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ABSTRACT

Aims. In this paper we present cosmological parameter forecasts for the so-called Euclid 6x2pt statistics, which include the galaxy clustering and
weak lensing main probes together with previously neglected cross-covariance and cross-correlation signals between imaging/photometric and
spectroscopic data. The aim is understanding the impact of such cross-terms on the expected Euclid performance.
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Methods. We adopt the Fisher information matrix approach to produce 6x2pt cosmological forecasts from Euclid, considering two different
techniques: the so-called harmonic and hybrid approaches, respectively. In the first, we treat all the different Euclid probes in the same way, i.e.,
we consider only angular 2pt-statistics for spectroscopic and photometric galaxy distributions, as well as for weak lensing, fully analysing all their
possible cross-covariances and cross-correlations in the spherical harmonic domain. In the second, thanks to lessons learnt from the harmonic
approach, we do not account for negligible cross-covariances between the 3D spectroscopic galaxy distribution and the 2D photometric/imaging
data, but consider the combination of their cross-correlation with the auto-correlation signals.

Results. We find that both cross-covariances and cross-correlation signals between the two Euclid main probes, i.e., the spectroscopic galaxy
sample and the photometric/imaging data, have a negligible impact on the cosmological parameter constraints and, therefore, on the Euclid
performance. In the case of the hybrid approach, we attribute this result to the effect of the cross-correlation between weak lensing and photometric
data, which is dominant with respect to other cross-correlation signals, and to the better performance of the full anisotropic 3D spectroscopic
galaxy clustering with respect to the projected one. In the case of the 2D harmonic approach, we attribute this result to two main theoretical
limitations of the 2D projected statistics implemented in this work according to the analysis of official Euclid forecasts: the high shot noise and the
limited redshift range of the spectroscopic sample, with respect to the photometric one, together with the suppression of radial information from
subdominant contributions such as redshift-space distortions and lensing magnification. Therefore, our analysis suggests that 2D and 3D Euclid

data can be safely treated as independent, with a great saving in computational resources.

Key words. galaxy clustering—weak lensing—Euclid survey

1. Introduction

Euclid is a medium-sized ESA mission devoted to the investi-
gation of the nature of dark matter (DM) and dark energy (DE)
and the study of the galaxy formation and evolution (Laureijs
et al. 2011; Euclid Collaboration: Mellier et al. 2024). The Eu-
clid satellite was launched on July 1 2023 and will observe about
one third of the sky, performing one of the largest galaxy sur-
veys ever made. It will probe the last 10 billion years of the Uni-
verse expansion history via its main cosmological probes which
are weak lensing (WL) and galaxy clustering (GC). Through
WL measurements it is possible to probe the matter distribu-
tion of the Universe, as WL represents the slight deformation of
galaxy images induced by the gravitational potential produced
by such a distribution. GC consists in the determination of the
statistical properties of the distribution of galaxies, the so-called
dark matter tracers. In particular, it is characterized by the so-
called baryon acoustic oscillations (BAO), whose scale can be
adopted as a standard ruler and used to constrain the expan-
sion rate of the Universe in different redshift bins. Euclid will
study these probes with two instruments: the Visible Imager
(VIS) (Cropper et al. 2016; Euclid Collaboration: Jahnke et al.
2024) and the Near-Infrared Spectro-Photometer (NISP) (Ma-
ciaszek et al. 2022; Euclid Collaboration: Cropper et al. 2024).
VIS will provide high resolution images of around 1.5 billion
galaxies for weak lensing measurements. NISP, used in the pho-
tometric mode, will allow measurements of the photometric red-
shifts of the same galaxies observed with VIS, when combined
with ground-based photometry. When used in the spectroscopic
mode, NISP will measure the spectroscopic redshifts of around
20 million He-emitting galaxies, with a precision better than a
factor of 50 with respect to the photometric redshift determina-
tion. Euclid will therefore produce two galaxy samples, a pho-
tometric and a spectroscopic one. In this sense, the GC probe
can be split into photometric galaxy clustering (GC,p) and spec-
troscopic galaxy clustering (GCs,). GCy, and the so-called Eu-
clid 3x2pt statistics (composed of WL, GCpy, and their cross-
correlation) represent the two main probes of Euclid.

In this work, we present Euclid cosmological parameter fore-
casts which include the cross-correlations between GCg, and
3x2pt statistics. The data analysis of the survey needs, in fact, to
be accurately planned, and to this aim, pre-data forecasts of the
expected scientific performance are needed. In a previous offi-
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cial Euclid forecast (Euclid Collaboration: Blanchard et al. 2020,
hereafter ‘EP-VII”) it was shown that the cross-correlation (XC)
between WL and GCpy, significantly improves the Euclid con-
straints on cosmological parameters. The aim of this work is to
extend previous analyses which neglected the cross-correlations
between the imaging/photometric probes and the spectroscopic
probe, in order to understand their impact on the expected con-
straints of Euclid. In particular, we include the cross-correlations
between GCg, and GCpp, and between GCg, and WL, which de-
fines the so-called Euclid 6x2pt statistics, forecasting the impact
of these cross-correlations on the Euclid performance. Several
works in the literature have investigated how to analyze and com-
bine photometric and spectroscopic surveys, studying different
approaches to minimizing information loss (Asorey et al. 2012;
Eriksen & Gaztanaga 2015; Joudaki et al. 2018; Camera et al.
2018; Loureiro et al. 2019; Grasshorn Gebhardt & Jeong 2020;
Taylor et al. 2022). Recently, Taylor & Markovi¢ (2022) also
studied theoretical modeling of the cross-covariance between
photometric and spectroscopic probes and their impact on the
forecast of measurements of cosmological parameters.

This paper is organized as follows. In Sect. 2 we describe in
detail the adopted modeling of the GCy,, GCp, and WL observ-
ables. In Sect. 3 we present the Fisher information matrix ap-
proach implemented to produce our 6x2pt cosmological param-
eter forecasts from Euclid; we adopt two different techniques:
the so-called harmonic and hybrid approaches which we de-
scribe in the following. In Sect. 4 we present the results, and
finally we draw our conclusions.

2. Cosmological model and observables

In this forecast the cosmological model investigated is a flat
wow,CDM cosmology. The DE equation of state is described by
the CPL parameterization (Linder 2002; Chevallier & Polarski
2001)

ey

WpE(2) = wo + Wy T2

and the Hubble factor hence takes the form
H*(2)

2 = On (149741 = Q) (1420 e, )
0

where (), denotes the present-day matter density parameter, wy
represents the current value of the DE equation of state, and w,
describes its redshift-dependent evolution. The other cosmolog-
ical parameters involved in this analysis are ), the present-day
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matter density, &, the reduced Hubble constant, ng, the tilt of
the primordial density fluctuations, og, the matter fluctuations
on a scale of 8 i~! Mpc, and M,, the sum of the neutrino mass
eigenstates; they are summarized in Table 1, where the values
in the reference cosmology are reported. The probes consid-
ered in this forecast are: the weak lensing (WL), the photometric
galaxy clustering (GC,y), and the spectroscopic galaxy cluster-
ing (GCp). For the WL and GC,;, probes, the observable em-
ployed is the tomographic angular power spectrum C;;({). For
the GC;, probe, both the usual power spectrum in Fourier space
and the harmonic power spectrum have been considered as ob-
servables. The Fourier power spectrum approach is the same fol-
lowed as in EP-VII and briefly summarized in Sect. 2.3.

An angular power spectrum is essentially the harmonic trans-
form of a two-point angular correlation function. Each cosmo-
logical probe A (in a given redshift bin) can be associated with
a field f4(#) projected on the sky, which can be expanded in the
spherical harmonics orthonormal basis Yo',

l

FAi = i D @ Yon(R) .
=0

m=—{

3

The a?m are the coefficients of the f4 spherical harmonics trans-
form,

ap, = f dQY; () fA () . )
This forecast employs 10 tomographic redshift bins for the WL
and GC,, probes, and 4 bins for the GCg, probe. The tomo-
graphic angular correlation between the probe A, at the redshift
bin i (A;), and the probe B, at the redshift bin j (B;), is then
defined as the implicit relation
(@ (agse) ) = CLPO S0t S 5)
where the angular brackets denote the theoretical expectation
value.

In this forecast, we compute the angular power spectra fol-
lowing the Limber approximation (Kaiser 1992),

e e WD W)
H(®) r*(2)

412
Pss [k— e

where c is the speed of light, r(z) is the radial comoving distance
for a flat cosmology, Wlf“ is the weight (or window) function for
the probe A in the i-th bin, k is the wave number, and Pg;s is
the total matter power spectrum. The power spectra are the same
used in EP-VII, obtained from the CAMB Boltzmann code. The
nonlinear correction model employed in Pg; is a revised version
of the halofit recipe (Takahashi et al. 2012), modified to cor-
rectly consider the massive neutrinos contributions (Bird et al.
2012).

The functional form of the weight function Wf‘ depends on
the probe A. The weight functions for the probes considered in
the forecast are shown in Fig. 1.

The fundamental ingredient for the computation of WI.A is the
redshift distribution per unit solid angle, dN*(z)/dz/dQ. The red-
shift distribution has been modeled analytically for the WL and
GC,, probes, and obtained via simulations for the GCg, probe.

C;}B(f) ~ ,z} ,  (6)

Zmin

! For an all-sky analysis, the spherical harmonics are replaced by the
spin-spherical harmonics (Stebbins 1996).

The normalized redshift density of the probe A in the i-th bin
can be computed from the redshift distribution as

~ 77 dNA

(@) = f 2y 51 pa (3) - %
Zmax -1

nt(z) = i (z) [ f dzﬁf-‘(z)] , ®

where the function pa(zplz) is the probability that a galaxy with
true redshift z will be measured with a redshift z,.

Formally, the redshift integration range extends from
Zmin = 0 t0 Zmax = +00; however, given the shape of the in-
tegrand functions, the integration range has been truncated at
Zmin = 0.001 and zyax = 3 in this work. The tomographic bin
edges z; and z;r for WL, GC,, and GC,, are reported in Table 2.

This probability distribution p4(zp|z) models the redshift
measurement errors for the probe A. The model chosen is the

same of EP-VII:
Z— Cp Zp —2b 2
(1 + Z) Op

_ _ 2

(I +2)0

Pa(zplz) =

1_fout exp 1
V27 (1l +2) 0% 2
foul 1

+ ————expy—=
V271 +2)0, 2

This model includes multiplicative and additive biases in the
redshift determination, both for a fraction (1 — foy) of sources
with well measured redshifts, and for a fraction (f,) of catas-
trophic outliers, i.e., galaxies with severely incorrect estimate of
the redshift. Different parameters of f,,; and the biases have been
used, depending on whether the redshift measurement is photo-
metric or spectroscopic; in particular, fo, is taken to be zero for
GCyp, o = 0.05 for GCpy, and o, = 0.001 for GCgp. The val-
ues of the parameters for ps(zplz), which are kept fixed in our
analysis, are summarized in Table 3.

The (true) redshift distribution of the photometric samples is
modeled as in the Euclid redbook (Laureijs et al. 2011)

dneh o (2) 2\
dde(Z)_N0 (Zo) exp[ (Zo) ’
where zo = 0.9/ V2 and the normalization factor Ngh is chosen
such that the surface density of galaxies is equal to 30 galaxies
per square arcminute, corresponding to an expected total number
of galaxies of about 1.6 x 10°.

In the next subsections we give a short description of the
probes involved in this analysis and their theoretical modeling.

(10)

2.1. Weak lensing

The gravitational field of large-scale cosmic structure deflects
the path of light rays emitted by distant galaxies, distorting the
images of the galaxies detected by the observers (Kaiser et al.
2000; Bacon et al. 2000; Kitching et al. 2017; Lemos et al. 2017).
At the linear level these distortions can be decomposed locally
into convergence « and a (complex) shear y, which are respec-
tively related to the size and shape distortion of the image.

In this work we only consider the shear signal y, following
EP-VII. The corresponding weight function for cosmic shear in
Eq. (6) is

2 *Zmax N
W@ =3 (ﬂ) Q4+ [ dZ ) =D
i 2 \¢ . i @)
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Table 1: Values of the cosmological parameters considered of the reference cosmology.

Parameter Qp Qn wo w, h N g M,[eV]
Fiducial value 0.05 032 -1 0 0.67 096 0.816 0.06

Notes. All the parameters are let free to vary except for the sum of the neutrino masses, which has been fixed to its reference value M, = 0.06eV.

x1073
2.0 O g
,—|< i ] — i=1
g 15 I
E — =3
—~ 1.0F | =
\I\L \ i =5
J 1 =06
= 0.5 \ | s
U\ e
0.0t e . ' =
%1073
5F 7T ] i I I ]
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% 3f |
=)
T of |
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i =3
(3 ] ] 1 1 . : 1=
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8-' —_— =2
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=) 1 =4
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—_— =9
_—i:lO

Fig. 1: Weight functions for the three probes considered in the forecast. For WL at high redshift bins, the weight function Eq. (12) (solid line)
becomes negative, due to the contribution of intrinsic alignment (IA). The shear weight function Eq. (11) (dashed line) remains instead
always positive as it should be.

(1 The forecast also includes the intrinsic alignment (IA), which
is one of the main observable effects altering weak lensing mea-
surements (Joachimi et al. 2015; Kiessling et al. 2015; Kirk et al.
2015). IA refers to the alignments of nearby galaxies caused by
tidal interactions which occur during galaxy formation and evo-

The integral makes it clear that weak lensing is a cumulative
effect: the detected shapes of galaxies are influenced by all the
matter along the line of sight.
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Table 2: Tomographic bin edges and galaxy biases.

z;  0.001 0418 0.560 0.678 0.789 0900 1.019 1.155 1324 1576 z= 090 1.10 130 1.50
z; 0418 0560 0.678 0.789 0.900 1.019 1.155 1.324 1576 2500 z& 1.10 130 1.50 1.80
bf’h 1100 1.220 1.272 1317 1358 1400 1445 1497 1565 1743 b 146 1.61 175 1.90

1

Notes. The left table shows the tomographic bin edges for weak lensing (WL) and photometric galaxy clustering (GC,y), while the right table

shows the spectroscopic galaxy clustering (GC,p) bin edges. The corresponding galaxy biases for photometric (bf’h) and spectroscopic (bfp) galaxy
clustering are also reported.

