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ABSTRACT

The effective anisotropic stress 7 is a key variable in the characterization of many classes of modified gravity theories, as it allows
the testing for a long-range force additional to gravity. In this paper, we forecast the precision with which future large surveys
can determine 7 in a way that only relies on directly observable quantities obtained from the spectroscopic measurements of the
clustering of galaxies and the photometric based observation of the projected lensing and galaxy clustering correlations and their
cross signal. Our method does not require further assumptions about the initial power spectrum, the modified gravity model, the
expansion rate, or the bias. We consider various cases: n free to vary in space and time, or with only redshift dependence, or
constant. We take as a reference specifications that approximate a Euclid-like photometric or a combined one with a DESI-like
spectroscopic survey. Among our results, we find that a future large-scale lensing and clustering survey can constrain 7, to at
least 30 per cent if z, k independent, and to less than 10 per cent on average for the z dependence only, to finally reach 5 per cent

values in the constant case.

Key words: gravitation —surveys —cosmology: observations —dark energy —dark matter.

1 INTRODUCTION

With the latest constraints on the cosmological parameters from the
cosmic microwave background (CMB) correlation measurements
from the Planck satellite (Aghanim et al. 2020) and the recent
DES (Abbott et al. 2022) and DESI (Adame et al. 2024) results,
we reached the era of precision cosmology, in which most of the
standard cosmologicalLambda cold dark matter (ACDM) parameters
are determined to percent level accuracy. However, the physical
nature of the dark sector is completely unknown, and especially the
cosmological constant suffers from severe theoretical problems. For
this reason, it is of crucial importance to look beyond the perfectly
homogeneous cosmological constant and to investigate general dark
energy models, including also modifications of Einstein’s theory of
general relativity (GR). This is also allowed because current and
upcoming cosmological surveys will reach a sensitivity that will
afford us to test modifications of gravity at cosmological scales and
possibly to distinguish them from standard scenarios (Martinelli &
Casas 2021). These tests require to use observations that probe the
evolution of the background of the Universe and the formation
of large-scale structures that result from the growth of primordial
perturbations.

In general, the extensions of the ACDM model that affects
the evolution of the homogenous background of the Universe
can be encapsulated in the normalized Hubble parameter, E(z) =
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H(z)/H(z = 0); while at linear perturbation level, a modification
of scalar perturbations with respect to the ACDM model can be
described by two functions: the first, denoted by w(¢, k), modifies
the standard Poisson equation and the second, n(t, k), is the ratio
of the two linear gravitational potentials W and & which enter the
spatial and temporal part, respectively, of the perturbed Friedmann—
Robertson—Walker (FRW) metric. For a non-relativistic perfect fluid,
the effective anisotropic stress 7 is not sourced by matter at the linear
level, so it can be considered as a genuine indicator of modified
gravity and a key variable to test for a non-minimal coupling of matter
to gravity. The main difference of this work from previous ones is
the fact that we strive to reach a high level of model independence to
avoid introducing a theoretical bias into the results. In particular, as
will become clear in the following, we do not need to specify a shape
of the power spectrum, or specific functional forms of the expansion
rate, the growth rate, and the linear bias, since none of the above is
calculated separately assuming a model but they are combined and
are absorbed as parts of our defined directly measured quantities.
There have been several attempts to constrain or forecast the
parameters 1 and p, with different degrees of model independence.
Studies using the CMB angular power spectrum such as Aghanim
et al. (2020) or Sakr & Martinelli (2022), provided constraints on 1
along with p as free parameters. More recently Sakr (2023), using a
combination of CMB and other probes, obtained bounds on 1 but with
the growth index, and its specific parametrization, instead of y as the
other perturbation related free parameter and assuming a dynamical
dark energy model, while the first three years of observations of the
Dark Energy Survey (Abbott et al. 2023) reported constraints on ©
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and ¥ where the latter quantity could be translated into 5 through
Y= %(1 + n). This parametrization has also been used to obtain

forecast constraints for upcoming experiments: e.g. Casas et al.
(2023) or Albuquerque et al. (in preparation) exploited upcoming
surveys such as Euclid (Mellier et al. 2025) or the spectroscopic and
continuum observables from the Square Kilometer Array Observa-
tory (SKAO; Bacon et al. 2020). In Raveri et al. (2023), the authors
used principal component analysis methods to constrain u and n
in each redshift bin separately using multiple cosmological probes.
However, they assumed a fixed shape for the power spectrum entering
the fog(z) and assumed different parametrizations to model the bias
for each measurements. More recently Tutusaus, Sobral-Blanco &
Bonvin (2023) produced forecasts by combining gravitational lensing
and gravitational redshift to measure anisotropic stress with future
galaxy surveys.

Assuming gravity remains universally coupled also when modi-
fied, one can build (Amendola et al. 2013) an estimate of 7n(k, z)
formed by three directly observable functions of scale and redshift
that depend on the cosmic expansion rate, on the linear growth rate,
and on the lensing correlation.

Euclid forecasts for this estimator have already been obtained in
Amendola et al. (2014). In Pinho, Casas & Amendola (2018), the
same method has been applied to real data, but due to the lack of
sufficient data, only very weak constraints on 1 have been obtained.
For the same reason, only a redshift-dependent n has been considered.

The main aim of this paper is to improve upon the forecasts of
Amendola et al. (2014) in several directions. First, we include several
nuisance parameters due to intrinsic alignment or the Doppler shift
associated with the random peculiar velocities of galaxies. Secondly,
we update the survey with the most recent specifications from Euclid
and include DESI, so as to cover a larger redshift range. Thirdly, we
include the photometric projected galaxy—galaxy clustering as well
as its cross-correlation signal with shear lensing.

2 THEORY AND METHODS

2.1 Four model-independent quantities

We begin with a perturbed flat Friedmann—Lemaitre—Robertson—
Walker (FLRW) metric, considering only scalar perturbations in the
Newtonian gauge,

ds? = —a®(1 4+ 2W)d7? + a*(1 + 2®)dx;dx’ | (1)

where W and & are the two gravitational potentials. Hereafter in this
paper we adopt Planck units, i.e. ¢ = Gy = 1. Assuming a pressure
less perfect fluid for matter and a flat Universe, one can derive the two
gravitational potential equations (Amendola et al. 2020) that relate
W and W to the matter density distribution,

VU = —4ma’u(k, 2)pn(2)8uk, 2), 2)

I = dra®pu(k, Dk, 2)pn(2)8n(k, 2), (3)

where p,, is the average background matter density, & is the comoving
wavevector, and 8, = 2 is the root-mean-square matter density
contrast. n and u are two functions quantifying modified gravity. In
general relativity they reduce to 4 = 1 and n = 1, respectively. The
linear anisotropic stress, 7 can then be extracted by taking the ratio

of the two Poisson equations:

ko= 4
nh=—3 . @
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Notice that everywhere in this paper the perturbation variables rep-
resent root-mean-square quantities, so are positive definite. Substi-
tuting p,, with the fractional matter density 3 H2%2,,(z)/87, equation
(2) becomes

P = —%Hz(z)ﬂm(z)u(k, Dk, 2), ®)

where H = aH.

