to the standard Eisenstein-Hu method (in red) used previously in
EC20. As discussed in Sect. 3.2 the SG method performs well
and it is easily generalisable to modified gravity theories and
models in which there is a scale-dependent growth of perturba-
tions.

In Fig. A.2 we show the constraining power that comes
from combining the spectroscopic GCg, and the photometric WL
probes, compared to the photometric-only 3x2 pt analysis. We
show this for the parameters & - log;,|frol and for €, o, which
we had omitted in previous plots. As we can see, the GCg, probe
in combination with WL is crucial to break degeneracies and
improve the constraints on the Hubble parameter and the baryon
density fraction, thanks to its sensitivity to these parameters,
especially at the scales of the BAO wigggles.

In the left panel of Fig. A.3 we show in dark yellow the fully
marginalised contours for the HS7 model and in dashed cyan
the contours for a ACDM equivalent, after fixing (maximising)
the extra parameter log,|frol. We do this to prove that the HS7
model is close enough to ACDM and that we recover very simi-
lar constraints when comparing the same number of free param-
eters, even if the HS7 model has a larger og. Our results match
very well those of EC20 for the same ACDM scenario and the
same settings, when taking into account the error in the units
that was present in that paper, as already mentioned in Sect. 4.
In the right panel of Fig. A.3 we show the pessimistic (in cyan,
empty contours) and optimistic (in orange, filled contours) set-
tings for the full combination of photometric probes. As dis-
cussed in Sect. 5 and shown in Table 2 the pessimistic errors
on log;,|frol are about a factor 2 to 3 larger than in the optimistic
setting, mainly due to the fact that non-linear scales contain cru-
cial information on the scale-dependent growth of perturbations
and the additional clustering caused by the fifth force present in
f(R). This highlights the importance in the future for real-data
analysis to model these scales correctly and accurately to avoid
introducing systematic errors in the analysis that could severely
bias the parameter determination. While extracting information

from these scales will be possible, the modelling of systemat-
ics and astrophysical uncertainties is not yet at the level where
we can have robust and unbiased constraints. Therefore, we have
decided to use the pessimistic setting as our baseline case. The
final constraints should lie somewhat in between these two lim-
iting settings.

In Fig. A.4 we show the comparison between the settings of
the Euclid spectroscopic probe as described in Table 1, for the
HS6 model. In the left panel we show for the GCg, probe the
pessimistic quasi-linear (dotted-dashed lines), the pessimistic
(green) and the optimistic (purple) cases. One can see that,
as expected, the difference between the pessimistic scale-cut
at 0.25 hMpc~! and the optimistic one at 0.3 2 Mpc™', is not
that visible in the final contours. However, the quasi-linear case
(kmax = 0.15 hMpC_l), does discard important information in
the quasi-linear regime and this has a major impact on the con-
tours, degrading them by a factor 2 or more. In the right panel
of Fig. A.4 we show again the baseline pessimistic case in green
and we show three further cases, which we encompass under
the non-linear realistic settings. They all have a scale-cut of
0.25hMpc™! as in the pessimistic setting, but with an increas-
ing number of nuisance parameters:

— i) In yellow shaded regions, the ‘Qbias’ case, where we
vary two independent parameters A; and A, that account
for a scale-dependent galaxy bias in modified gravity, see
Eq. (26).

— ii) In dark blue solid line contours, the ‘sigmas’ case in which
we vary the o, and o, parameters independently at each of
the 4 redshift bins.

— iii) In cyan dot-dashed contours we combine cases i) and ii)
for a total of 10 extra nuisance parameters compared to our
baseline pessimistic setting.

Due to the increased number of parameters, we had to use the
more accurate numerical derivative algorithm of a forward-4-
point-stencil. We checked that using this method we recover sta-
ble results and for the other simpler cases, the changes in the
Fisher matrices were negligible. As stated before, these deriva-
tive methods and the Fisher matrix pipeline are available in the
publicly released Cosmicfishpie © code. Strikingly, the loss
in constraining power between case iii) of our non-linear realistic
setting and the pessimistic quasi-linear setting is similar. In the
baseline pessimistic setting the percentage error on log;lfrol is
3.9%, this increases to 4.9% in the ‘Qbias’ case i), to 5.2% in the
‘sigmas’ case ii) and to 8.0% in the third combined case iii). This
value is close to the one in the pessimistic quasi-linear setting of
7.4% reported in Table 2. For the other cosmological parame-
ters the degradation in constraints in case iii) is not that strong
and they are better constrained as in the pessimistic quasi-linear
case. This indicates that the Q-bias scale-dependent galaxy bias
is strongly degenerate with the scale-dependent growth induced
by an f(R) model.