Table 3: Parameters for the photometric redshift probability distributions.

probe ‘ Cph Zb Op Co 2o (o) fout
WL,GCp, | 1.0 00 0050 1.0 0.1 0.05 0.1
GC,, 1.0 0.0 0.001 - - - 0

Notes. Values of the parameters adopted for the probability distributions p4(z,/z) defined in Eq. (9). The uncertainty o, on the correctly measured
(not catastrophic) redshifts has been chosen from the Euclid design requirements (Laureijs et al. 2011). For GCg, the outlier parameters are not

reported since they are irrelevant, being the outliers fraction fo, = 0.

lution. This produces spurious correlations in addition to those
due to cosmic shear. The IA effect can be included in the lensing
angular power spectrum. A possible way is by using the extended
nonlinear alignment model (Bridle & King 2007) which consists
of the following addition to the cosmic shear weight function

EP-VII, we neglect subdominant contributions to clustering such

as redshift-space distortions (RSD) and lensing magnification.
The redshift evolution of the galaxy bias is modeled as in

EP-VII: for GCp, a piecewise function is employed such that

H) Fia () P =" = VT+a, g <z<z, (16)
wl ) 1A% h
Wi'(@) = Wi (@) = Fia Cia O —p == 1 (2) (12) " Wherez, = (z7 +27)/2 is the mean redshift of the ith bin. Such bin

In the above equation, D(z) is the linear scale-independent
growth factor. The function Fy4 is defined as

(L) ™

L(| )

Fia(@) = (1 +2)™ [

where (L)(z) and L,(z) are the mean and characteristic luminos-
ity functions respectively. The intrinsic alignment parameters
A, Mia, Pia are treated as nuisance parameters in the analysis.
The reference values for the IA parameters are the same as
in EP-VII, namely {Ajx = 1.72, nia = —-0.41, B4 = 2.17}
The parameter Cijp = 0.0134 is fixed, since it is completely
degenerate with Ajx.

2.2. Photometric galaxy clustering

The Galaxy Clustering probes exploit the statistical properties of
the galaxy distribution. For the GC,, probe, Wlph(z) in Eq. (6) is
the galaxy clustering weight function

H(z)

W@ = b0 == (). (14)

where b is the galaxy bias and nf’h (z) is defined through Eqgs. (8)
and (10).

Galaxies are biased tracers of the dark matter distribution;
the former are related to the latter through the galaxy bias b:

68(k,2) = b(2) 6(k, 2) , s)

with k being the wavenumber. In general the galaxy bias is a
function of z and k, but in this work the k-dependence has been
neglected, following the treatment of EP-VII. Moreover, as in

edges, z; and 7], are defined in Table 2, where we also report the

values of bfh. Following the approach of EP-VII, we marginalize
over their values.

2.3. Spectroscopic galaxy clustering

The Euclid mission will employ both its photometric and spec-
troscopic samples to study galaxy clustering. Spectroscopic red-
shift determination in Euclid is based on Ha-emitting galaxies
in the redshift range z € [0.9, 1.8]. The total number of galaxies
in the spectroscopic sample is about 2 x 107, which is smaller
by a factor ~ 80 than the total number of photometric galaxies.
Despite the lack of counting statistics, a sample based on pre-
cise spectroscopic redshifts allows us to go beyond projected 2D
statistics, exploiting the information in the full 3D galaxy distri-
bution.

The spectroscopic galaxy clustering is usually treated by us-
ing the 3D Fourier galaxy power spectrum. In this work, we also
treated the GCy, probe in the harmonic domain.

The 3D Fourier approach can model several physical effects,
such as RSD, the Alcock-Paczynski (AP) projection effects, the
nonlinear damping of the Baryon Acoustic Oscillations (BAO),
and the residual shot noise. The full nonlinear model for the 3D
power spectrum of the Ha galaxies employed in Euclid is de-
scribed in Sec. 3.2 of EP-VIL

The harmonic approach is based on Eq. (6), with the GCy,
weight function given by

W) = b7 T )

a7
The plot of these functions for the reference cosmology is shown
in the middle panel of Fig. 1.

Both for the 3D Fourier power spectrum and angular power
spectra, the underlying redshift distribution dN*?(z)/dz/dQ is

Article number, page 5 of 31
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obtained from private communication with the GC-E2E work
package group; the galaxy density has been obtained according
to Model 3 from Pozzetti et al. (2016). However, unlike the 3D
case, for the 2D projected GCg, we neglect contributions from
AP and RSD. While some residual RSD information could, in
principle, remain in the projected 2D spectra, especially for thin-
ner tomographic bins, we neglect RSD in this analysis; however,
a previous study that included RSD found similar results (Tay-
lor & Markovi¢ 2022), suggesting that any impact on our con-
clusions is minimal. Furthermore, if one were to carry out a
harmonic analysis for the GCsp sample as we suggest here, it
is possible to make the measurement with an approach similar
to Nock et al. (2010); such an approach reduces the RSD signal
in the measured summary statistics, hence removing a possible
mismatch between data and modeling. We leave a detailed in-
vestigation of RSD effects to future work, which will leverage
a dedicated suite of simulations incorporating all relevant obser-
vational effects.

The spectroscopic redshift distribution is convolved with the
probability pe,(zplz) in Eq. (9), with redshift uncertainty o, set
to 0.001 and the fraction of outliers fq,, set to zero, as specified
in the Euclid scientific requirements (Laureijs et al. 2011). The
other parameters in Eq. (9) are summarized in Table 3. The con-
volution mitigates the sharpness of the boundaries of the spec-
troscopic bins, and prevents potential numerical instabilities in
the computation of the redshift integrals.

The spectroscopic galaxy bias b*P(z) is modeled as a piece-
wise constant function, and the values b?p in the bins are summa-
rized in Table 2 along with the bin edges. Both the bias values
and the bins are the same that have been used in EP-VII. In this
work, also a finer binning has been considered, in particular 12,
24 and 40 equally spaced bins in the range 0.9 < z < 1.8. The
values of the bias for finer binning are obtained by linear inter-
polation of the values listed in Table 2.

3. Fisher information matrix

The Fisher information matrix is defined as the expectation value
of the Hessian of the log-likelihood:

P InL
P\ 00,005]
where a and 3 are the model parameter indices, including both

cosmological and nuisance parameters. The expected parameter
covariance matrix is the inverse of the Fisher matrix:

Cop = (F")aﬂ .

The marginalized 1o uncertainties, where o is the Gaussian
standard deviation, on the model parameters are the square roots
of the diagonal elements of the parameter covariance matrix:

Ooq = chx .

One of the metrics used to assess the scientific performance of
Euclid is the wy-w, Figure-of-Merit (FoM) which has been de-
fined as in EP-VII

(18)

19

(20)

FoM = det (FWUW"> = [0—2 O—\%Va - Cgv()Wu]_l/z .

wo

2y

The symbol F wow, denotes the Fisher information matrix rela-
tive to the dark energy equation of state parameters wy and wy,
see Eq. (1), marginalized over all the other free parameters. The
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FoM is inversely proportional to the area of the 1 o- marginalized
contour ellipse in the wy-w, plane. Tighter constraints on wy and
w, lead to smaller ellipses, which in turn means higher FoMs.
In this work we assume that the data vector 9, which con-
tains the values of the C(£)’s or the P(k)’s considered, is dis-
tributed according to a multivariate Gaussian. Under this as-
sumption, the Fisher matrix element F,z can be calculated as

T
)
az; : Cov'' [D, D] 9D

Fop = s
p 06

(22)

where Cov [D, D] represents the covariance matrix.

The scenarios and settings considered in the Fisher compu-
tations of this work are summarized in Table 4.

The following subsections describe the data vectors and the
covariance matrices used in the approaches considered in this
work, as well as the shot noise implementation.

3.1. Harmonic space approach

The assumption that the a?m coefficients of the observed fields
follow a Gaussian distribution leads to the analytical expression
for the Fisher matrix presented in Eq. (22). In this case the Gaus-
sian covariance matrix for the harmonic power spectra C;}B ©) is

Sep
26 +1
x[EiCO @) + PO @)] L @3)

m

Cov|CiEo), CoP(e)] =

with d;, the Kronecker delta symbol. Under the assumption that
we account for the partial sky coverage only through the ob-
served fraction of the sky fqy, the masking effects are negligible,
and the galaxy counts are affected by Poisson shot noise only, the
matrices X%(¢) can be expressed by

=A8(0) = (ci%0 + NiE@)) | (24)

sky

where NI‘.‘}B (€) is the Poisson shot noise matrix described later in
Sect. 3.4 and A¢ is the spacing between the multipoles in which
the C(£) are sampled.

The data-vector in the harmonic space approach contains the
independent values of the C({)’s to be included in the computa-
tion. Since the tomographic angular power spectra are matrices,
it is convenient to vectorize them. In this context the term “vec-
torize” refers to matrix vectorization. In this paragraph we are
providing some examples of matrix vectorization for our probes;
a formal description can be found in Sect. A.

Let us consider the GCpy, auto-correlation Cf’jhph(f) at fixed
multipole ¢; this is usually represented as a 10 x 10 symmetric
matrix with 10(10 + 1)/2 = 55 independent components. This
data vector can also be represented as a row vector of the inde-
pendent components:

C(O) ={C1(D), C2(0), ..., Css5(O)} (25)

where the index of the vector enumerates the 55 independent
components of C(¢) considered in the analysis.

When considering three probes — WL, GCp,, and GCy, —
there are 6 angular power spectra matrices:

— 3 auto-correlations: CY™I(¢), CPP(¢), CPPPh(¢);
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Table 4: Forecast setting scenarios in the harmonic approach.

Forecast settings in the harmonic approach

GCp, 10 < £<3000
Optimistic ~ GCy, 10 < £ < 3000
Multipoles settings WL 10 < £ < 5000
GCpn 10<£€<750
Pessimistic GCg, 10<£<750
WL 10 < ¢ < 1500
Baseline GC,, all the 10 bins of Table 2
General settings GC,, shot noise of Eq. (37)
. GC,, only 4 bins of Table 2 with z7, z] € [0.9, 1.8]
Alternative GC,, reduced shot noise of Eq. (41)

Notes. Summary of the setting scenarios considered in the forecast. For WL the general settings are not reported since no distinction other than
the multipole range has been made. The scenario in which the GCy, shot noise is reduced is not intended to be realistic, and has been studied only

to probe the theoretical limitations of the harmonic approach.

— 3 cross-correlations: C¥'Pr(¢), CVIsP(£), CPsP(¢).

The angular power spectra are evaluated in a grid of Ny, mul-
tipoles; the full data-vector P also includes all the values of the
power spectra evaluated over all multipoles, viz.

D ={C(£)),C(tr),...,C(ty,)} . (26)

The covariance matrix associated with this data-vector is block
diagonal, since the Kronecker delta of Eq. (23) ensures that dif-
ferent multipoles are uncorrelated:

Cov[C(£)),C(¢t)] O 0
Cov[D, D] = 0 0
0 0 Cov[C({y,),C(tn,)]

27

The diagonal blocks, Cov [C(£), C(£)], account for all the corre-
lations between the C(£)’s:

Cov[C(0),C(O)] =
Cov [Ci(0), Ci(O)] Cov [C1(0), Ca(O)]
: : , (28)

Cov [Cx(0). C1(0)] Cov [Ca(6), Ch(0)]

where the single blocks Cov [Ci({f), C j(f)] are computed accord-

ing to Eq. (23). With these definitions, the Fisher matrix element
Fop can be calculated from Eq. (22) as

fN[ {,N(

Fop= ) Fop(O) = )

=t =t

acoT
90,

_, 0C(0)
005
(29)

Cov [C(0), C(0)]

where the first equality follows from the block diagonal form of
the covariance.

3.2. Naming conventions

For later convenience, here are reported the adopted conventions
for naming the Fisher matrices that have been computed in this
work:

1. The name of a Fisher matrix is representative of the data vec-
tor, and it is composed of different labels, which identify the
C(£)’s contained in the data-vector itself.

2. Within the name of a Fisher matrix, the auto-correlation

CAA(¢) of the probe A is labeled simply as A, while the

cross-correlation CAB(£) between the two probes A and B

is denoted as XC(A, B).

Square brackets are used to delimit the data-vector extent.

The pairwise cross-covariances between the C(£)’s included

in a given data-vector are always considered in the computa-

tion of the corresponding Fisher matrix.
5. The sum of two Fisher matrices [F|] and [F>] is simply de-

noted by [F] + [F>]. This simple sum corresponds to com-
bining [F;] and [F,] without taking into account the cross-
covariances between their data-vectors, i.e., it is an indepen-
dent sum.

bl

Let us return to the example where only the auto-correlation of
GC,y, is considered. In this case the data-vector at fixed £ is

C) = {c o)) (30)

and ranges over 55 elements (assuming 10 tomographic bins).
Consequently, the covariance matrix is made by a single 55 x 55
block:

Cov [cphph(e), cphph(zf)] ,

which takes into account the auto-covariance of GCpy, only.

When considering two or more probes, multiple combina-
tions can be constructed, depending on whether or not cross-
covariances and cross-correlations are included in the computa-
tion. In this work we reserve the word “cross-covariance” to the
off-diagonal blocks of the covariance matrix Eq. (28), e.g., the
blocks Cov [Cf h(t’), C}”’ (5)]. The term “cross-correlation” (sig-
nal) is instead used to denote the data-vector entry corresponding
to the correlation between two probes, e.g., CViph(p),

The possible combinations that can be constructed using
two probes, A and B, are described in detail in Appendix A.

€1y}

3.3. Hybrid approach

The harmonic space approach has both advantages and disad-
vantages. One of the main advantages of the harmonic space ap-
proach is the straightforward way to compute cross-covariances.
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The main disadvantage of treating the clustering signal in the
harmonic domain is that the projection on the celestial sphere
results in a partial loss of information from the galaxy density
distribution along the radial direction.