The evolution equation for linear matter perturbations in a gen-
eralized gravity theory with modified gravity parameter wu(k, z) is
given by

gas (2+E) (X 2\1/ (©6)
m m E - H 9

in which we use a prime to denote a derivative with respect to the
e-folding time N = Ina. Expressing equation (6) in terms of the
growth rate f = §,,/3,, and inserting equation (5), we have

!

E
I+ 1+ <2+ E) f =3 m@ulk.2). @

As pointed out in Amendola et al. (2014), cosmological observations
at large (linear) scales can measure three model-independent quan-
tities. Besides the dimensionless expansion rate E(z) = H(z)/Ho,
these are the galaxy power spectrum amplitude, the redshift dis-
tortion amplitude, and the weak shear lensing amplitude, defined,
respectively, in Fourier space as

Ak, z) = G(k, 2)b(k, 2)086m,0(k) , 8)
R(k, z) = G(k, z) f (k, 2)088m0(k), (C)]
Lk, 2) = Qmouk, D[1 + nk, )Gk, 2)088m0(k) . 10)

where G(k, z) = 8,u(k, 2)/6mo(k) 1is the normalized growth,
fk,2)=38,,(k,2)/8u(k, z), b(k, z) is the linear bias, and &py o(k)
is the present square root of the matter power spectrum normalized
with the variance in cells with radius 8 Mpc/h, os. Allthe A, R, L, E
parameters are positive definite.

We take now suitable combinations of the above observable

quantities:

P, =RA™' = f/b, an
Py= LR = Quon(l +1)/f, (12)
Py =dlogR/dloga= f+ f'/f (13)

and, by combining with the standard evolution equation (7), since
Q, = Qm.o(1 + 2)*/E?, we obtain the relation

3Py (1 +2)°

— T 1= 14
2E2 (P3+2+ &) ! (1

from which also 2., and b are finally also absent. In this sense,
equation (14) is a model-independent test of gravity.!

'Note the P is related to the Eg statistics (see the recent study by Li &
Xia (2025) and references therein), whose value at a scale k is as E, =

2
< ”ZH?};(D) > . In our definitions, the relation would then be P, = 2E,.
5 fom [
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2.2 Galaxy spectroscopic power spectrum and the 3 x 2pt joint
analysis of photometric weak lensing and galaxy clustering

2.2.1 Galaxy power spectrum

The observed linear galaxy power spectrum can be written as

Posth, 11, 2) = G(k, Dbk, (1 + u Y087, 4(k)

e kiuto? {%} (15)
1+ [kuo,(@ )’

where o, = 0y (1 + z)/H(2), 09 ; being the absolute error on red-
shift measurement, noting that the damping due to redshift errors
does not vary with changes in the expansion history since k; o< H(z)
and o, o« H™'(z), and u is the cosine of the angle between the
line of sight and the wavevector, while the last term in the curly
brackets is a Lorentzian contribution, accounting for the Finger-of-
God (FoG) effect with o,(z) being the galaxy velocity dispersion.”
In our parameters, the observed power spectrum will then be:

242 —k2uo}? 1

Pobs(ks /J,Z)—(A-f—RM ) e {1+[ku0p(z,-)]2}’ (16)
where o,(z) are nuisance free parameters at each of the same redshift
bins division we choose for our model-independent parameters and
The dependence on E = H/H, is implicitly contained in u and k
through the Alcock—Paczynski effect. Explicitly, u, k depend on the
fiducial u s, ks (hereafter we use subscript f to denote quantities at
the fiducial) via the relation

. B2 172
u=uy [uf — Ppr ) — 1)} (17)
1/2
EZD,2
k=krg [@ — Fp e — 1)} , (18)

where D, is the dimensionless angular diameter distance. In a
spatially flat Universe, an assumption we adopt in this work, it reads:
1 d7
- m 0 E@Z)
We leave E to vary in our Fisher implementation in all places

where it is explicitly or implicitly contained. For example, E is
varied in o, and in equations (17)—(19).

Dy 19)

2.2.2 Photometric lensing and galaxy auto- and cross-correlation
probe

For weak lensing, the observed angular lensing—lensing convergence
power spectrum from a survey divided into several redshift bins can
be expressed as (Abbott et al. 2023)

© W ()W (z) n 2
YY(p) — ! J =
C,‘j 0= \/0 dz Hr Q) [2 (I+ 77)} Py s (k, z2), (20)

2We note that our analysis is independent of the detailed power spectrum
shape; the latter is assumed not to be strongly sensitive to the exact location
of the Baryonic Acoustic Oscillations (BAO) wiggles (Amendola, Pietroni &
Quartin 2022) and therefore of the effect of bulk flows on them, which
translates into a damping factor on the oscillating part of the power spectrum.
‘We do not include this effect here, since it could also serve as additional
constraints on our parameters, while it was recommended to remain a nuisance
effect (Wang, Chuang & Hirata 2013), and we limit ourselves to only
including BAO as part of our parameters that include the power spectrum
as one of their ingredients

MNRAS 541, 2978-2991 (2025)

where P s (k,z) is the matter power spectrum evaluated at k =
ke(z) = [f(lzgz, and i and j denote two tomographic redshift bins.
The lensing weights W/ (k, z) are given by

W] (k,2) = 3QuoH3(1 + 2r(z) [ d/ni(z)" 72 (1)

r

where n;(z) is the normalized redshift distribution of galaxies in the
ith bin (Blanchard et al. 2020). Note that E is implicitly contained
in the comoving distance r(z), here and in any of the subsequent
equations where it figures.

Writing equation (20) as a function of the above defined model-
independent quantities from equation (8), it becomes:

K/' @K/ ()1 , (L+1/2
C%Vez/d%i% ) 22
i (0) ST Eo 4 o (22)
where
Kl (k,2)= 3H}(1 +2) [7™ d2ni(z) "2 (23)

We should add to the previous and subsequent lensing quantities
a shot noise component from the uncorrelated part of the intrinsic
(unlensed) ellipticity field that can be written as
2

N () = ‘;—alj 4)
where n; is the galaxy surface density in the bin i, 85 is the Kronecker
delta symbol, and o2 is the variance of the observed ellipticities.