Finally, in Table A.1 we list the 1 o marginalised errors for
all the other models considered in this paper, namely HSS, HS7
and the ACDM counterpart.

Appendix B: Nuisance parameters

In this section we specify the nuisance parameters used in the
Fisher matrix forecast analysis, both for the spectroscopic as
well as for the photometric probes. These values follow closely
those used in EC20. In the case of the spectroscopic survey we
also specify the parameters used in the non-linear realistic sce-
nario where we use the Q-bias approximation and the o, and o
parameters are varied. For these two, the actual nuisance param-
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Table A.1. Forecast 1 o marginal relative errors on the cosmological parameters for a flat f(R) model with |fzo| = 5 X 107>, |fzo| = 5 x 1077 and
the flat ACDM model in the pessimistic and optimistic settings.

|frol =5 x 1075

Quo Qo log | frol h ng o3
Fiducial values 0.32  0.05 —4.301 0.67 096 00911
Pessimistic setting
GCyp 14% 2.9% 5.3% 1.6% 09% 0.8%
WLA+GCpp+XCppy 0.8% 4.9% 1.9% 28% 09% 0.5%
GCop+WL+GCpp+XCp, 0.6%  1.7% 1.3% 09% 04% 0.3%
Optimistic setting
GCyp 1.3% 2.7% 5.2% 14% 0.8% 0.8%
WLAGCph+XCpp 03% 4.3% 0.9% 21% 05% 0.1%
GCyp+WL+GCpp+XCpy  0.3%  1.3% 0.6% 04% 02% 0.1%

|fzol =5 %1077

Qmo Qo log ol frol h ng o3
Fiducial values 032 0.05 —-6.301 0.67 096 0.823
Pessimistic setting
GCyp 14% 2.8% 14% 22% 1.0% 1.7%
WL+GCph+XCpp 0.8% 5.4% 8.9% 40% 2.0% 0.7%
GCyp+WL+GCpp+XCpy  0.6%  1.7% 5.5% 1.0% 0.6% 0.5%
Optimistic setting
GCyp 14% 2.6% 11% 1.8% 08% 1.4%
WL+GCpp+XCpp 0.6% 4.3% 3.6% 23% 0.7% 0.5%
GCyp+WL+GCpp+XCpy,  04% 1.2% 2.3% 0.7% 04% 0.3%

flat ACDM

Qno o - h ng o
Fiducial values 0.32  0.05 - 0.67 096 0.816
Pessimistic setting
GCyp 14% 2.4% - 14% 0.8% 0.7%
WL+GCpp+XCpp 0.8% 52% - 27% 09% 0.4%
GCyp+WL+GCpp+XCpy  0.6%  1.7% - 1.0% 04% 0.3%
Optimistic setting
GCyp 1.3% 2.1% - 1.1% 0.7% 0.7%
WL+GCpp +XCppy 03% 4.6% - 20% 04% 0.1%
GCyp+WL+GCpp+XCpy,  0.3%  1.2% - 05% 02% 0.1%

eter is one rescaling factor per redshift bin around their fiducial
values, which are cosmology- and p- (cosine of the line-of-sight
i oo angle) dependent. In the table we list their fiducial values for the
GCp+ WL HS6 Pes HS6 model and for 4 = 0.

WL + chh + XCph HS6 Pes

ok
&
-~
@[

logio Ifrol
\\S\e
N\
D
S

o
b 1 1 1 1 1
Q H Q © 2
090‘ QQQ) bb Q/‘\ /‘0 /‘0
Qb,O h 10g10 |fR0|

Fig. A.2. Joint marginal error contours at 1 o and 20 on a subset of
the cosmological parameters for a flat f(R) model with |fzo| = 5 x 107°
(HS6). In solid orange the combination of GCy, and WL and in red
contour lines the 3X2 pt combination of photometric probes. It can be
seen that it is the spectroscopic probes driving the constraints on €
and h, which in combination with WL helps break degeneracies.
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Fig. A.3. Left panel: Comparison of the posterior contours when fixing (i.e. maximising) the log,|fgol parameter from the Fisher matrices for
the full combination GCy,+WL+GCy, +XC,, for the HS7 case. In dark yellow the HS7 case and in cyan dashed lines the GR baseline case. The
contour shapes match very well in all parameter subspaces, considering that in g their fiducial values are different. This is expected from the fact
that the HS7 model is very close to ACDM. Right panel: Full combination GCy,+WL+GC;,+XCpy, for the HS6 case, comparing the optimistic
(yellow, solid) and pessimistic (cyan, empty) specifications. See Table 1 for details on these settings.