For GCpy, this loss is limited, since the redshift resolution
is already hampered by large photometric errors. In the spec-
troscopic sample, the redshifts are measured with much better
precision, therefore the 2D projection results in a larger loss of
constraining power from GCg,. The tomographic technique can
be employed in order to partially recover the radial information
about the distances of the galaxies.

The natural approach to treating GCy, is the “3D” or Py.
Directly using a 3D galaxy power spectrum allows us to nat-
urally exploit the high redshift resolution of the spectroscopic
sample. Nonetheless, in this case it is difficult to compute
cross-correlations and cross-covariances between WL, GCpy,
and GCi,.

In this work we therefore considered two approaches to com-
bine GCy, with WL and GCpy,. The first is to treat all probes with
the angular power spectra, as described in the previous section.
In the second approach, the Fisher matrix contribution for the
GC,, auto-correlation is taken into account by adding a posteri-
ori the Fisher matrix computed in the 3D approach of EP-VII,
referred to here as GCq, (Py).

The core idea of the latter approach is to add the GCy, auto-
correlation using the 3D observable and its cross-correlations
with the other probes, treating it as a 2D observable, in order
to be able to compute the covariance matrix analytically: for this
reason we dubbed it the hybrid approach.

The starting point of the hybrid approach is to include the
harmonic GC,y, auto-correlation and the harmonic GCpy, X GCyp
cross-correlation in the data-vector

C(t) = {C™"0), CPP (o) (32)
with covariance matrix
Cov [phph, phph]  Cov [phph, phsp] 33)
Cov [phsp, phph]  Cov [phsp, phsp] | °

where we have dropped C and the exponent in order to have a
lighter notation.

We refer to the resulting Fisher matrix with the notation
[GCph + XC(GCpp, GCyp)].

The Fisher matrix of GCyp(Py) is independently added:

FoplGCpp + XC(GCph, GCsp) + GCyp(Pr)] =

FoplGCppn + XC(GCpp, GCyp)] + FoplGCy, (P)] . (34)

This procedure is equivalent to neglecting the covariance terms
between the GCy, auto-correlation and the other observables.
More details are elaborated in Appendix A.1.

3.4. Poisson shot noise

The Poisson shot noise (Baldauf et al. 2013) has been imple-
mented similarly to what was done in EP-VII. It is assumed that
only the auto-correlation C(£)’s in the same tomographic bin are
affected by a shot noise, which is independent of the multipole:

NEB(0) = 6456, N} . (35)

The quantity Nf represents the shot noise associated with the
probe A at tomographic bin i. For photometric and spectroscopic
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galaxy clustering in the harmonic domain this is simply given by

+ -1
Z; deh
NP = d
i [ f e dg] : (36)
+ -1
. i dNsP
NP = d . 37
1 [L 4 dZdQ:| ( )

For WL the definition is instead given by the GCpy, shot noise
multiplied by the variance o2 of the intrinsic galaxy ellipticity

+ -1
Z; deh
N = o2 f d .
' e [ z; : dZdQ]

The value assumed for o is 0.3 as in EP-VII.

As the Kronecker delta 645 of Eq. (35) states, no shot noise
has been considered for the cross-correlation C(£)’s. It is in fact
commonly assumed for the noises of different tracers to be un-
correlated (EP-VII). This approximation is expected to work
well for the cross-correlation between weak lensing and galaxy
clustering, since these are different tracers of the same underly-
ing dark matter distribution.

In the cross-correlation of GC,, with GCyp the tracers are
the galaxies for both probes, so in principle a shot noise term in
the cross power spectra (cross-noise) should be present. In this
work we checked the dpnep approximation of Eq. (35) with the
following approach. Given that the Poisson shot noise affecting
the two-point function comes from the count of galaxy self-pairs
— see the introduction of Baldauf et al. (2013) — the cross-noise
is due to those galaxies which are both in the photometric and in
the spectroscopic sample. The scenario with the highest noise is
therefore the one in which the spectroscopic sample is a proper
subset of the photometric one. So, assuming this worst case sce-
nario, a subtraction of the spectroscopic galaxy distribution from
the photometric one has been performed. After the subtraction
there is no more overlap between the two samples, and their
cross-noise becomes zero by construction. It has been checked
that the constraints do not change appreciably after the subtrac-
tion, with the FoM and the marginalized uncertainties of the free
parameters being negligibly affected. However, we point out that
the removal of the spectroscopic galaxies from the photometric
samples might cause a bias in the clustering signal approach; the
approach we followed was just a way to quantify the impact of
the shot noise in the worst case scenario.

The shot noise affects in a direct way the diagonal covariance
blocks corresponding to the auto-correlation power spectra, as it
enters in all the factors of Eq. (23). This is what happens for
example in the case of the auto-covariance of GCy,

(3%)

conlegro.gro]([ef« il [Eg e v

km

+ O NEP] R + NP] )L (39)
where the £ dependence on the right-hand side (e.g., N " (£)) has
been omitted for compactness. However, the fact that the auto-
correlation power spectra are contaminated by the shot noise
indirectly also alters the other blocks of the covariance ma-
trix. For example, the diagonal block corresponding to the auto-
covariance of CP™P(¢) reads

Cov [ijl.“p(f), C,{’:‘jp(f)] o [cfkhp“ + Ngj‘Ph] [Cj.fjp + Nj}jjp]

+COPCOIPY L (40)
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and therefore also the terms coming from the inclusion of the
XC(GCph, GCyp) are affected by the shot noise of both GCp;, and
GC,p. Moreover, since the number of galaxies in the spectro-
scopic sample is ~ 80 times smaller than the galaxies in the pho-
tometric one, from Eq. (37) it is clear that the GCg, shot noise
is larger than the one associated with GCpy,. In order to quantify
the impact of the GC, noise, the forecasts have been performed
also in an unrealistic alternative scenario, where this noise is ar-
tificially reduced as if the number of spectroscopic galaxies were
equal to the number of photometric ones. This is done in prac-
tice by introducing an alternative reduced shot noise for GCsy,
defined as follows
tot

7SP sp Sp
N' = S N @1
ph

where N;g‘ (N;‘l’f) is the total number of spectroscopic (photo-
metric) galaxies, computed by integrating the galaxy distribu-
tion over its redshift range. As it is discussed in Sect. 4 it turns
out that the results in the harmonic approach drastically change
using this reduced noise. We emphasize that this test was per-
formed only to check what is the origin of the different GCsp
and GCph constraints in the harmonic approach and it is not rep-
resentative of any realistic survey scenario.

4. Results

In this section we present the results of the forecast. The results
are mainly reported as marginalized relative 1-o uncertainties
on the FoM and the parameters in the reference cosmology in
Table 1:

X, - X,
6X [%] = 100 =224
X

a

(42)

where X generically denotes the FoM or the relative uncertainty
09/6sq4. The subscript a denotes the Fisher matrix whose con-
straints are used as reference, while b is the Fisher matrix under
examination, also referred to as the minuend in the following.

The scenarios considered in this forecast are summarized in
Table 4. Concerning the multipole range, two scenarios have
been studied: one optimistic and one pessimistic. In the opti-
mistic scenario the multipole range for galaxy clustering is set
to £ € [10,3000], while it is ¢ € [10,5000] for WL. In the pes-
simistic scenario, instead, the multipole range is ¢ € [10,750]
for GCpp, GCyp, and ¢ € [10, 1500] for WL.

In order to better understand the differences between GCpp,
and GCy, when both are treated in the harmonic domain, one
more setting has been added, in which GCg, employs the alter-
native reduced shot noise described in Sect. 3.4. We remark that
this scenario is not meant to be realistic and it is considered only
to investigate the different constraining power of the GCy, and
GC,, probes.

For the same reason, in the case of GC,, the forecast has
been performed with an alternative tomographic binning, where
only the 4 photometric bins in the redshift range z € [0.9, 1.8]
are considered (see Table 2). This setting makes both GC,, and
XC(WL, GCpp,) comparable with GCy, and XC(WL, GCyp), re-
spectively. In fact, apart from the shape of the galaxy distribu-
tion and the values of the galaxy bias, in the harmonic domain
the two main differences between GC,, and GC, are the shot
noise and the redshift range of the galaxy catalog.

This section is organized as follows. In Sect. 4.1 the results
from the combination of GCp, and GCy, are presented, includ-
ing a comparison between GCp, and GC,, when treated in the

harmonic domain. In Sect. 4.2 the results are reported for the
combination of WL and GCg,, also comparing the impact on
the constraints from XC(WL, GCyp) against XC(WL, GCpp). In
Sect. 5, the results of the so-called Euclid 6X2pt statistics are re-
ported; this term refers to the combination of all possible two-
point functions that can be constructed from WL, GC,;, and
GC,p. The constraints coming from the combination of the full
set of Euclid main probes are shown, focusing on the importance
of cross-covariances and cross-correlations between them. We
have checked the numerical stability of our results with respect
to several hyperparameters, such as the k and z sampling of the
matter power spectra; we find the variations of the marginalized
errors and FoM to be negligible.

In the following, the term harmonic indicates that all the
observables are treated using the angular power spectrum
formalism. Instead, in the hybrid 6x2pt approach the data vector
is entirely composed of C(¢)’s except for the spectroscopic
auto-correlation, whose contribution is included as described in
Sect. 3.3 and in Sect. A.1.

4.1. Combining photometric and spectroscopic clustering

In this section we report the results for the combination of GCpy,
and GCg,. We take as reference values for the results the con-
straints coming from the independent combination of GC,; and
GC,p, that is [GCpn] + [GCyp] in the harmonic approach and
[GCph 1 + [GCyp(Py)] in the hybrid one. We remind that the nota-
tion [GCpy] +[GCyp] represents the simple sum of the Fisher ma-
trices of the two probes, which does not account for their cross-
covariance. The forecasts for this combination are reported in the
optimistic scenario only for brevity.

4.1.1. Impact of the GC,,,-GC,, cross-covariance on
parameter constraints

Table 5 shows that, as expected, the cross-covariance slightly
worsens the FoM. However, the contribution is always smaller
than 3%, decreasing as the number of GCs;, bins increases. This
trend can be understood as follows: the finer the tomographic
binning of GCy, the smaller the support of the integrand of the
off-diagonal terms CP™P(¢£). Intuitively, the value of the integral
over each of the 4 thick bins is diluted into a larger number of
thinner bins when a finer binning is used. Hence the off-diagonal
block Cov [Cphph(f), CSPSP(é’)] and its transposed counterpart be-
come larger and sparser as the number of bins is increased,
and therefore the cross-covariance contribution becomes smaller.
Physically this could be understood considering that for 40 bins
the loss of information due to the projection transversely to the
line of sight is less severe than for 4 bins only.

The same trend is observed also for the marginalized uncer-
tainties on the cosmological parameters, as can be seen by Fig. 2.
The parameters mostly affected by the covariance are Qy, and £,
whose constraints in the 4 bin setting worsen by 4% and 6% re-
spectively. However, as soon as the binning is refined, the effect
gets smaller, becoming about 0.9% for Q,, and 2.5% for h. The
uncertainties on Q,, ng, and og are instead affected by less than
2% for all the binning settings. This outcome is confirmed also
by Fig. 3, which reports the relative marginalized uncertainties
and the FoM as horizontal bars. The [GCp, +GCy, ] bars (in cyan)
always have practically the same length as the [GCpy] + [GCip]
bars (in green), and they look more and more similar as the num-
ber of GCy;, bins increases.
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Table 5: FoM for GCp,, GCy;, and their cross-correlation.

GCpp X GCyp, FoM forecasts

GC,p, bins Fisher matrix FoM AFoM AFoM(%)

- [GCph] 63.12 — —
[GCph] + [Gcsp(Pk)] 23027 - —

4 [GCpn+XC(GCph, GCyp)] + [GCyp(Pr)] 234.54 - -
[chh] + [Gcsp] 65.69 - -
[GCpn+GCp ] 6395 -1.75 -2.66%
[GCpn+GCy, +XC(GCpp, GCp)] 69.63 +3.94 +6.00%
[GCph] + [Gcsp] 72.02 - -

12 [GCon+GCp ] 7048 -1.55 -2.15%
[GCpn+GCy, +XC(GCpp, GCp)] 79.87 +7.85 +10.90%
[GCpnl + [GCyp] 85.02 - -

24 [GCpn+GCp] 83.88 —-1.13 -1.33%
[GCpn+GC, +XC(GCpp, GCyp)] 108.35 +23.34 +27.45%
[GCpnl + [GCyp] 11122 - -

40 [GCpn+GCyp] 110.39 -0.83 -0.75%
[GCpn+GC, +XC(GCpp, GCyp)] 153.71 +42.48 +38.20%

Notes. The AFoM column contains the variation of the FoM with respect to the independent sum [GCy,] + [GCy,] for the given number of bins.

The AFoM (%) column is calculated by taking AFoM as a percentage of the FoM of [GCp] + [GCyp].

GCpn x GCgp,: harmonic approach

Cross-covariance impact

Cross-correlation impact
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Fig. 2: Impact on 1-o parameter errors of cross-covariance and cross-correlation in the harmonic approach for the combination of GC,;, and
GC,,. The left panel shows the impact of the cross-covariance, quantified with the percentage differences between [GCp, + GCyp]
and [GCpn] + [GCgl. In the right panel the impact of the cross-correlation is reported, quantified by percentage differences of
[GCpp + GCyp, + XC(GCypp, GCyp)] with respect to [GCpyy] + [GCyp]. Note the opposite sign of the percentage differences for FoM and

uncertainties.

In conclusion, the cross-covariance between GCpp, and GCyp
can be considered negligible, as it does not change the uncer-
tainties on the cosmological parameters by more than 6% and
the FoM by more than 3%.