We also included intrinsic alignment (IA) effects into our formal-
ism following the extended non-linear alignment (eNLA) model (we
detail on below) adopted in Blanchard et al. (2020), which reduces
to the non-linear alignment (NLA) model widely used (Bridle &
King 2007), where the correlation between background shear and
foreground intrinsic alignment C, lI ¥ (£), and the autocorrelation of the
foreground intrinsic alignment Cijl. (€), are given, respectively, by

o) = / dz ny(Z)W}A;;()Z;Z‘g)A(Z)Wf (Z)%(l + 1)
- [ ]
where the corresponding weight function are expressed as
WiA(Z) = 1;’;{2) = Hyni(2)E(). (26)

and Ps, 5, and Ps,s, are the power spectra relative to §,, of, respec-
tively, cross- and auto-correlation, and §; the intrinsic alignment
density contrast, related to the matter density one as (Troxel & Ishak
2014)

Fia(@)
G(z, k)

where we see that the factor w, an ingredient of one of our parameters,
was introduced since in this IA formalism, equation (27) results
essentially from a Poisson potential equation (Hirata & Seljak 2004;
see the Appendix B for more details). Note that we also divide
by the growth in which p is also absorbed as being part of the
commonly used sub-horizon growth equation see e.g. Zheng, Sakr &
Amendola (2024), and as is the case for similar quantities in equa-
tions (16) and (20). Fia(z) is equal to (1 + z)™a [(Lg)(z)/Lt,g*(z)]ﬁ'A
(Blanchard et al. 2020), where (L,(z)) and L,,(z) are the redshift-
dependent mean and the characteristic luminosity of source galaxies,
respectively, as computed from the Universal Schechter luminosity

81 = —AiaCia uk, 2) 2myo Sm(k, 2), 27
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function (Schechter 1976). nia and Bia are the redshift and power-
law dependence parameters of the luminosity function while A, and
C1a are further constant nuisance parameters. We leave Aja, Bia, and
na free to vary, and fix Cja as it is degenerate with Aja. At the end,
as function of our above defined quantities, the intrinsic alignment
and lensing equations become:

Iy _ Kl@QK/@ 2 (412
Ci (O = [ L (56

KK ()
C}_}(Z) = [dz Wmln)zl‘z (lfﬁﬁz Z) ’ (28)
where
L(z, k)
Kl(k, 2) = —AiaCia ——— Hyn;(2)E(z). 29
i (k, 2) wlia 7o 5 oni(2)E(z) (29)

Finally, we also include the photometrically detected galaxy—
galaxy correlations, with the radial weight function for galaxy
clustering defined as

WEk, 2) = bi(k, ni(2)H(2) = bi(k, Dni()HoE(2), (30)

where b;(k, z) is the galaxy bias in the ith redshift bin. We mul-
tiply by 8(k, z), to obtain the galaxy—galaxy autocorrelation or the
galaxy—galaxy lensing cross-correlations. The factor b(k, z)é(k, z)
would then be replaced by A(k, z) assuming the same bias for the
spectroscopic- and photometric-detected galaxies:

KPS (2)K§(2) 1 (4172
GG(py _ i AV
i (K)‘/ By 27 ( r@ > D
where
KF(k, z) = ni(z) Ho E(2). (32)

The same formalism is extended to additionally include in the
analysis, either the cross-correlation between galaxy and galaxy
lensing, or the intrinsic alignment alike signal, given by

s WX(z) WY(z)
X = / dz————2—" P, 5, (ke, 2), (33)
Zmin

H(2)r*(2)
where i and j refer to two tomographic redshift bins, X and Y
stand for either the clustering or the lensing probe, and A and B
for m (matter) or I (intrinsic). For instance, if we use our model-
independent parameters one combination could be written as:

KE@KI(@) [T [e+1/2 T (e+1)2
Gy _ ! J _ —
Cij (D‘/ ©Eore 2A< @) ’Z) 4L( @) ’Z)'
34

2.3 Fisher matrix formalism and data sets

2.3.1 Settings

For the spectroscopic survey, we join a DESI-like survey at low
redshift to a Euclid-like one at higher redshift, according to Table 2.
The DESI-like survey reproduces the specifications for the DESI
Bright Galaxy Survey for z < 0.6 based on Hahn et al. (2023), and the
DESI Emission Line Galaxies (ELG) survey for 0.6 < z < 0.9 based
on Aghamousa et al. (2016), while for 0.9 < z < 1.7 we assume a
Euclid-like survey based on Blanchard et al. (2020). We call this the
DE combined survey. For the photometric survey, we also assume a
Euclid-like settings as shown in Table 2 following Blanchard et al.
(2020) but adopt equispaced bins, after accounting for the photo-z
measurement uncertainties in the referred study as shown in Fig. 1
As already mentioned, we leave our parameters A, R, L, E free to
vary in every redshift and k bin. So the first task is to define these bins.
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Figure 1. The binned galaxy redshift distribution following Table 2 con-
volved with the photometric redshift errors adopted from Blanchard et al.
(2020).

The expansion rate E(z;) is divided into six bins of size Az = 0.2
centred on

2 ={0.6,0.8, 1.0, 1.2, 1.4, 1.6}. (35)

Moreover, for the quantities that depend on &, namely L, R, and A,
we take four k bins which central values

k = {0.0075, 0.03, 0.075, 0.125} (36)
and corresponding boundaries
k ={0.005, 0.01, 0.05, 0.1, 0.15} 37)

so that the number of parameters for each quantity L, R or A is
6 x 4 =24.
We choose the following fiducial values of ACDM:

Qmo =0.315,Q20=0.049,h = 0.6737,n, = 0.96, 05 = 0.81,

and adopt for the fiducial bias, the function b = 4/1 + z from Clerkin
et al. (2015) and compute using the linear matter power spectrum
opz(zi) = 6”% f Pss(k, z;) dk (Blanchard et al. 2020). For the lensing
nuisance parameters, we adopt the values from Blanchard et al.
(2020) {Aia, ma, Bia, Cra} = {1.72, —0.41,2.17, 0.0134}. Note that
the binning adopted for our parameters has to be the same for the
probes obtained from either the spectroscopic or the photometric
surveys. However, since photometrically detected observables are
based on angular correlations projected along the line of sight, we
shall need to compute cosmological quantities at the redshift values
of the Euclid-like settings in Table 2. Therefore we use our A, R,
L, and E binned parameters to construct an interpolator following
a cubic spline method and use it to obtain the values of the relevant
quantities at the desired redshift and wavenumber.