— GC,p HS6 Pes

—=GC,p HS6 Pes glin.
PN — GCyp HS6 Pes — GC,p HS6 Pes sigmas
o & -,-"\-\ — GG, HS6 Opt - -~ GCsp HS6 Pes Qbias + sigmas
0 4 . -
g Q ki \_,. ! o
G Qb‘(b \-\. ./ V .\. Q Q D\Cb
O N, N
NETPNN RS v
P \ \‘\ \.[' N, " \,Q
S H N WS , N
N NT T L o
ROy e ~.
VAN AW N
= L9 & ~ =
© ="/ - AR
- o e e AL ox —9
a ® _./‘.\ - = v ; ~< e = o
L; > !\' l/'/\.\ N = )
S o NI TIES/ NS (& E A | g
o & | N7/ ST N =7 VN o0 —- | 27 N
o s e < -~ - . JaL.~ e NN b} . ~. Y, <
p— Q) e /7 ‘\ - . (_\‘\. /_/_! [ /4/' } — Py /.—'\\ Y
o) =N N . JAy! /i / s = o 7 7
L O i 1| 1) \%}. ﬂ/ @ oo 0 [ S\ . |
© Q)b‘ M\ ,/ '/l \‘\, .l\j{'.,// ././L _/"/ J ©e © N TINS N /'/ & o
Q7 l~vr LA~ IR [ S T W S T X & =T B el T A S T B 27/
O 6 DX H OD>A 0D ok D N O D IO LD XAV OO O D
A T PR Y N (PP 25 FRIET T N2 P F
NN d~ o Q707 o7 0 log 1o Ifrol
Qm,O Qb, 0 Ny h loglo !fROl oy Qm, 0 Qb,O Ny h [0}

Fig. A4. Left panel: Joint marginal error contours 1o and 2o on the cosmological parameters for a flat f(R) model with |fze| = 5 x 1076
(HS6) for the GCy, probe. In black dot-dashed lines the quasi-linear case (kmax = 0.15 hMpc‘l), in solid green the baseline pessimistic case
(kmax = 0.25 hMpc™") and in purple the optimistic case (kyy = 0.3 hMpc™!). Right panel: Same as in the left panel but now comparing the
pessimistic baseline case (solid green) against the more realistic models, with increasing level of complexity. In yellow the addition of scale-
dependent Q-bias, in dark blue the addition of free o, and o, nuisance parameters at each redshift bin and in cyan (dash-dotted line contour) the
addition of both terms together for a total of 10 extra nuisance parameters. The loss in constraining power when using this more accurate model is
similar to the loss in constraining power when doing a quasi-linear scale cut.
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Table B.1. Nuisance parameters for the photometric (top) and spectroscopic (bottom) surveys. In the spectroscopic survey, the Q-bias and the
velocity dispersion parameters are only used in the fully non-linear realistic scenario.

Photometric survey

Parameter Symbol Value
Amplitude of IA Ara 1.72
Power-law evolution of TA A -0.41
Luminosity dependence of IA Bia 2.17
Constant rescaling of IA Cia 0.0134 (fixed)
Linear galaxy bias bi=1..10 [1.099773, 1.220246, 1.272399, 1.316624, 1.358124,

1.399821, 1.444645, 1.496496, 1.565248, 1.742986]

Spectroscopic survey

Parameter Symbol Value
Linear galaxy bias bi=1..4 [1.461480, 1.606095, 1.746479, 1.898866]
Non-Poissonian shot-noise contribution Pghot,i=1.4 0
Q-bias denominator Aq 0.02
Q-bias numerator Ay 2.0
Pairwise velocity dispersion (cosmology dependent) Opi=l..4 [4.923, 4.629, 4.345, 4.017]
Velocity dispersion (cosmology and angle dependent) Oy,i=1..4 [5.349, 4.904, 4.522, 4.117]
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