4.1.2. Impact of the XC(GCp,, GCyp) signal on
parameter constraints

Harmonic approach 1In the harmonic approach the contri-
bution to the FoM coming from the XC(GCp,, GCyp) cross-
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correlation is always positive, as reported in Table 5, and it is
about 6% (38%) with 4 (40) bins for GCgp,. This gain is visible
also in Fig. 3, where the FoM and the marginalized uncertainties
from the [GCp, + GCy, + XC(GCyp, GCyp)] Fisher matrix are rep-
resented with orange bars. The improvements on the errors for
wo, Wy, and consequently on the FoM, are particularly visible for
finer binnings.

The marginalized uncertainties on the cosmological param-
eters also improve, but the gain is more modest than that one
on the FoM, as shown in the right panel of Fig. 2. In fact, the
biggest improvements are for wy and w,, whose uncertainties get



Euclid Collaboration: L. Paganin et al.: Euclid preparation: 6x2pt analysis of Euclid’s spectro and photo data sets

B (GCpy)
BN [GCpp] + [GCyp)
[GCpn + GCyp

[GCpp + GCyp + XC(GCpp, GCyp)]
B [CC,, + XC(GCpn, GCyp)] + [GCop(Py)]

| T T | T T
Wy, ]
e e )
| |
08 GGy, (Cy) bins: 4 [ GCyp(Cp) bins: 40 A
Scenario: Optimistic Scenario: Optimistic
s [ ]
h e — e i
Ok L |
102 1071 1072 10~

dog/0sal )

dog/0sa[ %]

Fig. 3: Comparison between harmonic and hybrid harmonic-Fourier approaches for the case of GCp, X GCsp.

18- GCp x GCy,: impact of XC in hybrid approach
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Fig. 4: Impact on FoM and marginalized 1-o errors, of the
XC(GCph, GCyp) in the hybrid approach, for the optimistic sce-

nario. The reference here are the constraints coming from
[GCpn] + [GCyp(Py)], while the minuend for the percentage dif-
ference is [GCpy + XC(GCpp, GCyp)] + [GCyp(Py)]. In the hy-

brid approach only 4 tomographic bins were used to compute

the XC(GCpy, GCyp) angular power spectra, for consistency with

the Fourier power spectrum analysis. Note the opposite sign of

the percentage differences for FoM and uncertainties.

smaller at most by 23% and 25%, respectively. Instead, the un-
certainty on the baryon density parameter, , slightly increases
by about 1% with 4 bins and becomes smaller by 18% with 40

bins. The small worsening on this parameter in the case of 4 bins
has been attributed to the contribution of the cross-covariances
between the C(£)’s included in the data-vector of the Fisher ma-
trix [GCpp + GCyp + XC(GCpp, GCyp)], which are not taken into
account in the simple sum [GCpy] + [GCp]. It is possible that
with 4 bins the gain coming from the inclusion of the XC sig-
nal is compensated by the covariance contribution, producing a
net (small) worsening. However, as soon as the number of GCy,
bins increases, the positive contribution of the cross-correlation
signal starts to dominate, and the constraints on y to improve
too. The uncertainties on the other parameters also improve, in
particular Q,, and o3 gain at most 12% when 40 bins are used,
as well as & and ng which improve by 7% at maximum.

Hybrid approach 1In the hybrid approach instead, the
XC(GCpp, GCyp) has quite a small impact on the con-
straints: the marginalized uncertainties and FoM from the
[GCpp + XC(GCph, GCyp)] + [GCyp(Py)] Fisher matrix are very
similar to the ones from [GCpp] + [GCyp(Py)], as is qualitatively
shown by the barplots of Fig. 3. The percentage variations on
the constraints resulting from adding the XC(GCypy,, GCyp) are
shown in Fig. 4. The variation on the FoM is contained between
+1.5% and +2%, so there is a very small improvement when in-
cluding XC(GCpyp, GCyp) in the hybrid approach. This is also the
case for the marginalized uncertainties which improve less than
1%; however, we would like to point out that this behavior could
be due to numerical uncertainty. Therefore, it can be concluded
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GCph x GCgp: hybrid vs harmonic (ref. harmonic)
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Fig. 5: Percentage difference between marginalized 1-o errors of the
hybrid and harmonic approaches, for the combination of GCp,
and GCg, in the baseline optimistic scenario, when the cross-
covariance is included. The percentage differences are normal-
ized to the results of the harmonic approach.

that, in the hybrid approach, the inclusion of the XC(GCpp, GCyp)
cross-correlation in the combination of GCp, and GCg, has a
negligible impact on the results.

Hybrid approach vs harmonic approach As Fig. 5 shows,
the hybrid approach performs better than the harmonic one in
constraining almost all the cosmological parameters, even if the
constraining power of the harmonic approach significantly im-
proves with increasing the number of GCg, tomographic bins.
The harmonic approach has a FoM of 69 (153) for 4 (40) spectro-
scopic bins, while the hybrid one provides a FoM of 234, which
is 236% (52%) larger than in the former case. Thus the hybrid
approach is better even when 40 spectroscopic bins are used for
the harmonic one. In particular, this is true for the reduced Hub-
ble constant 4. In this case the hybrid approach performs remark-
ably better, with a gain on the marginalized uncertainty which is
always between 75% and 100%, depending only slightly on the
number of GCy, bins used for the harmonic approach. This is
expected, since the hybrid approach takes advantage of the 3D
power spectrum as an observable, in which radial BAO and RSD
are included. The constraints on the other parameters appear in-
stead quite sensitive to the GCg, binning. The differences on the
wp and w, uncertainties significantly decrease from more than
50% with 4 bins to about 20% with 40 bins, as it could be ex-
pected from the FoM differences between the hybrid approach
and the harmonic one. For Q,, and og the hybrid approach is
still better than the harmonic one, even if the difference between
the two approaches decreases significantly with the number of
bins too.

The only exceptions are given by the baryon density, Q, and
the spectral index, ng. In particular, the Q, uncertainty from the
hybrid approach is more than 25% smaller than from the har-
monic one with 4 spectroscopic bins, but the situation gets re-
versed with 40 bins. In the latter case the harmonic approach
provides ~ 10% better constraints on €, than the hybrid one.
The ng uncertainty in the harmonic approach with 4 bins is about
20% larger than in the hybrid one. Instead, when 40 bins are used
for the harmonic approach, the ng uncertainty given by the hy-
brid approach is a few percents larger than the one given by the
former.
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To conclude, for the combination of GC,, and GCsy, the hy-
brid approach always provides better constraints than the har-
monic one. Increasing the number of bins in the harmonic ap-
proach improves its performances. Using 40 bins allows us to
reach the performances of the hybrid approach for some param-
eters — ng and €y — but a large gap still remains for the other
constraints, especially for 4 and the FoM.

4.1.3. Comparing photometric and spectroscopic
clustering in the harmonic domain

In the harmonic approach, two alternative configurations have
been considered, both for GCp, and GCgp. The baseline configu-
ration for GCpy, consists in using all the 10 redshift bins reported
in Table 2, while in the alternative configuration only the 4 bins
strictly contained in the range [0.9, 1.8] are considered.

For spectroscopic clustering, the noise baseline settings cor-
respond to using the shot noise as calculated from Eq. (37), while
the alternative consists in using the artificially reduced version
Eq. (41). In fact, from further investigation it turned out that
a great limitation of the harmonic approach is due to the shot
noise associated with the GCp auto-correlation C(£)’s. This is in
fact much higher than the one associated with GCpy, since the
expected number of Ha-emitting galaxies in the Euclid catalog
(~ 2x107) is smaller than the expected number of galaxies in the
photometric sample (~ 1.6x 10°). Therefore, in order to quantify
the impact of the spectroscopic shot noise, the forecasts include
also the artificially reduced shot noise setting, as explained in
Sect. 3.4.

The results are shown in Fig. 6: in the left panel the standard
GC4, shot noise of Eq. (37) is employed, while in the right one
the reduced noise of Eq. (41) is used. Lowering the shot noise
systematically boosts the results of the harmonic approach by
about one order of magnitude, making its performance compara-
ble or even better than in the hybrid case. In particular, as can be
expected, the observable which most improves its performance
is the harmonic GCj, auto-correlation.

Instead, when considering the behavior of the hybrid
[GCph + XC(GCp, GCyp)] + [GCyp(Pr)] Fisher matrix, as com-
pared to the corresponding one in the harmonic domain, its per-
formance remains stable against the change of the shot noise
level, since the possible change of the latter would enter only
GCyp(Py), which is fixed. Therefore, while in the harmonic case
the survey performance increases with the noise reduction and
the increasing of the number of spectroscopic bins, in the hybrid
case the performance remains unchanged since both the noise
level and the bin number are fixed.

The results of these scenarios are reported in Fig. 7. The con-
straints from GCyy, only restricted to the 4 bins in the spectro-
scopic range (blue bars) are very close to the ones of GC,, when
the shot noise is reduced (yellow bars). Thus in these special
conditions the two probes are essentially equivalent. This is ex-
pected, since the functional form of the weight for galaxy clus-
tering is the same, as in Eqs. (14) and (17), with the photometric
function Wf’h differing from the spectroscopic one W;" only for
the shape of the galaxy distribution and the values of the galaxy
bias.

Fig. 7 shows also the two probes in the baseline configura-
tion, in which 10 bins are used for GC,, and the more realistic
shot noise of Eq. (37)) is used for GCs,. On the one hand, the
usage of all bins for GC,, reduces the uncertainties on cosmo-
logical parameters. On the other hand, the realistic shot noise of
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Fig. 6: Percentage gain on the FoM relative to photometric clustering alone ([GCp]). In the left panel the computation has been done using the
standard GCg;, shot noise Eq. (37), while in the right panel the reduced version Eq. (41) has been used.
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Fig. 7: Comparison between the constraints coming from [GC,,] only
and [GC,;] only in the harmonic approach, in the different con-
figurations described in Sect. 4. The vertical bars represent the

values of the FoM and the relative marginal uncertainties.

GCq, significantly affects its performances, making the uncer-
tainties larger.

The conclusion is therefore that the shot noise and the red-
shift range of the galaxy sample are what make the difference
between GCpp, and GCy;, in terms of constraining power, when
both are treated in the harmonic domain. When GC,, is restricted
to the same range of GCs, and the shot noise of the latter is re-
duced to the same level of the former, their constraints become
comparable.

4.2. Combining weak lensing and spectroscopic
clustering

In this section we report the results from the combination of
WL and GCgp. The Fisher matrix in the harmonic approach is
[WL + GCy, + XC(WL, GCygp)], while in the hybrid one it is
[WL + XC(WL, GCy,)] + [GCyp(Pr)]. We quantify the impact
on parameter constraints of the WL-GCg, cross-covariance and
the XC(WL, GCy,,) cross-correlation. We take as reference val-
ues the results coming from the Fisher matrix corresponding to
independent combination of WL and GCy, that is [WL]+[GCqp]
in the harmonic approach and [WL] + [GC,(Py)] in the hybrid
one. For brevity, the forecasts of this combination are reported
in the optimistic scenario only.

4.2.1. Impact of the WL-GC,, cross-covariance on
parameter constraints

Table 6 reports the FoM values resulting from the combinations
of WL and GCi,. In this case the cross-covariance is even more
negligible than in the GC,,-GCy, case, always impacting by less
than 0.5% on the FoM. This effect gets smaller as the number of
bins increases, starting from —0.47% with 4 spectroscopic bins
up to +0.042% with 40 spectroscopic bins respectively. This last
is unexpectedly positive, but the variation is so small that can be
considered as a numerical fluctuation around zero.

The effect of the cross-covariance is very small also on the
marginalized 1-0- uncertainties on the cosmological parameters,
shown in the left panel of Fig. 8. The marginalized uncertain-
ties affected the most are the ones on /& and €y, with variations
of 0.7% and 0.3% respectively. The variations on all the other
parameters are always well below 0.2%, and in all cases the ab-
solute value of these variations decreases as the number of GCy,
bins increases, confirming the same trend observed for the FoM.

The conclusion here is that, when combining WL and GCy,
in the harmonic domain, their cross-covariance can be safely ne-
glected. The limited impact of the WL-GCg, cross-covariance
might have been expected also considering the limited redshift
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Table 6: FoM for WL, GC;, and their cross-correlation.

WL x GC, FoM forecasts

GC,, bins Fisher matrix FoM AFoM AFoM (%)
[WL] + [GCy, (Pp)] 158.13 - -
4 [WL+XC(WL, GCyp)] + [GCyp(Pr)] 182.74 - -
[WL] + [GCyp] 74.72 - -
[WL + GCy] 7437 -0.35 -0.47%
[WL + GCy, + XC(WL, GCyp)] 103.56 +28.83 +38.59%
[WL] + [GCsp] 9290 - -
12 [WL + GCy] 9277 -0.13  -0.14%
[WL + GCy, + XC(WL, GCy,)] 131.38 +38.47 +41.41%
[WL] + [GCyp] 111.41 - -
24 [WL+GC, ] 111.42 +0.01 +0.0021%
[WL + GCp + XC(WL, GCyp)] 155.18 +43.76 +39.28%
[WL] + [GCyp ] 141.12 - -
40 [WL + GCy] 141.17 +0.06 +0.042%
[WL + GCp, + XC(WL, GCyp)] 188.45 +47.34 +33.55%

Notes. The AFoM column contains the variation of the figure of merit with respect to the independent sum [WL] + [GC,,] for the given number of
bins. The AFoM (%) column is calculated by taking AFoM as a percentage of the FoM of [WL] + [GC4].

WL x GCgp: harmonic approach

Cross-covariance impact (x10)

Cross-correlation impact
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Fig. 8: Impact, on 1-o parameter errors, of cross-covariance and cross-correlation in the harmonic approach for the combination of WL and GCs,.