2.3.2 Fisher matrix

The Fisher matrix for the clustering probe from spectroscopic
measurements, for a parameter vector p,, is generally given by

1 ! Fomax d1n Py
FSz) = — / d / K%V, o
apf (Zz) 872 o u . eff dpa

dln Pobs
f dpg

dk, (38)
f

where P = Pups(k, 145 z;) is the observed power spectrum for a given
angle, wavenumber and redshift, and the effective survey volume,
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Table 1. Cosmological and nuisance parameter fiducial values as adopted in Blanchard et al. (2020).

Cosmo. param. Qb0 ny Qm.0 h o3
0.049 0.96 0.315 0.6732 0.81
Nuis. param. Aia Na Bia Cia op(z1) op(22) op(z3) op(z4) op(25) op(26)
1.72 —0.41 2.17 0.0134 4.484 4.325 4.121 3.902 3.683 3.475
Vett, 1S and E. The full Fisher structure is given by

Mga i (2) Pons (K, 15 2) )2 Vi) 39

Ver(k, n32) = ( =
eff( " ) (ngal,i(Z)Pobs(k» u; Z) + 1
where V; is the redshift bin volume, i, ; the galaxy number density
in each bin, and P, calculated at the fiducial.

Our parameter vector for the galaxy clustering probe is

pS€ = {A(zi, k), Roc(zi, kj), Ege(zi)} (40)

where the subscripts i and j run over the z and k bins, respectively.
Greek indices label the parameters in the Fisher matrix, which
are evaluated at the fiducial following Table 1, assuming a scale-
independent fiducial bias in ACDM. In addition, the k and u integra-
tions in equation (38) are performed numerically using a trapezoidal
double integration method, with the integrand represented as a matrix
indexed by u and k. The derivatives are then calculated following the
three-point stencil numerical method where a spline interpolation
reconstruction of our vector of parameters is applied to obtain the
values of two points around the fiducial with 5 per cent as the step of
differentiation.

The combined Fisher matrix for survey of photometric galaxy
clustering, weak lensing, and their cross-correlation, that covers a
fraction of the sky fy, is a sum over £ bins (see e.g. Blanchard
et al. 2020)

Lrmnax AB
1 O
FXC = 3 dee+n N a—' [acw@]’,
£=Lumin ABCD ij,mn Pa
cD
e

where the block descriptors A, B, C, D run over the combined
probes lensing and clustering and the indices 7, j, m, n are implicitly
summed over, while

AB 1
ACHT() = N
with  f4, the fraction of the sky obtained from
Agury in Table 2. Here, the parameters are
Pe ={A(z1, k1), R(z1, k1), L(z1, k1), E(z1), . .. a1a, Bia, V1a}, While
¢ is being summed from €y = 10 t0 £ (2) = kmax?(2) — 1/2,
where kpax = O.IZShMpc’1 with Aln¢ =0.1. We neglect the
covariance between the photometric and spectroscopic probes as
recent studies (Taylor & Markovi¢ 2022; Paganin et al. 2024) have
found this effect as negligible. Nevertheless, they were conducted
within specific models and it might be that some effects will appear
when adopting our model-independent approaches. We leave such
explorations to future works.

After marginalizing over the nuisance parameters, the total Fisher
matrix is obtained by summing the contributions from spectroscopic
and photometric measurements for the common elements of A, R,

[CAB(O) + NP (0], (42)

MNRAS 541, 2978-2991 (2025)

(AA)E (AR)E AL (AE)*

(RA)E (RR)® RL (RE)®
LA LR LL LE |-

(EA)® (ER)® EL (EE)®

where (K)* = (K)0C + (JC)WL*GCph and K=
{AA, AR, AE, RA,RR, RE, EA, ER, EE}. We then marginalize
over A to obtain the Fisher matrix only on R, L, and E.

In our numerical approach, R’ and E’ are approximated
as R,{ = (R(Zi+lakj) - R(Zi—l,kj))/ANi and E,’ = (E(ziy1) —
E(zi_1))/AN;, respectively, where AN; = In[(1 + z;_)/(1 +
Zi+1)]. Therefore, from equation (14), the gravitational slip 7(z;, k;)
can be evaluated at each z, k bin as follows:

43)

—1. (44

n(zi, kj) =

2 [ RGit1.kj)—R(zi—1.k;) E@zi+1)—Ezi—1)
2Ei[ AN,{R(z,-,kj) S 42+ 3NEa

We employ a similar Jacobian approach as in Zheng et al. (2024) to
evaluate the errors on 7. Specifically, we assume that the distribution
of 7 is Gaussian and expand 7 around the fiducials. The covariance
matrix of 7 is expressed as

Ontes kpmiey ki = {1 k) = 1) (nzir ko) = 1))

7 7
_ on(zi, kj) (i) on(zyr, kj’)

) (GND]
Pt 0X, oot g=1 0Xy
Lz k) | dnGi k)
_ Z N(Zi, Kj n(zi’, K o2 (45)
= G |56 gy @) | grn’ xiD o
o axy” Ik axy X Xp T Xy
Here, we have defined X0 =

{L(zi, kj), R(Zi+17kj), R(zi, kj), R(zi-1, kj), E(zit1), E(zi), E(zi—1)},

and the subscript (F) denotes the values at the fiducial.

We also tested the Gaussianity of n by generating 30 000 values of
R, L, E for each bin, distributed as multi-Gaussian variables with a
covariance matrix given by the inverse of the Fisher matrix (marginal-
ized over the A’s parameters and the three nuisance parameters) and
centred around the fiducial values. A typical distribution is shown
in Fig. 2, indicating that the Gaussian approximation is reasonably
good.

3 RESULTS AND DISCUSSION

Following the method detailed above in Section 2.2 and the settings
described in Section 2.3, we present the predicted lo errors for
n along with those for the intermediate parameters E, R, and L,
after marginalizing over A and the other nuisance parameters. We
first show, in Fig. 3, what we consider as our baseline case, where all
relative error bars are derived from Fisher forecasts using photometric
and spectroscopic observables, including cross-correlations in the
photo survey and accounting for the IA and the FoG effect. The
left panel presents results for all the z and k bins, while the right
panel shows error bars assuming z-dependent binning only for the

Ax1)
@
F)
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Table 2. Euclid-like photometric angular and Euclid 4+ DESI-like spectroscopic survey 3D power spectrum specifications taken from Blanchard et al. (2020), Aghamousa et al. (2016), and Hahn et al. (2023), with

Agury the survey area, V; the survey volume in each redshift bin, o, the intrinsic ellipticity dispersion, and oy , the error on the photometric redshift measurement.