The left panel shows the impact of the cross-covariance, quantified with the percentage differences between [WL+GC,,] and [WL]+[GC,].
In the right panel the impact of the cross-correlation is reported, quantified by percentage differences of [WL + GCy, + XC(WL, GCyp)]
with respect to [WL] + [GCy,]. The percentages on the left panel have been multiplied by 10 in order to make them visible with the same

vertical scale of the right panel.

overlap of the two window functions, as can be seen in Fig.1. A
similar result for another experiment other than Euclid has been
obtained in Joachimi et al. (2021). Here the authors performed a
joint data analysis combining weak lensing measurements from
the Kilo-Degree Survey (KiDS-1000) and spectroscopic cluster-
ing from the Baryon Acoustic Oscillations Survey (BOSS) and
2-degree Field Lensing Survey (2dFLenS). The WL was treated
using the harmonic power spectrum as an observable, as has been
done in this work. Moreover, the cross-covariance matrix was
computed in the harmonic domain, considering only the corre-
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lation between WL and the transverse component of GCgp,. The
authors estimated the covariance matrix for the data through an
analysis of over 20 000 fast full-sky mock galaxy catalogs, find-
ing that the off-diagonal (cross-covariance) terms were negligi-
ble with respect to the diagonal (auto-covariance) ones.
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WL x GCg,: impact of XC in hybrid approach
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Fig. 9: Impact on FoM and marginalized 1-o errors, of the
XC(WL, GCyp) in the hybrid approach, for the optimistic sce-
nario. In the hybrid approach only 4 tomographic bins were used
to compute the XC(WL, GC,p) angular power spectra, for con-
sistency with the Fourier power spectrum analysis. Note the op-
posite sign of the percentage differences for FoM and uncertain-
ties.

4.2.2. Impact of the XC(WL, GC,) signal on parameter
constraints

Harmonic approach When combining WL and GCsp,, the
XC(WL, GCyp) has a quite significant impact on the results of
the harmonic approach, as Table 6 shows. The percentage gain
on the FoM is always larger than +30%, and slightly depends
on the number of spectroscopic bins used. The mild depen-
dence on the number of GCg, bins can be explained by observ-
ing that the WL weight functions of Eq. (12) have a broad sup-
port, which becomes larger as the tomographic index increases,
as Fig. 1 shows. This suggests that increasing the radial resolu-
tion may not help in improving the constraints coming from the
XC(WL, GCyp).

It is also worth noting that the FoM percentage gain does not
strictly increase with the number of spectroscopic bins. This not
intuitive behavior is due to the normalization of the FoM percent-
age difference, which is the FoM of the [WL]+[GCjp] Fisher ma-
trix. This quantity depends on the number of spectroscopic bins,
and it increases slightly faster than the variation induced by the
cross-correlation in the FoM of the [WL+GCq, +XC(WL, GCyp)]
Fisher matrix. This can be seen from Table 6: the difference
AFoM between the FoMs of the [WL + GCg, + XC(WL, GCyp)]
and [WL] + [GCq,] Fisher matrices grows more slowly with the
number of bins than the FoM of [WL] + [GC,] alone.

The marginalized 1-o uncertainties decrease when the
XC(WL, GCyp) cross-correlation signal is included, especially
the ones on wy, w,,og and Qy,, as it can be seen from Fig. 8.
For these parameters the improvement is always larger than 12%
with 4 GCy;, bins, and it is about 20% at most when 40 bins are
used. The gain on the Qy, uncertainty is more modest, being con-
tained between 5% and 10%. The gain on the uncertainties of
the reduced Hubble constant 4 and the scalar spectral index n is
always less than 5%.

The improvement in the marginalized uncertainties
XC(WL,GCyp) cross-correlation seems to decrease when
increasing the number of spectroscopic bins, as happens for
the FoM. Again, the reason for this behavior is that the per-
formances of the Fisher matrix taken as reference — that is
[WL] + [GC,] — improve faster than the relative contribution of

WL x GCg,: hybrid vs harmonic (ref. harmonic)

0
_20 L
dog/05a[ %)

—60Ff GCq, bins

!

.12

. 24

—80r . 40

Scenario: Optimistic
QO O h N o3 wy Wy

Fig. 10: Percentage difference between marginalized 1-o- errors of the
hybrid and harmonic approaches, for the combination of WL
and GCg, in the baseline optimistic scenario. The percentage
differences are normalized to the results of the harmonic ap-
proach.

the cross-correlation. This is true for all parameters except for #,
which is the parameter affected the least.

Hybrid approach The impact on the constraints of the
XC(WL, GCyp) cross-correlation in the hybrid approach is less
significant than in the harmonic one, as shown in Fig. 9. The
FoM of the [WL + XC(WL, GCy,)] + [GC,(Py)] Fisher matrix
is 183, which is ~ 15% higher than the one of the indepen-
dent combination [WL] + [GCs,(Py)], which is 158. The im-
provements in the marginalized uncertainties are all contained
between 5% and 7%, and there are no significant differences be-
tween the various parameters. The uncertainty on Q, is the most
affected, gaining about 8%, while the least affected is the uncer-
tainty on ng, which is slightly lower than 5%.

4.2.3. Hybrid approach vs harmonic approach

When combining WL and GC,p, the harmonic approach can
reach the FoM of the hybrid one. This happens when 40
GC,, bins are used to compute the harmonic Fisher matrix
[WL + GCy, + XC(WL, GCyp)]. The value reached by the FoM
is 188, which is only 3% higher than the one given by the hy-
brid approach. Moreover, Fig. 10 shows that the marginalized
uncertainties in wy-w, in the hybrid approach are smaller than
their harmonic counterparts. Nonetheless, the FoM in the har-
monic approach is slightly higher than the one in the hybrid ap-
proach. This is due to the correlation C,,,,, between the param-
eters, which enters the definition of the FoM in Eq. (21). The
correlation is higher for the harmonic approach, and this com-
pensates for the larger uncertainties, with a net result of a slightly
higher FoM.

Regarding the marginalized uncertainties, Fig. 10 shows that
the hybrid approach always performs better than the harmonic
one. The reduced Hubble constant # is the parameter for which
the difference is highest. In particular, the hybrid approach pro-
duces an uncertainty on 2 which is ~ 90% (75%) smaller than
the one given by the harmonic approach with 4 (40) spectro-
scopic bins. For the uncertainties on the other parameters the gap
is smaller, and it reduces significantly as the number of spectro-
scopic bins increases. The most sensitive uncertainty is the one
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Fig. 11: Percentage gain on the FoM relative to weak lensing alone ([WL]). In the left panel the computation has been done using the standard

GC,;, shot noise Eq. (37), while in the right panel the reduced version Eq. (41) has been used.
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Fig. 12: Impact, on FoM and marginalized 1-o uncertainties, of the XC(WL, GC,;) and XC(WL, GCy;,) cross-correlations in different configura-
tions. The vertical bars represent the percentage differences on the uncertainties normalized to the independent sum of the two probes.
For XC(WL, GC,y,) the reference is [WL] + [GCpy], while for XC(WL, GCy;) is [WL] + [GC,,]. Note the opposite sign of the percentage

differences for FoM and uncertainties.

on Q, for which the gap between the two approaches decreases
from more than 50% to less than 10% when 4 and 40 bins are
used for the harmonic approach respectively. The uncertainty on
ng is quite sensitive to the number of bins too, and the difference
between the two approaches ranges from 40% to 10% when the
number of bins of the harmonic approach increases from 4 to 40.
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Finally, the differences on the marginalized uncertainties on Q,
and og are smaller, ranging from 20% to less than 5%.
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4.2.4. Comparing XC(WL, GCyp) with XC(WL, GCpp)

In EP-VII it has been shown that the XC(WL,GC)
cross-correlation considerably improves the constraints on
the cosmological parameters. We found the same result
in this work: in the optimistic scenario the Fisher matrix
[WL + GCp, + XC(WL, GCpy)] yields a FoM which is a fac-
tor of ~ 5 higher than the one given by the [WL] + [GCpy]
Fisher matrix. This means that the percentage gain induced by
the cross-correlation signal is about 400%. The XC(WL, GCyp)
cross-correlation has a smaller impact on the constraints, as the
[WL + GCg, + XC(WL, GCyp)] Fisher matrix produces a FoM
at most ~ 40% higher than the one of the [WL] + [GCy,] com-
bination. This is what happens when both GCp, and GCg, are
treated in the baseline settings, i.e., when the standard shot noise
of Eq. (37) is used for GCy;, and 10 tomographic bins are used
for GCpy. The effect of the shot noise on GCy, can be seen from
Fig. 11, which displays the percentage gain on the FoM of vari-
ous combinations with respect to WL alone. The left panel refers
to the standard GCg, shot noise, the right panel refers to the al-
ternative reduced noise of Eq. (41). When the noise is reduced,
the Fisher matrix of the harmonic approach with 4 bins is al-
ready competitive with the one of the hybrid approach, yielding
a gain of ~ 300% relative to WL alone. The observable gaining
the most from the noise reduction is the GCs;, auto-correlation, as
the two curves of [WL+GCg, ] and [WL+GCg, +XC(WL, GCyp)]
converge towards each other as the number of bins increases.

A direct comparison between the gain coming from
XC(WL, GCpy) and XC(WL, GCyp) cross-correlations is shown
in Fig. 12. When GCy, and GCpy, have the same shot noise level
and the same redshift range, the effect of the XC(WL, GCy,)
on the constraints becomes comparable with the one of
XC(WL, GCpp).

Finally, Fig. 13 shows a comparison between the harmonic
and hybrid approach. As can be seen from the plot, when in-
creasing the number of bins in the harmonic case, the constraints
approach that of the hybrid case.

Therefore, the conclusion is the same as that drawn for the
direct comparison between the GC,, and GCg, auto-correlations.
The shot noise and the redshift range of the galaxy catalog
are what makes the differences between XC(WL, GCp,) and
XC(WL, GCyp) in terms of constraining power.

5. The Euclid 6x2pt statistics

This section contains the main results of our paper, the Euclid
full 6x2pt pt constraints and its comparison with the other ap-
proaches. Here we present the results of the combination of all
the Euclid main probes: WL, GCp;,, and GCy,,. The starting point
is the (photometric) 3x2pt statistics, defined as

3x2pt = [WL + GCyp, + XC(WL, GCpp)] . (43)

In terms of this combination, the 6x2pt statistics can be ex-
pressed as

[6x2pt (harmonic)] = [3X2pt + GCy,

+ XC(WL, GCyp) + XC(GCppy, GCyp)] ,  (44)
for the full harmonic approach, and
[6x2pt (hybrid)] = [3x2pt + XC(WL, GCyp)
+ XC(GCpp, GCyp)] + [GCsp(P)] . (45)

for the hybrid approach.
The discussion will be focused on two main points:

— the importance of the cross-covariance between GCg, and the
3X2pt statistics;

— the contribution to the constraints of the XC(GCpp, GCsp)
and XC(WL, GCyp) cross-correlations.

The cross-covariance between GCg, and 3X2pt statistics is stud-
ied only in the harmonic approach, since in the hybrid approach
it is neglected. The effect of the cross-correlations is assessed
for both the harmonic and the hybrid approaches, and in both the
pessimistic and optimistic scenarios defined in Table 4.

5.1. Impact of the GCy, cross-covariances on parameter
constraints

The impact on the constraints of the cross-covariance between
GC,, and 3x2pt is shown in the two panels of Fig. 14. The
plot compares the constraints from the [3x2pt + GCg,] and
[3x2pt] + [GC,p] combinations: in the former the GCgyp-3x2pt
cross-covariance is taken into account, while it is not in the latter.
The impact of the cross-covariance is almost the same in all the
scenarios and decreases as the number of GCg, bins increases,
confirming the same trend observed in the two pairwise com-
binations GCpr-GCyp, and WL-GC,. The percentage variations
on the constraints are always below 10% (5%) with 4 (40) spec-
troscopic bins. The covariance almost always worsens the con-
straints with respect to considering GCy, and 3X2pt as indepen-
dent. The parameters whose uncertainties are affected the most
by the GC,-3x2pt cross-covariance are Qy, and h, with varia-
tions of ~ 8% with 4 bins. When 40 bins are used for GCy, the
variation reduces to ~ 2% for both parameters.

One of the most evident differences between the optimistic
and the pessimistic scenario is the impact on the FoM, which
is slightly higher in the pessimistic than in the optimistic set-
ting. However the percentage difference is always below 5%, the
worst case being the pessimistic scenario with 4 bins, where it is
~ 4%. The percentage variation on the Q,, uncertainty is at the
sub-percent level in the optimistic scenario, while it is about at
the percent level in the pessimistic scenario. The uncertainty on
og is always smaller than 1% in the optimistic scenario, while it
ranges from 4% to 1% in the pessimistic scenario.

5.2. Impact of the XC signals on parameter constraints

Here we discuss the impact on the constraints of the
XC(GCph, GCyp) and XC(WL, GCyp) cross-correlations. The re-
sults in the harmonic approach is shown in Figs. 15 and 16, while
the hybrid approach result is displayed in Fig. 17. The figures
show the effect of the inclusion of the XC(WL, GCy,) cross-
correlation, the impact of the XC(GCyy, GCyp) cross-correlation,
and the impact of both cross-correlations.

Harmonic approach For the harmonic approach, two Fisher
matrices have been used as reference for the percentage differ-
ences: [3x2pt] +[GCgp ], where the 3x2pt statistics and GCg, are
combined as independent, and [3Xx2pt + GC, ], where the cross-
covariance between the two is accounted for (see Sect. 3.1). As
explained in the previous section, these two combinations do not
produce the same constraints (see Fig. 14), as the independent
combination yields slightly better constraints.

We consider the two different Fisher matrices above since,
when the cross-correlations are added in the harmonic ap-
proach, the cross-covariance between GCg, and the 3X2pt
statistics is always accounted for. Thus, on the one hand,
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Fig. 13: Comparison between harmonic and hybrid harmonic-Fourier approaches for the case of WL x GCj,.

we focus on the improvement due to the inclusion of the
XC signals alone, and this is done when the Fisher matrix
[3x2pt + GC, + XC(WL, GCy,)] is compared to the reference
[3x2pt+GCsp], and the same for [3X2pt+GCy, +XC(WL, GCyp)]
and [3x2pt + GCy, + XC(WL, GCyp,) + XC(GCpp, GCyp)] (see
Fig. 15). In this case, the percentage differences are representa-
tive of the net effect of the cross-correlation signals on the con-
straints, which is expected to be always positive.