Euclid 3x2pt Cys

photo

Lmax(2)
kmax 1(2) — 1/2
Kmax (h Mpc™)

emin

O¢

(arcmin—2)

il gal

Zobs,i (edges)

{0.001,0.1,0.3,0.5,0.7,0.9, 1.1, 1.3, 1.5, 1.9, 2.3}

Asury(deg?)

0.3

30

15000

kmin(h MPC_I )

00,

V; (h™3Gpc?)

i (BMpc—3)

ﬁgal,t

Zobs,i (edges)

Euclid + DESI Py

spectro

0.15

0.005

0.001

{4.56, 6.42, 7.98, 9.20, 10.11, 10.77}

{2.03, 9.57, 6.82, 5.54, 4.18, 2.62} x10~*

{0.5,0.7,0.9,1.1,1.3, 1.5, 1.7}

Forecasts for anisotropic stress 2983

e

i

n

Figure 2. Numerical distribution of n for the wavenumber k = 0.12/Mpc,
a value within the range of our k bins. The solid line curve is a Gaussian fit.

parameters R = R /8y 0(k) and L = L/8,0(k), as 8y 0(k) cannot be
k independent by definition.’> Additionally, the bottom-right panel
shows the scenario where 7 is assumed constant in all redshift bins.
All values from this baseline, along with other cases we discussed
later, are summarized in Table 3.

Going through the different plots, we first observe relative errors
for the E(z;) within or less than 1 percent with an increase of the
errors for high redshifts. This is due to the fact that the E(z;) at
lower z take part more than the ones of the higher z bins in the
modelling of the projection of the lensing of the sources all the way
up to the last observed bin. For the R(z;, k;) parameter, we observe
that errors are in the few per cents range. Here, we do not observe a
decreasing trend with increasing wave numbers k, since we expect
that R, essentially constrained by the spectroscopic measurements,
will have in the corresponding cells in the Fisher Matrix lower values
for low k, as we see from examining equation (38). Indeed, we
checked that this is the case if we calculate the marginalized errors
only from the R rows and columns in the Fisher matrix. Thus it
remains that the marginalization when including the other parameters
is what is mitigating this behaviour. While the errors on R after
assuming z-only dependence improve by a factor of 2 on average
with a decreasing trend with redshift. The latter is due to the fact that
the IA effect that involves R acts as an additional constraining factor
with redshift to the one coming from the spectroscopic measurements
using this parameter. The picture is not different for the z, k binning
for the L parameters, where no significant trend was found as function
of the wavenumber, though still with values in the order of a few per
cent. However, in the z only assumption, the trend goes with higher
error bars with the redshift. This could be understood by the fact
that L is essentially constrained by the projected lensed spectra from
the photometric measurements with a decreasing number of lenses
when going up to higher redshift bins. The previous argument would
explain the trend for 7, whose bounds go from 10 to 30 percent
in the z, k binning with only weak variation with the wavenumber,

37To obtain L and R, a fixed shape of P (k) (such as the ACDM shape used
here) must be assumed. Thus, these model-dependent quantities are evaluated
only for better comparisons between the baseline and other tests. Note that
this is not the case for n since P, and P3 are independent from &, . However,
we still loose, to a lesser degree though, in model independency when we
consider the z only dependent or the constant case for 1 since P; are treated
as space and time dependent in the first z and k binning case.
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Figure 3. Relative error bars on L, R, E, and n obtained from Fisher forecast using the photometric and spectroscopic observables, following the formalism
described in Section 2.2 and the settings described in Section 2.3. Left panel: results for all the z and k bins. Right panel: assuming z-dependent binning only,
while the last panel also shows in the shadow region errors when 7 is assumed constant in all redshift bins. t.
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z=1.6

2.47 per cent
0.627 per cent
0.815 percent

z=16

2.39 per cent
0.525 per cent
0.788 per cent

z=14
1.16 per cent
0.708 per cent
0.71 per cent
7.00 per cent

z=14
1.13 per cent
0.511 per cent
0.687 per cent
5.13 per cent

z=12
0.727 per cent
0.792 per cent
0.546 per cent
10.5 per cent

z=12
0.719 per cent
0.513 percent
0.535 percent
6.33 per cent

3x2pt XC + GCyp

z=1.0
0.526 per cent
0.99 per cent
0.446 per cent
12.1 per cent

3x2pt XC + GCyp : No o

z=1.0
0.523 per cent
0.565 per cent
0.441 per cent
6.14 per cent

z=0.8
0.414 per cent
1.26 per cent
0.345 per cent
14.3 per cent

z=0.8
0.412 per cent
0.56 per cent
0.341 per cent
7.98 per cent

z=0.6

0.407 per cent
1.82 per cent

0.266 per cent

z2=0.6
0.402 per cent
0.984 per cent
0.264 per cent

z=1.6

1.89 per cent
z=1.6

1.96 per cent
1.04 per cent
26.7 per cent
1.56 per cent
2.11 per cent

z=14
1.05 per cent
1.68 per cent
0.894 per cent
23.7 per cent
z=14
21.1 per cent
1.49 per cent
1.73 per cent
67.9 per cent

z=12
0.713 percent
1.58 per cent
0.607 per cent
20.5 per cent,

z=12
13.5 percent
1.44 per cent
1.59 percent
55.9 per cent

3x2pt XC + GCqp : No IA

z=1.0
0.524 per cent
z=1.0

1.58 per cent
0.482 per cent
19.4 per cent
3x2pt XC + GCgp : No XC
6.85 per cent
1.57 per cent
1.56 per cent
38.7 per cent

z=038
0.415 per cent
1.63 per cent
0.357 per cent

z=08
3.29 per cent
1.65 per cent
1.52 per cent
33.9 per cent

1o relative errors for L, R, E, and 7, obtained from model-independent measurements, assuming these quantities depend only on z, where ‘No IA’ refers to the case without accounting for the intrinsic
24.9 per cent

alignment contamination in the lensing of galaxies, ‘No o}, refers to the case without accounting for the FoG effect, and ‘No XC’ refers to when we limit our forecast in its photometric probes to the galaxy

lensing—lensing angular power spectrum.

z=0.6
0.413 percent
2.76 per cent
0.272 per cent

z=0.6
1.64 per cent
2.72 per cent
1.38 percent

Table 3.

L
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as was the case for R and L. This is due mainly to the fact that our
reconstruction method interpolates and smooth the k dependence, but
also as we shall see later, including galaxy angular power spectrum in
our probes as well as the IA effect, both having all our parameters as
ingredients, helps in reducing any privileged behaviour as function
of k for one of the probes versus another. When passing to the z
dependence, we also observe a decrease by a factor of 2, and a
decreasing trend with redshift that is probably due to the fact that P,
cancel E errors in equation (14) leaving R in P; as the ruler. Finally,
when we project n following the assumption of a constant value all
over the redshift and the wavenumber we observe a substantial gain,
since we are now becoming more model dependent, reaching ~ 5
per cent as seen in Table 4. This is better than one order of magnitude
from current constraints (Aghanim et al. 2020; Abbott et al. 2023;
Sakr 2023) and in the same order as other model-dependent forecasts
studies forecasting on n from similar surveys (Martinelli & Casas
2021; Casas et al. 2023). Note that we checked, as a verification
and robustness test, that other common reconstruction methods, e.g.
linear instead of cubic interpolation, end up giving the same bounds
on 7 in the constant case.

To gain further insights, check our findings or try to isolate the
contribution of improvement from modifications of this study with
respect to previous ones, we now show other particular cases, such as
the one where we do not account for the IA effect as in Fig. 4, or one
without including cross-correlations from the photometric surveys
(Fig. 5) and only limiting to the galaxy—galaxy lensing probes, or
finally one where we neglect the nuisance from the FoG as in Fig. 6.
We also group all the values in Table 3 next to the ones from our
baseline. We show each time the parameters that were impacted the
most from our choices with respect to the baseline. Therefore, we
observe in Fig. 4 an increase in the error bars with respect to the
baseline of almost one order of magnitude, due to the fact that R is
not any more constrained by the photo probes, following equation
(25), but only by the spectroscopic ones.* A smaller difference in
the order of 50 per cent with respect to the baseline is seen in the z
only assumption. This difference in R translates in the final bounds
on 7 in Fig. 7 where we find that we loose precision by the same
order of magnitude for all redshifts as well in the n constant model
assumption case as we also see in Table 4. In the case where we do
not include cross-correlations and the galaxy—galaxy angular power
spectrum in the photometric survey, we expect and see in Table 3
that the R and L parameters are impacted uniformly regardless of the
wavenumber, therefore we show in Fig. 5 the z dependence for R, L,
and E. We observe that the trend is conserved as noted and that R is
the least impacted since it gets its constrained from the spectroscopic
probe and the IA which are both still present, while L changes the
most due to the fact that we are loosing in this case the power of
the lensing effects from the galaxy—galaxy lensing correlations. This
difference in R, L, and E translates in the final bounds on 7 in Fig. 7
where we find that we loose precision by 50 per cent for all redshifts
or in the case of the 1 constant model assumption as we see in Table
4. Finally, neglecting the FoG effect as in Fig. 6, naturally impacts
the R parameter in its error bar values and show a trend in the &, z
dependence plot, since this nuisance only affects the spectroscopic

4We note here that in the case named No IA, we are not accounting for IA
along with fixing its nuisance parameters, in which case the errors would
have been stronger in comparison with the case where we marginalize over
them, but here the No IA case lacks the appropriate model for IA and does not
account for it at all; hence, the gain in constraining power from its modelling
in the baseline case.
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Table 4. 1o percentage relative errors values on 7, obtained from model-independent measurements at various z and k bins along with the relative error when
considering 7 as constant along the whole redshift and wavenumber range, where ‘No IA’ refers to the case without accounting for the intrinsic alignment
contamination in the lensing of galaxies, ‘No o, refers to the case without accounting for the FoG effect, and ‘No XC’ refers to when we limit our forecast in

its photometric probes to the galaxy lensing—lensing angular power spectrum.

3x2pt XC + GCyp : No IA

3x2pt XC + GCyp

oy z=038 z=1.0 z=12 z=14 z=0.8 z=1.0 z=12 z=14
k = 0.0075 0.351 0.299 0.310 0.342 0.210 0.174 0.141 0.103
k=0.03 0.402 0.336 0.350 0.383 0.226 0.192 0.162 0.101
k=0.075 1.107 0.751 0.846 1.027 0.200 0.169 0.144 0.095
k=0.125 2.613 1.790 2.041 2.507 0.343 0.326 0.239 0.137
Nconst 0.088 0.055
3x2pt XC + GCyp : No XC 3x2pt XC + GCsp : No op

oy z=0.8 z=1.0 z=1.2 z=14 z=0.8 z=1.0 z=1.2 z=14
k = 0.0075 0.494 0.584 0.793 0.895 0.207 0.166 0.131 0.098
k =0.03 0.547 0.697 1.009 1.248 0.222 0.181 0.144 0.093
k=0.075 0.518 0.673 0.950 1.200 0.126 0.093 0.090 0.076
k =0.125 0.873 1.010 1.164 1.165 0.184 0.125 0.115 0.091
Nconst 0.12 0.028
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Figure 4. Relative errors on R following the same settings as in Fig. 3. Left panel: 1o constraints on R obtained without accounting for intrinsic alignment
contamination in the lensing of galaxies. Right panel: comparison between R(z) without intrinsic alignment and baseline configuration.

probe as function of the wavenumber following equation (15). This
difference in R translates in the final bounds on 7 in Fig. 7, where
we rather gain precision to more than 50 per cent in the z dependent
or the constant assumption shown in Table 4.

4 CONCLUSIONS

In this paper, we present a model-independent forecast of constraints
on the anisotropic stress, n, for future large-scale surveys that
combine spectroscopic galaxy clustering and weak lensing measure-
ments. We also employ photometric observation of projected lensing
and galaxy clustering correlations, along with their cross-signals,
to estimate n from three directly observable functions of scale and
redshift that depend on the cosmic expansion rate E, on the linear
growth rate R, and on the lensing correlation L in a way that is
independent of assumptions about background cosmology, galaxy
bias, initial conditions and matter abundance. For the photometric
sample, we choose specifications for a Euclid-like survey, while for
the spectroscopic survey, we join a DESI-like survey at low redshift
to a Euclid-like one at higher redshift. We consider three scenarios:

MNRAS 541, 2978-2991 (2025)

n and its forming components as a free function of both redshift and
scale, n with redshift dependence only, and a constant 1 along all
bins. In our baseline case, i.e. when including galaxy clustering and
cross-correlations with galaxy—galaxy lensing, and accounting for
IA and FoG, we found in the z dependence case that L and R error
bars are below 2 per cent for all bins, while showing no preference
for a specific wave number in the z, k binning. We also found that
E could be constrained to less than 1 per cent. Finally, our targeted
parameter 7 had relative error range between 10 and 20 per cent in the
z dependent case, to reach ~5 per cent when considered constant for
all z and k bins. The latter degrades by almost 50 per cent when IA is
not included with the main impact coming from the R parameter that
is now only constrained by the spectroscopic observables. A similar
gain is obtained on 7 relative errors without the FoG nuisance, with
impact from the same parameter R since this nuisance is relative to
the spectroscopic observed power spectrum. Finally, not including
XC in our probes impacts all our intermediate parameters L, R, and
E, albeit much more strongly on the lensing one, which result into
a degradation of the order of a factor of 2 on the relative errors on
n. We also investigated, within our baseline configuration, different
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Figure 5. 1o relative error on L, R, and E, asumming only z dependence. We show the comparison between base line configuration and ‘No XC’, i.e. without
including photometrically detected galaxy—galaxy clustering, along with the galaxy lensing—lensing and their cross-correlated angular power spectrum.
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Figure 6. 1o relative errors on R, assuming only z dependence. In the right panel, we show the comparison between baseline and ‘No o,’, i.e. without taking

into account the FoG effect.

cases where we do not include Cy; from redshifts below the range
of our model binning, or those from z higher than the limit of our
last bin. We found that the strongest impact comes from the angular
correlations of the high z galaxies, especially on the L parameter,
resulting in an increase of a factor of 2 on the error on n. We conclude
that, despite the strong capabilities of the next generation surveys, n
in the most model independent considerations, i.e. in the z, k£ binning
scheme, will only be constrained on average around 15 per cent,

still leaving room for various alternative gravity and dark energy
models. We also emphasize on the power of the XC in helping to
improve the constraints and the importance of accounting for the
nuisance effects for more accurate results. Finally, we note that our
study was conducted assuming linear scales and future works should
address introducing non-linear scales within our model-independent
approaches to harvest more the power of the upcoming Stage-IV
surveys.

MNRAS 541, 2978-2991 (2025)

920z Arenuer 0g uo 1sanb Aq 8Z1E€61.8/8262/¥/L ¥S/aI0IME/SEIUW/WOod"dNo"olWapEo.//:Sd)y WOy PapEojumod



2988  Z. Sakrn, Z. Zheng and S. Casas

1.64 —J=- 3%2pt XC+GCqp: No XC

- 3x2pt XC+GCep
1.41 —

1.24

< 1.0 S E——

0.8+

0.6 -

0.4+

0.8 1.0 1.2 1.4

JF- 3x2pt XC+GCqp

3x2pt XC+GCsp: No op

1.4
- 3x2pt XC+GCqp: No IA
1.3 - 3x2pt XC+GCsp
1.21 - T
1.11 T -

- =
1.0- ;
0.91 L =+ 5B
0.8+ - 4
0.74= ; ‘ ‘

0.8 1.0 1.2 1.4
z
1.20
1.151
1.10
1.05
<
1.00{ f------- -
0.95
0.90
0.85{

0.8 1.0

1.2 1.4

Figure 7. Relative errors on 7, following the same settings as in Fig. 3 but assuming z dependent binning only, while also showing the case where 7 is assumed
constant in all redshift bins. Left panel: comparison of the errors with and without accounting for the intrinsic alignment effect. Middle panel: comparison of
the errors with and without including galaxy—galaxy clustering, in addition to their lensing and their cross-correlations. Right panel: comparison of the errors

with and without taking into account the FoG effect.
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APPENDIX A: ROBUSTNESS AND CUT IN
REDSHIFT BINS

The forecast conducted above was done considering all the lensed
galaxies in the observed redshift range for the photometric survey.
However, our redshift binning was limited to match the restricted
binning range used for the spectroscopic survey. To get the ingre-
dients or calculate the observables outside this range, we had to
use, of course an interpolation scheme. That could imply less model
independency since we did not use all the degrees of freedom of the
collected data. To check the impact of, if we instead limited ourselves
to the lensed galaxies within the model binning range, but also to
gain more insights and verify the robustness of our results, we here
consider three more cases, in total four with our full range case where
in the first case (Case I), we do not include the C,, obtained from
photometrically observed sources in bins outside the redshifts of our
parameters, in the second case (Case II), we add C,; from the higher
bins, then in the third (Case III) we add all Cy,, which is actually
our baseline in the main text, to end, in the fourth case (case IV), by
including C; from the lower outside bins but not from the higher
ones. In these scenarios, naturally Case I is expected to be the least
constraining on our parameters, while in Case III would yield the
strongest ones. We shall limit to showing the z dependence error
bars for all the parameters as in Fig. A1, and only group all the z and
k binning results in Table 4 for the 5 only, being the main parameter
investigated impact here. We also figure in the same table the relative
error on 1 when considering it as constant for all the redshift and
wave-number range.

Following our original binning we observe relative errors for Case
I for E(z;) within or less than 5 per cent and as expected tightening
and reaching 1 percent in Case III, with an increase of the errors
with the redshift value. This confirms the previous interpretation that
E(z;) is implicated in modelling the whole line-of-sight projection
from the lensing of the sources all the way till the last observed bin.
While for the R(z;) parameter, we observe for all cases, errors in
the percent order, which could be explained by the fact that R is
essentially constrained by the spectroscopic measurements and will
not be affected by missing Cy,. The picture is different for the L(z;)
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Table Al. Four cases used for the photometric Fisher analysis
depending on whether we include the C¢; from below (Case III and
IV) or above (Case II and III) the redshift range from which we
considered our model independent parameters. Case I corresponds
to the one where we only restrict to galaxies within our parameters

range.
Low-z Cyy High-z Cys
Case [ X X
Case 1T X v
Case III v v
Case IV v X

parameters, where we observe the largest difference between Case I
and III, more than it was the case for E(z;) or R(z;), and that going
from values in the sub-pre cents to reach ~3 percent for the last
redshift bin in the most constraining case, while doubling to reach
more than 400 percent in the last z bin in Case I, due to the fact
that L is essentially constrained by the projected lensed spectra from
the photometric measurements with a decreasing number of lensed
galaxies going up with higher redshift bins while here we additionally
do not include all the C,, for bins above the last bin used for our
model. The change between the cases in error values and trend for
n reflect this balance between R and L, since the E trend function
of z is the same for all cases, it remains that the large change in
L imposing its trend. Finally, we obtain by Jacobian projection, the
change in the relative errors on n as shown in Table A2 where we
see that we loose precision by a factor of 2 in the least constraining
scheme. We also note an important observation, seen either in the
plots or the tables and for the different binning scheme, that the cut
of Cy, from higher bins (case IV) has much more effect than when
omitting those from lower bins (Case II). This is due to the fact that
the high redshift sources will be lensed by the intermediate ones
forming the parameters of our derivation of 7, while the low sources
projected clustering or lensing will be only weakly affected by the
change in our parameters that could occur from our interpolation
method.