On the other hand, when the Fisher matrices comprising the
XC’s information are compared to the independent combina-
tion [3x2pt] + [GCp], we focus on the total effect, which not
only contains the gain from the inclusion of the XC signals, but
also the penalty from the cross-covariance between GCgp and the
3x2pt statistics (see Fig. 16). This comparison is useful in order
to evaluate the overall impact of the cross angular power spectra.

Harmonic approach — adding XC(WL, GC,,) The net effect
of the XC(WL, GCy,) inclusion is shown in the left panels of
Fig. 15, where the Fisher matrix [3x2pt+GCgy, + XC(WL, GCyp)]
is compared to the reference [3x2pt + GCg,]. The variation
on the constraints due to the addition of XC(WL, GCy) is al-
ways about 0.01%-0.05%, with no significant differences be-
tween the optimistic and pessimistic scenarios. Therefore, it
seems that this cross-correlation does not give any contribution
to the constraints, i.e., it looks like the computation of the to-
tal [3x2pt + GCy, + XC(WL, GCy,)] Fisher matrix is not useful
to improve the Euclid performance. This might seem in contrast
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to what happens in the pairwise combination of WL and GCgp,
where the XC(WL, GCyp) cross-correlation signal has a signifi-
cant impact on the constraints. However, the latter case does not
include the XC(WL, GC,y) signal. Instead, in the case now under
discussion of [3x2pt + GCy, + XC(WL, GCqp)], the reference for
the net effect here considered is [3x2pt + GCyp], which contains
the contribution of the XC(WL, GC,) cross-correlation, proven
to be dominant.

From the above reasoning, it is also possible to infer the rea-
son why the constraints from the [3x2pt+GCgp,+XC(WL, GCyp)]
Fisher matrix are worse by 6% at most (see Fig. 16) than the ones
from the independent combination [3X2pt] + [GCjp]: the impact
of the cross-correlation signal is so small that its possible im-
provements are completely dominated by the cross-covariance
between GCg, and the 3x2pt statistics (see Fig. 14), which is
present when adding the cross signal, but not kept into account
in the reference. Therefore, the total effect of the inclusion of
XC(WL, GCyp) in the combination of GCy, with the 3x2pt statis-
tic is to worsen the parameter constraints. However, while it has
been just shown that the XC(WL, GCy,) signal can be safely ne-
glected, the cross-covariance between GCg, and the 3x2pt statis-
tic needs to be taken with caution.

Harmonic approach — adding XC(GCpy, GCyp,) The mid-
dle panel of Fig. 15 shows the positive net effect of the
XC(GCpp, GCyp) inclusion, which increases with the number of
spectroscopic bins. This confirms the same behavior observed
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Fig. 14: Impact on FoM and marginalized 1-o- uncertainties, of cross covariances between GC, and 3x2pt ([WL + GCp, + XC(WL, GCpi)]),

quantified with percentage differences on the constraints, in the optimistic (left) and pessimistic (right) scenarios. The reference for the
percentage are the constraints of [3x2pt] + [GCy,], where GCq, is considered as independent on the rest. Note the opposite sign of the

percentage differences for FoOM and uncertainties.

in the pairwise combination of GC,;, and GCgp,. The gain on the
FoM relative to the Fisher matrix [3x2pt + GCy,] is about 1%
for 4 bins, and increases up to 8-10% for 40 bins, with practi-
cally no differences between the optimistic and the pessimistic
scenario. Fig. 16 shows that when the independent combination
[3x2pt] + [GCp] is used as reference instead, the FoM varia-
tion due to the XC(GC,p, GCyp) inclusion is —2% (+7%) for 4
(40) GCyp, bins. The small worsening at 4 bins is due to the fact
that the positive contribution of the cross-correlation is canceled
by the negative contribution of the GCq,-3X2pt cross-covariance
(see Fig. 14). In fact, this cross-covariance is taken into account
in the Fisher matrix [3x2pt + GCgy, + XC(GCpp, GCyp)], while it
is not in the [3Xx2pt] + [GC,], which is used as the reference in
this last case.

Analogously, the marginalized 1—o uncertainties on the cos-
mological parameters exhibit a similar behavior, with no sig-
nificant differences between the optimistic and the pessimistic
scenarios. When using 4 spectroscopic bins the inclusion of the
XC(GCph, GCyp) cross-correlation produces a small improve-
ment when the Fisher matrix [3x2pt + GC,] is used as refer-
ence. For a small number of bins, this positive contribution is in
general compensated by cross-covariance effects when the per-
centage differences are referred to the [3x2pt] + [GC,] Fisher
matrix. When using 40 spectroscopic bins the cross-correlation
dominates and the cross-covariance effects become negligible,
and the percentage differences become always positive, inde-
pendently of the reference that is used. The parameters whose
uncertainties decrease the most are Qy, and /, gaining 15% and
10% respectively in the optimistic scenario, 10% and 5% in the
pessimistic.

Therefore, the total effect of the inclusion of
XC(GCph, GCyp) in the combination of GCy, with the 3x2pt
statistic depends on the chosen binning set, and may be domi-
nant with respect to GCgy,-3X2pt cross-covariance effects for a
large number of bins.

Harmonic approach — the 6x2pt statistics In the har-
monic approach of Eq. (44), the constraints produced by the
6X2pt analysis are equivalent to the ones given by including the
XC(GCph, GCyp) alone. The percentage differences between the
constraints from the 6x2pt Fisher matrix and the [3X2pt + GCyp]
Fisher matrix are reported in Fig. 15. These are indistinguishable
from the ones which refer to the impact of the XC(GC,p, GCyp)
cross-correlation only with respect to [3x2pt + GCyp]. This is
expected, since in the above paragraphs it has been shown that
XC(WL, GCyp) provides a negligible contribution with respect
to XC(GCpy, GCyp).

Hybrid approach The contribution of the XC(WL, GCy;,) and
XC(GCph, GCyp) signals in the hybrid approach is reported in
Fig. 17. In this case the reference used is always the indepen-
dent combination [3X2pt] + [GCyp(Py)], since in the hybrid ap-
proach the cross-covariance between GCq,(Py) and the 3x2pt is
neglected.

Hybrid approach — adding XC(WL, GCs,) In the hybrid ap-
proach the impact of the XC(WL, GC,p) cross-correlation on
the constraints from [3x2pt + XC(WL, GCyp)] + [GCyp(Pr)],
relative to [3x2pt] + [GCsp(Py)], is negligible, being always
less than 0.05%, both in the optimistic and in the pessimistic
scenarios. This result is similar to what is found with the
harmonic approach, in which we consider the comparison of
[3x2pt+ GCyp + XC(WL, GCyp,)] with respect to [3x2pt + GCyp],
to isolate the impact of XC(WL, GCyp). This is expected, since
there are no differences in the 3x2pt between the two ap-
proaches, and, in particular, the XC(WL, GC,) cross-correlation
is computed in the same way in the two cases.
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Fig. 15: Impact of the XC(GCpp, GCy,) and XC(WL, GCy,) cross-correlations on marginalized 1-o- uncertainties, with respect to the constraints
given by the [3x2pt + GC,p] Fisher matrix, in which the cross-covariance between 3x2pt statistics and GCg, is taken into account. The
top panels refer to the optimistic scenario, while the bottom panels refer to the pessimistic one. The percentage differences related to
XC(WL, GCy;,) have been multiplied by 100 to make them visible when using a single scale on the y axis.

Hybrid approach — adding XC(GCph, GCyp) In the hybrid ap-
proach the impact of the XC(GCpp, GCy;,) cross-correlation on
the constraints from [3x2pt + XC(GCpp, GCyp)] + [GCyp(Pr)],
relative to [3X2pt] + [GCyp(P)], is slightly smaller than in the
harmonic one with 4 spectroscopic bins. Fig. 17 shows that the
absolute percentage differences on all constraints is always be-
low 2%. The gain on the FoM is ~ 1% both in the optimistic and
the pessimistic scenario. The parameters whose uncertainties are
affected the most are Qy and &, with a gain of 1.5% at most in
the pessimistic scenario, and less than 0.5% in the optimistic sce-
nario.

Hybrid approach — the 6x2pt statistics The constraints given
by the hybrid 6x2pt statistics are similar to the ones given by
the inclusion of the XC(GC,p, GCyp) cross-correlation only. This
is manifest in Fig. 17. Nonetheless, in the hybrid approach the
inclusion of the XC(GCp, GCyp) cross-correlation has a neg-
ligible impact on the constraints, as discussed in the above
paragraph. Therefore, the Fisher matrix of the hybrid 6x2pt
statistics produces constraints that are almost equivalent to the
[3x2pt] + [GC,(Pr)] Fisher matrix.

5.3. The 6x2pt statistics: hybrid approach vs harmonic
approach

For the 6x2pt statistics the hybrid approach performs better than
the harmonic one, especially when a small number of spectro-
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scopic bins is used for the latter. The comparison of the two
approaches is reported in Fig. 18. In this case, the reference
adopted is the Fisher matrix of the harmonic approach, Eq. (44).
The hybrid approach produces a FoM that is 20% (40%) larger
than the harmonic one in the optimistic (pessimistic) scenario,
when 4 spectroscopic bins are used for the latter. When using
40 bins, the harmonic approach performs instead slightly better
(~ 6%) than the hybrid one in the optimistic scenario, while it is
equivalent to it in the pessimistic scenario.

Regarding the marginalized 1-o uncertainties on the dark
energy parameters, wo-w,, the hybrid approach always provides
better constraints than the harmonic one, regardless of the num-
ber of spectroscopic bins used for the latter. However, the har-
monic approach with 40 bins produces a slightly higher FoM
than the hybrid one in the optimistic scenario.

Fig. 18 shows that the hybrid approach performs drastically
better in constraining A, producing a 1—o- uncertainty on it which
is always more than 70% smaller than the one in the harmonic
approach. The hybrid approach gives better uncertainties than
the harmonic one for ng and Qy too. For ng the uncertainty of
the hybrid approach is always smaller than the one of the har-
monic approach by 30-40%. For €, the hybrid approach gives
a 60% smaller uncertainty than the harmonic approach with 4
bins, while the difference is about 20% with 40 bins. Concern-
ing the uncertainty on €, the two approaches produce results
that are always comparable within 5%. Finally, on og the har-
monic approach with 12 bins performs slightly better than the
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Fig. 16: Impact of the XC(GCp, GCy,) and XC(WL, GCyp) cross-correlations on marginalized 1-o- uncertainties, with respect to the constraints
given by [3x2pt] +[GCy;, ], 3x2pt and GCg, are combined as independent. The top panels refer to the optimistic scenario, while the bottom

panels refer to the pessimistic one.

hybrid one. In the optimistic scenario the uncertainties on g are
always comparable, while in the pessimistic case the harmonic
approach produces a 10% smaller uncertainty when using 40 to-
mographic bins.

6. Main results and conclusions

In this work we presented the results of the first Euclid fore-
casts that include all the pairwise correlations between the
main probes: weak lensing (WL), photometric galaxy cluster-
ing (GCpp), and spectroscopic galaxy clustering (GCyp,). We have
studied these correlations from two points of view. First, off-
diagonal terms of the covariance matrix, the cross-covariances,
that account for the statistical correlation between two different
probes. Second, as additional observables, the cross-correlation
signals which can be sensitive to cosmological parameters.

This work is a natural extension of the Euclid IST forecast
EP-VII, considering WL and GCpy, and their correlation in the
2D harmonic domain. The GCy, was instead studied in the 3D
Fourier domain, and to a first approximation was assumed to be
independent on the other two probes. Here we extend the har-
monic formalism also to GCp, with the aim of including the
XC(GCph, GCyp) and XC(WL, GCyp) correlations in the analysis
as well. Differently, a work complementary to this one intro-
duces a new data vector, essentially the ratio of the correlation
of the two samples. Since this data set is free from sampling
variance, it aims to achieve a significant improvement in the fi-

nal constraints on the cosmological parameters Dournac et al.
(2024).

We have considered two different approaches to include the
cross-correlations in the analysis: the harmonic approach and the
hybrid approach.

In the harmonic approach all the observables — the two-point
correlation functions — are treated in the harmonic domain, i.e.,
using the C(€)’s formalism. This approach allows us to naturally
include all cross-covariances between the observables, computed
via Eq. (23). Nonetheless, it has the disadvantage of significantly
lowering the constraining power of GCyp, since the integral along
the line of sight prevents to fully exploit the accurate radial in-
formation provided by the spectroscopic clustering. In order to
recover such information, we tried to refine the tomographic bin-
ning of the projected GCjp, from 4 bins (the baseline setting) up
to a maximum of 40 bins, but in any case we neglected RSD in
the angular GCg, power spectra.

In the hybrid approach, all the observables are stud-
ied in the harmonic domain — including XC(WL, GCy,) and
XC(GCph, GCyp) — except for the GCyp auto-correlation func-
tion. We have considered it as an independent observable, adding
the GCyg, Fisher matrix that had been computed in EP-VII, us-
ing the 3D Fourier power spectrum as observable. The main ad-
vantage of this approach is that it fully exploits the potential of
GC,p, keeping the information from radial BAO and RSD avail-
able thanks to accurate spectroscopic redshift measurements. At
the same time the XC(GCpp, GCy,) and XC(WL, GCyp) cross-
correlations are correctly included in the analysis as harmonic
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two-point functions, i.e., C({)’s. However, this approach comes
with a drawback.

It is not obvious how to compute the cross-covariance terms
between the 3D GCq, auto-correlation and the 2D 3x2pt observ-
ables. Therefore, according to the conclusions from the analysis
in the harmonic domain (which correctly accounts for the pro-
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jected part of such cross-covariances), indicating that the impact
of this “projected” cross-covariance on the Euclid performance
is negligible, and assuming that it is a good approximation of the
full 3D-2D covariance (especially because the 3x2pt statistics
only depends on transverse modes), in the hybrid approach we
neglect the cross-covariances between 3D and 2D probes. How-
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Fig. 19: Comparison between harmonic and hybrid approaches for the case of 6x2pt statistics. The left panels refer to the pessimistic scenario,

while the right panels refer to the optimistic one.

ever, we would like to point out that the methodology presented
in this paper is not meant to be used with forthcoming Euclid
data, but as a tool to forecast the impact of cross-correlations and
covariances among the Euclid photometric and spectroscopic
probes.