MNRAS 541, 2978-2991 (2025)

920z Arenuer 0g uo 1sanb Aq 8Z1E€61.8/8262/¥/L ¥S/aI0IME/SEIUW/WOod"dNo"olWapEo.//:Sd)y WOy PapEojumod



2990  Z. Sakrn, Z. Zheng and S. Casas

1.06 1.03
-I=- Casel 15 = -I=- Casell —_
Case IV = 1.021 -J=- Case Ill (3x2pt XC+GCsp)
1.04 1 1.0} { .
05, i = 1.011
1.02 1.4 15 1.6
i TP —
1.001 |
- -l 0.99
0981 0.981
0.96+— T T T 0.97 +— T T .
0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2
z z
1.03 1.03
_ -J=- Casel -J=- cCasell
1.024 Case IV 1.021 -4=- Case Ill (3x2pt XC+GCsp)
1.011 T T 1.011
' 1.009 | ‘ e 1,009 |[---mmm-f-mmmm- ———————I——————I —————— I
0.99 1 1 1 0.991
0.98 1 0.981°
0.97 +— T T T T T 0.97 +— T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6
z z
1.03
1.010
—J-- casel o -J-- cCasell —_
1.02 1 Case IV F- Case lll (3x2pt XC+GCsp) =T
1.0054
1.014
w 1.00 s | W 1.000q f-——mmmmfmmmm e
0.994
0.995 1
0.984 L
0.97 +— T T T T T 0.990 — T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6
z z
-J=- Casel T 1.21 -J=- casell
1.4 Case IV -J=- Case Ill (3x2pt XC+GCsp)
1.2 1.1
<1.09 | <
L s HE
0.8 - -
0.9
0.6 1 =l
4
T T T T 0.8+ T T T
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4
z z

Figure Al. 1o relative errors on L, R, E, 1, assuming only z dependence. The four cases are summarized in Table Al. For L in Case I and Case IV, the results
in the last two bins shown in the embedded small plot, as they are significantly larger compared to the values in the other bins.
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Table A2.
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1o relative errors values on 7, obtained from model-independent measurements at various z and & bins for the four cases described

in Table A1, along with the relative error when considering 1 as constant along the whole redshift and wave-number range.

Case I Case 11

oy z=038 z=10 z=12 z=14 z=038 z=10 z=12 z=14
k = 0.0075 0.283 0.222 0.203 0.608 0.245 0.195 0.159 0.115
k =0.03 0.326 0.248 0.264 1.37 0.263 0.213 0.181 0.113
k =0.075 0.315 0.206 0.264 1.90 0.203 0.173 0.149 0.098
k=0.125 0.56 0.393 0.442 3.50 0.348 0.336 0.248 0.141
Neonst 0.104 0.057

Case III (3x2pt XC + GC,, all obs. bins) Case IV
oy z=0.8 z=1.0 z=1.2 z=14 z=0.8 z=1.0 z=12 z=14
k = 0.0075 0.210 0.174 0.141 0.103 0.257 0.199 0.182 0.517
k=0.03 0.226 0.192 0.162 0.101 0.304 0.227 0.242 1.26
k =0.075 0.200 0.169 0.144 0.095 0.393 0.12 0.249 1.86
k=0.125 0.343 0.326 0.239 0.137 0.519 0.382 0.421 345
Neonst 0.055 0.101

APPENDIX B: INTRINSIC ALIGNMENT
MODELING

A simple model for the ellipticities of elliptical galaxies was proposed
by Catelan, Kamionkowski & Blandford (2001) where the intrinsic
shear of the galaxy is assumed to follow the relation:

S V2
v 47TG(

where W is the Newtonian potential at the time of galaxy formation,
assumed to be early in the matter domination epoch, G is the
Newton’s gravitational constant, x and y are Cartesian coordinates in
the plane of the sky, S is a smoothing filter that cuts off fluctuations on
galactic scales, V is a comoving derivative, and C is a normalization
constant that will depend in general, mainly on the luminosity of the
galaxy and its other less important properties. The original motivation
for equation (B 1) was the assumption that halo ellipticity is perturbed
by the local tidal field produced by large-scale structure (Catelan
et al. 2001). On sufficiently large scales, the correlations in the
intrinsic shear field must be determined by the large-scale potential
fluctuations which, if sufficiently small, should be a linear and local
function of the early potential that is then related to the linear density
field via:

Vi, 2V, V,)S[¥pl, (B1)

T @azk’
G(2)
where p(z) is the mean density of the universe, G(z) is the growth
factor that serves to, following Hirata & Seljak (2004) to froze the
action of the primordial field from further evolution, and u is the
function we usually introduce to account for deviation from GR in
the Poisson equation. We will be interested in the weighted intrinsic

shear related to the galaxy perturbation §, = b,4j;, through:

Wp(k) = — 281in(k), (B2)

—K2 +2k Koy
y'(k) = 2f 2 in (k)

P®%0+Qﬁ&dhﬂdh, (B3)

© The Author(s) 2025.

where by is the linear galaxy bias, k, = k — k; and we have chosen
the wave vector & to lie on the x-axis since we observe modes with

k perpendicular to the line of sight. The power spectrum of y would
then be:

C2ﬁ2
Pyui(k) = Plisi(k) = G /ﬁa P3i"(k) + by / [fE(k2)

&k, } (B4)

where fr(k) is a geometric function that singles out correlations
between the E-modes of the ellipticity field, while the B-mode
correlations are zero, due to the symmetry of the tidal shear tensor.
The second term in brackets in equation (B4) is caused by the density
weighting and is proportional to the square of the linear matter power
spectrum and is sub-dominant compared to the first term on large
scales when the linear alignment model is applied so that at end we
arrive at:

2=2
c P Im

Pyyk) = === ua* P (k) (B5)

which we recast into

(0 = Py (k) = [Hom @ EQF x {0 AinCia 1tk 2) 2o

]:IA(Z) lm
X G(Z, k)} amgm(k)

(B6)

where we recognize the quantities W' in the first term and §; in the
second term we defined respectively in equation (26) and (27).
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