We summarize the results of our analysis in the three cases
considered: the combination of GC,y, and GCgp, the combination
of WL and GCg,, and the so-called 6x2pt, i.e., the full combina-
tion of WL, GCpy,, GCy;, altogether. In the latter case — which is
the most interesting one for the Euclid data analysis — we present
the results in an optimistic and pessimistic scenarios. Instead, for

the two pairwise combinations GCp,-GCy, and WL-GCgp,, we re-
port the results for the optimistic scenario alone.

Combination of GCp, and GCy, In the harmonic approach,
the full analysis, [GCpp, + GCyp + XC(GCpp, GCyp)], i.e., includ-
ing the cross-covariance and cross-spectrum, provides a FoM of
69 in the baseline setting of 4 spectroscopic bins. For the combi-
nation of GCpy, and GCy, the cross-covariance between the two
can be considered practically negligible, as it does not change
the uncertainties on the cosmological parameters by more than
6% and the FoM (computed considering only the 3x2pt statistics
associated with GC) by more than 3%, with respect to the refer-
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Fig. 20: Contour plots showing the comparison between the two approaches in the case of the 6x2pt statistics.

ence combination in the harmonic domain, [GCpp] + [GCy, ], of
the two probes taken as independent. In the harmonic approach,
the XC(GCpp, GCyp) cross-correlation signal starts to be signif-
icant only when using 40 bins, yielding a maximum FoM of
153, which is 38% higher than for the [GCpy] + [GCsp] combina-
tion. Regarding the uncertainties on wy and w,, the improvement
given by the XC(GCyy,, GCyp) cross-correlation is 5 and 6% re-
spectively in the baseline 4 bins setting, while it is 23% and 25%
when using 40 bins. The gain on the uncertainties on the other
parameters is less than 5% with 4 bins and ranges from 10% to
20% with 40 bins.

In the hybrid approach, the full analysis,
[GCph + XC(GCpp, GCyp)] + [GCyp(Py)], including the cross-
spectrum but neglecting the cross-covariance, gives instead a
FoM of 234, which is much higher than in the harmonic case.
However, in the hybrid case the impact of the XC(GCpp, GCyp)
signal is negligible, since combining the probes as independent,
[GCpnl + [GCs,(Pr)], provides a FoM of 230, which is only
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1.7% lower than in the full case. The gain on the marginalized
uncertainties is even smaller, being always less than 1%.
Therefore, it is possible to conclude that the XC(GCpp, GCyp)
cross-correlation can be neglected in the combination of GCpy,
with GCyp.

Combination of WL and GCg, In the harmonic approach, the
full analysis, [WL + GC,, + XC(WL, GCyp)], i.€., including the
cross-covariance and cross-spectrum, provides a FoM of 103 in
the baseline setting of 4 spectroscopic bins. For the combination
of WL and GC,, the cross-covariance is even more negligible
than for the GC case above, impacting the constraints always
by less than 1% with respect to the independent combination,
[WL] + [GCsp], computed in the harmonic domain. In this do-
main, the XC(WL, GCyp,) cross-correlation signal improves the
constraints almost independently of the number of tomographic
bins used for GCy,. The percentage gain on the corresponding
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Table 7: FoM of the 6x2pt statistics in the harmonic and hybrid ap-
proaches.

6x2pt FoM forecasts
Fisher matrix FoM  AFoM AFoM (%)

Optimistic scenario
[3x2pt] + [GCep(Pr)] 1216.16

bins

11.53 +0.95%

4 6x2pt hybrid 1227.69

6x2pt harmonic 101843 -197.73 -16.26%
12 6x2pt harmonic  1073.31 —-142.85 -11.75%
24 6x2pt harmonic  1151.13 -65.03 -5.35%
40 6x2pt harmonic  1296.44 80.28  +6.60%

Pessimistic scenario
[3x2pt] + [GCyp(Pyr)] 549.37 - -

4 6x2pt hybrid 555.87  6.50 +1.18%

6x2pt harmonic  379.85 -169.52 -30.86%
12 6x2pt harmonic =~ 434.00 -115.37 -21.00%
24 6x2pt harmonic  486.40 —-62.97 -11.46%
40 6x2pt harmonic  550.82 1.45 +0.26%

Notes. The AFoM columns quantify the differences with respect to the
[3x2pt] + [GCyp(Py)] combination, which is used as reference to as-
sess the impact on the FoM of the XC(GC,,, GCyp) and XC(WL, GCyp)
cross-correlations.

FoM, produced by the XC inclusion, is 38% and 33% with 4
and 40 bins, respectively. This seemingly counterintuitive trend
has been explained in Sect. 4.2: it is due to the fact that the per-
formance of the harmonic GCg, auto-spectrum alone improves
faster than for XC(WL, GCy,) when refining the spectroscopic
binning. The value of the FoM provided by the full combination,
[WL + GC,, + XC(WL, GCyp)], increases to 188 with 40 bins,
i.e., by ~ 45% with respect to the baseline 4-bin setting.

The XC(WL, GC,p) signal also improves the uncertainties on
Qn and g, by 12%—-18% for the former and 11%—-16% for the
latter. The error decrease for Q and ng ranges instead from 5%
to 8% for the former and from 5% to 2% on the latter. Finally,
the uncertainty on 4 is the only exception to this trend, with an
improvement only by 1%—-4%.

In the hybrid approach, the full analysis,
[WL + XC(WL,GCgp)] + [GCyp(Pr)] provides a FoM of
183, which is comparable to the harmonic case for the 40-bin
setting, but is ~ 56% larger than the 4-bin case. In the hybrid
approach, the impact of the XC(WL, GC,) signal is not neg-
ligible, since the FoM is 15% larger than for the independent
combination, [WL] + [GCy,(Py)], of the two probes. The
improvements on the marginalized uncertainties are all in the
range between 4% and 8%, with no significant differences
between the parameters. The uncertainty on €, improves the
most, by about 8%, while the smallest improvement is on ns,
with an error decreasing by slightly less than 5%.

Combination of WL, GCp,, GCy, and the 6x2pt statistics In
the harmonic approach, the full 6x2pt analysis, Eq. (44), i.e., in-
cluding all cross-covariances and cross-spectra, provides a Eu-
clid FoM of 1018 in the baseline 4-bin setting. The overall im-
pact of the cross-covariances between the angular GCs, and the
3x2pt statistics, with respect to the independent combination

[3x2pt] + [GCyp], is slightly higher than for the pairwise combi-
nations GCpy-GC,p and WL-GCy,,, reported above. This is pre-
sumably due to the cumulative effect of three independent off-
diagonal covariance blocks. However, the increase on parameter
uncertainties is never larger than 8%, as Fig. 14 shows.

Concerning the impact of the cross-correlation signals be-
tween GCgp, and 2D probes, this is always negligible both in the
harmonic and hybrid approaches. Here below we summarize the
different contributions.

- XC(WL, GCy,) case:

e In the harmonic approach, the XC(WL, GCy,) is defi-
nitely negligible both in the optimistic and pessimistic
scenarios: it always improves parameter constraints by
less than 0.05%, with respect to the independent com-
bination, [3x2pt] + [GC,], computed in the same ap-
proach. This is because the contribution brought by
the XC(WL, GCyp) is dominated by the XC(WL, GCpyp),
which is already present in the Fisher matrix used as ref-
erence.

e In the hybrid approach, similarly the XC(WL, GC,)
cross-correlation improves both the FoM and the uncer-
tainties by always less than 0.05% with respect to the
independent [3x2pt] + [GCgp(Py)] combination.

- XC(GCpp, GCyp) case:

o In the harmonic approach, the performance improvement
due to XC(GCpp, GCyp) is always below 5% when com-
pared to [3x2pt + GC,], while it is dominated by the
covariance effect when compared to [3x2pt] + [GCyp].
The only exception is when using 40 bins for GCjp:
in this case the FoM improves by about 10%, while
the marginalized uncertainties on Qy and % decrease by
~ 15%. The uncertainties on the other parameters de-
crease by always less than 5% instead.

e In the hybrid approach, the XC(GC,p, GCy,) improve-
ment is always below 2%, for both FoM and uncer-
tainties with respect to the independent combination
[3x2pt] + [GCgp(Py)], since, in this case, only the base-
line setting of 4 spectroscopic bins can be used for con-
sistency with the official 3D spectroscopic galaxy clus-
tering approach.

In general, the effect of the XC(GCpp, GCyp) is larger than for
XC(WL, GCyp), both in the optimistic and pessimistic scenar-
ios and both in the harmonic and in the hybrid approaches. For
this reason the 6x2pt statistics is essentially equivalent to adding
XC(GCpp, GCyp) only. Nonetheless, the improvement on the
constraints produced by the XC(GCpy, GCyp) cross-correlation
is almost always smaller than 10%.

Finally, looking at the absolute performance, the values of
the FoM are reported in Table 7, and summarized as follows:

1. the  independent combination in  flat  space,
[3x2pt] + [GCy,(Pr)], from EP-VII is taken as refer-
ence, and it gives a FoM of 1216 (549) in the optimistic
(pessimistic) scenario;

2. in the harmonic domain, the angular 6x2pt statistics with
40 spectroscopic bins provides a total FoM of 1296 (550)
in the optimistic (pessimistic) scenario, which is only 6.6%
(0.26%) better than 1. When using the standard 4 spectro-
scopic bins it gives a FoM of 1018 (380) in the optimistic
(pessimistic) scenario, which instead is 15% (31%) worse
than 1.

3. The hybrid 6x2pt statistics is essentially equivalent to the
[3x2pt] + [GCs,(Pr)] case, with a FoM of 1228 (556) in the
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optimistic (pessimistic) scenario, i.e., only 1.18% (0.95%)
better than 1.

Therefore, we can affirm that the XC(GCpp, GCy,) and
XC(WL, GCyp) cross-correlations have negligible impact on the
Euclid performance when added to the combination of GCg, and
the 3x2pt statistics, both in the harmonic and hybrid approaches.

In conclusion, either the cross-covariances (here computed
only in the harmonic approach) or the cross-correlations (com-
puted both in the harmonic and hybrid approaches) between
the two Euclid main probes, i.e., GC, and the so-called 3x2pt
statistics, have a negligible impact on the cosmological param-
eter constraints and, therefore, on the Euclid performance. Re-
garding the cross-covariance impact, this issue was addressed
also in Taylor & Markovi¢ (2022), but following a different ap-
proach: they derived an analytical expression for the Gaussian
cross-covariance between the 3x2pt statistics and the GC,p mul-
tipoles. Also this approach leads to a negligible impact of the
cross-covariance, hence corroborating our findings.

In the case of the hybrid approach, we attribute this result
to the effect of the XC(WL, GCpy,) cross-correlation which is
dominant with respect to the other cross-correlations, and to the
higher performance of the full anisotropic 3D GCj, probe with
respect to the projected one.

In the case of the 2D harmonic approach, we attribute this
result to two main limitations of the 2D projected GCy, approx-
imation: the high shot noise and the limited redshift range of
the sample, with respect to the 3x2pt statistics, together with
the suppression of radial information, as RSD. We have found
that, under two conditions, GCg, in harmonic space becomes
equivalent to GC,y, in terms of constraining power, as it can be
seen from Fig. 7. The first condition is to reduce the shot noise
of GCy, to the same level of GCp,. The second is to restrict
the tomographic bins of GC,y, to the 4 photometric bins con-
tained in the GCyg, redshift range. Under these same conditions,
XC(WL, GCyp) and XC(WL, GCpy) equally contribute to the Eu-
clid performance, as we show in Fig. 12. Nonetheless, these con-
ditions are not realistic.

Finally, we would like to point out to the reader that in our
work we focused on the impact of the Euclid photometric and
spectroscopic probes on the cosmological parameters’ determi-
nation, neglecting the implications for systematics. For instance,
as studied in Newman (2008), it is possible to use the photomet-
ric and spectroscopic cross-correlations to calibrate the photo-
metric galaxy density. On the same side, with a 6X2pt pt analy-
sis it is possible to perform the so-called “shear-ratio test” (Jain
& Taylor 2003); although there is not a great deal of cosmolog-
ical information encoded in these data, they can be used to cali-
brate the shears and redshifts of the photometric sources (John-
son et al. 2017).

Future extensions of this work will overcome some approxi-
mations that have been made. First, we have computed the C(£)’s
making use of the Limber approximation. It has been shown in
Fang et al. (2020) that this may result in a biased analysis. Us-
ing the exact expression for computing the angular power spec-
tra would help to prevent this issue. Second, we have computed
the C(£)’s covariance with Eq. (23) as in EP-VII, and this for-
mula only accounts for the Gaussian contributions. Comparison
with covariances estimated from N-body simulations showed
that the inclusion of non-Gaussian effects may be necessary in
order to reach a better agreement with simulations (Krause et al.
2017). In order to obtain a more realistic signal-to-noise ratio
we have performed some forecasts including the SSC contribu-
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tion as computed in Lacasa & Grain (2019): the results of this
study are not modified, as we found both the cross-covariance
and the cross-correlation between the photometric and spectro-
scopic probes to be negligible even in this scenario. Third, in
what we have called the hybrid approach we have neglected the
covariances between the Fourier GCg, auto-correlation and the
3x2pt probe. Our calculations in harmonic space suggest that
these terms may be negligible. Nonetheless, providing analyti-
cal modeling of these terms when GCg, is studied in 3D Fourier
space would surely help to confirm our findings.
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Appendix A: Details of the cross-covariance

There are three possible angular power spectra that can be con-
structed from two probes A and B:

— auto power spectrum of A, CAA(¢);
— auto power spectrum of B, CBB(£);
— cross power spectrum between A and B, CAB(¢).

As a concrete example, consider A = GCp, and B = WL.

Combining GCy, and WL as independent probes When
assuming GC,, and WL to be independent, the resulting Fisher
matrix will be given by the sum of the Fishers of the two single
probes. According to the conventions explained in Sect. 3.2, the
resulting Fisher is denoted as [GC,]+[WL]. This case is equiva-
lent to building a data-vector including the two auto-correlations

C() = {CPhPh(f), Cwlwl(f)} ) (A1)

and setting to zero the off-diagonal blocks of the associated co-
variance matrix
Cov [C(0), C(D] =

Cov [CP®h(f), CPhvh(s)| 0

. (A2
0 Cov [Cwlwl (f), CWlWl(f)] ( )

This is equivalent to neglecting the cross-covariance between the
auto-correlations of the two single probes, which is given by the
block

Cov [CP™"(6), C*™(0)] .

Since the matrix in Eq. (A.2) is block diagonal, its inverse is of
the same form:

A 0y (ATt o0
(0 B) Lo B
Therefore the matrix product entering the Fisher matrix

element is simply given by the bilinear form between
(CPPPR(f) , C¥™(£) )T and a block-diagonal covariance ma-

trix, whose diagonal blocks are Cov [Cphph(f), Cphph(f)]_1 and

Cov [CW]WI(K), CWIWI(K)]_I. The resulting Fisher matrix element
is

(A3)

GCpr+WL

Faﬁ

(0 = [C*0),]" Cov|[CP™ o), Coh o) e,
+ [Cwlwl (f)’a]T Cov [Cwlwl ({;), Cwlwl (f)] -1 Cwlwl (Z)"B
= Fog"(0) + Fag(0) . (A4)

which is the simple sum of the fisher elements associated with
the single probes.

Combining GC, and WL with cross-covariance The Fisher
matrix in this case is denoted as [GC,, + WL]. The data-vector
is the same as the previous one (Eq. A.1), but the off-diagonal
blocks of the covariance matrix are taken into account
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Cov [C(£),C(0)] =
Cov [Cphph(f), Cphph(f)] Cov [Cphph(g)’ Cwlwl (f)]

. (AS)
Cov [C¥™™(6), CP®h(£)| - Cov [CYM(6), C™(0))

This matrix is not block-diagonal, hence, when inverting it, the
blocks will mix with each other. There exist some formulas
based on the Schur complement (Gupta A. K. 2000) for the in-
verse of a 2 X 2 block matrix, but writing it down does not help
to enlighten what happens in this case. From an intuitive point
of view, the cross-covariance between two observables should
worsen the constraints with respect to combining the two probes
as independent. This can be understood with the following ar-
gument. If two observables exhibit a non-zero cross-covariance,
there will be a mutual correlation between the two. In particular,
a change in one of the two — for example induced by a varia-
tion of the cosmological parameters — will statistically induce
a corresponding variation in the other. This in turn means that
the two observables will share an amount of cosmological in-
formation, and therefore the total information coming from their
combination will be less than the direct sum of the two pieces of
information carried individually by the two of them.

Combining GCy,, WL and their cross-correlation Here both
the covariance and the cross-correlation between GCp, and WL
are taken into account. The resulting Fisher matrix is denoted
as [GCpn + WL + XC(GCpp, WL)], and the data-vector includes
accordingly the maximal set of the available C(£)’s

C(t) = {CP™ (), ™™ (o), C™ ()} (A.6)

and the covariance is the full 3 X 3 block matrix associated with
this data-vector has the following entries

Cov [C(£), C(O];; = Cov|CP™h(£), CP™h ()]
Cov [C(£), C(DO];, = Cov | CP™h(e), €™ (1))
Cov [C(£), C(O];, = Cov |CP™h(£), C*™(0)]
Cov [C(£), C(O)]y, = Cov|CP™(£), ™ (1))
Cov [C(£), C(O];3 = Cov |CP™(£), C*™(0)]
[

Cov [C(£), C(0)]33 = Cov |CY™(p), CW'W‘(f)] ) (A7)

In this case the new information coming from the cross-
correlation is added to the data-vector, and this contribution is
expected to tighten the resulting constraints with respect to the
uncorrelated sum. In particular, the cross-correlation is itself a
function of the cosmological parameters, meaning that its value
is be sensitive to a variation of the parameters themselves. In
this sense it is said that adding the cross-correlation signal is
expected to provide more cosmological information, therefore
improving the combined constraints. On the other hand, also all
the cross-covariances between the C({)’s are being considered in
this case, and this tends to worsen the constraints, as explained
in the previous paragraph. So there are two concurring effects,
and in principle it is not obvious which of the two is dominant.
The forecasts performed in this work show that the tightest
constraints are actually obtained when both the cross-covariance
and cross-correlation are included.
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Appendix A.1: Hybrid approach cross-covariance

The hybrid approach is equivalent to using the data vector
D = {CP(01,.. n), € (G, ), GC(PO) . (A)

and computing the Fisher matrix with Eq. (22) by using a covari-
ance matrix that can be symbolically written as

Cov [phph, phph] Cov [phph, phsp] 0
Cov [phsp, phph]  Cov [phsp, phsp] 0
0 0 Cov [spsp, spsp]

(A.9)

The upper left 2 X 2 sector contains the covariances between
the elements of the CP'"P"(£) and CPMP(¢) matrices, organized
in block-diagonal form for all multipoles as in Eq. (27). Anal-
ogously, the lower right corner block represents the auto-
covariance of the spectroscopic galaxy Fourier power spectrum
for all wave-numbers and redshifts considered. The zeroes cor-
respond to the elements containing the unknown covariances be-
tween the 2D and 3D power spectra, which are therefore ne-
glected.
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Dear Editor and Referee,

thank you for the time spent reading our manuscript. Here is a list of the comments from the
referee with the relative answer. When there was a major change to tha paper text, we have
added the new sentence here as well. All changes have been highlighted in a latex-diff.pdf
we have uploaded. We think that we have answered to all the points from the referee.
Thanks again for your time,

Marco Bonici (on behalf of the authors)

Dear Editor and Authors,

| finished reading the manuscript "Euclid preparation: 6x2pt analysis of Euclid’s
spectroscopic and photometric data sets". This paper is a natural continuation of the Fisher
matrix analysis of the Euclid paper EP-VII by considering in a consistent way the
cross-correlation and cross-covariance contributions of the galaxy clustering spectroscopic
sample (GCsp) with the photometric galaxy clustering (GCph) and weak lensing (WL)
observables coming from the traditional 3x2pt (GCph, WL and cross-correlation of the two)
analysis. It also agrees with the findings of alternative aproaches in the literature like the
Taylor & Markovic 2022, where it was shown that the cross-covariances between
spectroscopic and photometric data are negligible. In detail, the main focus of the paper here
is to study the combination of the GCsp sample on top of the 3x2pt in two new ways: One is
the harmonic 6x2pt, where the GCsp auto-correlation and the cross-correlation
(GCsp+GCph) as well as the cross-correlation (GCsp+WL) is performed with the harmonic
2D spectrum. The second, a hybrid 6x2pt, is now keeping the cross-correlations
(GCsp+GCph) and (GCsp+WL) in harmonic 2D space and just adding the GCsp
auto-correlation as from the traditional 3D Fourier analysis, but now ignoring
cross-covariances between 2D and 3D statistics. The authors have showed that in each of
the two approaches the extra cross-correlations and cross-covariances are in any case
negligible on the constraining power of the cosmological parameters. They have performed a
case-by-case study on the various cross terms (correlations and covariances) and how they
impact the Figure-of-Merit and the marginalized constraints of the parameters.

Overall, | would consider the manuscript well-written, original, and clear. However, | have
attached a few minor comments that may help to strengthen the presentation of the
manuscript. Therefore, | believe that this work warrants publication in the A&A journal once
the authors make these minor revisions by addressing the comments below.

Please find below my comments on the manuscript.

Section 2:

1) Regarding equation 1 and 2: It would be better introduce the parameters w0, wa
,Omega_m, HO, h, ns, M_v in the main text rather than the in table caption.

Answer: as suggested | introduced the cosmological parameters right after Eq. 1 and
referred to Table 1 for the fiducial values (after removing the reference to Omb and Omm in
the caption).



2) Equation 6; Please, introduce 'c' as the speed of light, wavenumber 'k' and state that 'r(z)'
is the radial comoving distance for a flat cosmology.

Answer: done as suggested.
Section 2.3:

3) In the paragraph following equation 17. It would be better to elaborate a bit on the reason
why the RSD are not included in the harmonic space 2D spectrum of the GCsp. Although it
is true that some RSD information is lost due to the line-of-sight integration in the projected
2D harmonic spectra, what is left could still be relevant for top-hat bins. This point, in fact,
could be even more relevant especially in the case where more and thinner tomographic
bins are considered (like 24 or 40).

Answer: The referee correctly pointed out that while some RSD information is lost due to
line-of-sight integration in projected 2D harmonic spectra, the remaining signal could be
relevant, particularly with thinner tomographic bins. So, although it is possible there is a
signal we neglected, our approach is supported by two key considerations:

1. Taylor & Markovic (2022) conducted a similar analysis that included RSD and found
results consistent with ours, suggesting that the omission of RSD does not
significantly impact our main conclusions regarding the minimal effect of
cross-covariances.

2. Ourresults on GCsp in harmonic space align with the IST:F forecasts for Euclid,
which did include RSD, further corroborating our findings

3. ltis possible to perform measurements by using the approach of Nock et al. 2010
(arxiv 1003.0896), by binning in apparent galaxy pair-centre rather than galaxy
position. Such an approach would actually suppress the effect of RSDs, making our
analysis way closer to the actual measurements.

We acknowledge that with thinner tomographic bins (such as 24 or 40 as you suggest), the
relevance of RSD might increase. While we believe the signal loss in our current analysis is
likely small, we recognize this as a limitation of our work. We plan to investigate this
thoroughly in a follow-up study using simulations that include all relevant effects, which will
allow us to quantify precisely any information gain from including RSD with varying bin
widths.

We have added a sentence to the manuscript in the paragraph following Eq. (17) to clarify
the reasoning behind omitting RSD and to acknowledge the referee’s point about potential
residual signal in thinner bins.

"While some residual RSD information could, in principle, remain in the projected 2D
spectra, especially for thinner tomographic bins, we neglect RSD in this analysis; however, a
previous study that included RSD found similar results~\citep{Taylor:2022rqy}, suggesting
that any impact on our conclusions is minimal. Furthermore, if one were to carry a harmonic
analysis for the GCsp sample as we suggest here, it is possible to make the measurement
with an approach similar to Nock at al. 2010; such an approach reduces the RSD signal in
the measured summary statistics, hence removing a possible mismatch between data and



modelling. We leave a detailed investigation of RSD effects to future work, which will
leverage a dedicated suite of simulations incorporating all relevant observational effects.

Section 3:

4) Equation 2: The transpose symbol is needed on the data vector of the first derivative (left
part).

Answer: added the transpose symbol as suggested

Section 3.1:

5) Table 4: In the Baseline GCsp the shot noise should refer to equation 37 and not equation
41.

Answer: corrected the reference in Table 4.
Section 5:

6) Paragraph 4: It would be nice to have also a plot of the alternative GCph binning with only
4 photometric bins.

Answer: we would prefer to avoid adding such a figure because the bins we are using for
that scenario are simply a subset of the bins used for the other analysis (hence the plot
would not add any additional information). For completeness, here is the plot that would be
produced if we were tho show the alternative binning
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Section 4.1.1:

7) Fig.7 is mentioned in the text straight after Fig.2. | think it would be better if it was
renamed as Fig.3 and then change the names of the rest of the figures accordingly.

Answer: as suggested from the referee, Fig. 7 was moved right after Fig. 2.

8) In the second paragraph of section 4.1.1 : It looks from Fig.7 that the [GCph + GCsp]
Fisher matrix is shown with cyan and not blue and also [GCph] + [GCsp] with green and not
cyan.

Answer: the referee is right, there is a mismatch between the used colors and the
description in the text. The text has been corrected.

Section 4.1.2:

9) Line 7: Similarly to the previous point; It looks from Fig.7 that the [GCph + GCsp +
XC(GCph , GCsp )] Fisher matrix is shown with orange and not green.

Answer: the referee is right, there is a mismatch between the used color and the description
in the text. The text has been corrected.

10) Fig.4 caption mentions "baseline optimistic scenario" but the figure label says "Scenario:
Pessimistic".

Answer: the referee is right. We fixed the figure label, which now correctly says “Scenario:
optimistic”.

Section 4.1.3:

11) Paragraph second to last of 4.1.3: 'Figure 6 shows also the two probes in the baseline
configuration,'. | see now that "figure" is now referred to as 'Figure' and not as 'Fig.' which is
elsewhere. It should be homogenized.

Answer: corrected the notational inconsistency
Section 5.1:

12) In the second line 'Fig. 14' is mentioned however, 'Fig. 13" is never mentioned in the text
before.

Answer: we have added a sentence referencing to Fig 13 before the one referencing to Fig.
14.

Finally, Fig. 13 shows a comparison between the harmonic and hybrid approach. As can be
seen from the plot, when increasing the number of bins in the harmonic case, the constraints
approach that of the hybrid case.



Section 5.2:

13) Page 19: "Figure 16 shows that when the independent combination..." Same thing about
'Fig.' and 'Figure' references. Please homogenize.

Answer: corrected the notational inconsistency

Section 5.2:
14) Page 20: Same thing about the 'Figure 17' reference.

Answer: corrected the notational inconsistency

Section 5.3:

15) Page 21: Same thing about the 'Figure 18' reference.

Answer: corrected the notational inconsistency

Section 6:

16) Page 22: Space needed in '3x2ptobservables'.

Answer: space added.

17) Caption of Fig. 19: 'The top panels refer to the optimistic scenario, while the bottom
panels refer to the pessimistic one.' --> "The left panels refer to the pessimistic scenario,

while the right panels refer to the optimistic one.'

Answer: corrected the notational inconsistency
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