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Dark energy two decades after 19

Figure 9. Constraints on cosmological parameters from our analysis of current data from three principal probes: SN Ia (JLA [203];
blue), BAO (BOSS DR12 [30]; green), and CMB (Planck 2015 [74]; red). We show constraints on ⌦m and constant w (left panel)
and on w0 and wa in the parametrization from (17), marginalized over ⌦m (right panel). The contours contain 68.3%, 95.4%, and
99.7% of the likelihood, and we assume a flat universe in both cases.

crowave background at first appears disappointingly
insensitive to dark energy. This näıve expectation is
borne out because the physics of the CMB takes place
in the early universe, well before dark energy becomes
important. There, baryons and photons are coupled
due to the Coulomb coupling between protons and elec-
trons and the Thomson scattering between electrons
and photons. This coupling leads to coherent oscilla-
tions, which in turn manifest themselves as wiggles in
the observed power in the distribution of the hot and
cold spots on the microwave sky. The angular power
spectrum that describes the statistical distribution of
the temperature anisotropies (see the lower left panel
in figure 5) therefore has rich structure that can be
fully predicted as a function of cosmological parame-
ters to sub-percent-level accuracy. The angular power
spectrum is a superb source of information about, not
only the inflationary parameters, but also dark matter
and even, as we discuss here, dark energy.

Dark energy a↵ects the distance to the epoch
of recombination, and therefore the angular scale
at which the CMB fluctuations are observed. This
sensitivity is precisely the reason why the CMB is
in fact a very important complementary probe of
dark energy. Given that the physics of the CMB
takes place at the redshift of recombination when
dark energy is presumably completely negligible, the
physical structure of CMB fluctuations is una↵ected
by dark energy, as long as we do not consider the early
dark energy models with significant early contribution
to the cosmic energy budget. The sound horizon rs,
defined in (31), is projected to angle

✓⇤ =
rs(z⇤)

r(z⇤)
, (35)

where z⇤ is the recombination redshift and r is the
comoving distance (8). The latter quantity is a↵ected
by dark energy at z . 1 (see figure 5). Therefore,
dark energy a↵ects the angle at which the features are
observed — that is, the horizontal location of the CMB
angular power spectrum peaks. More dark energy
(higher ⌦de) increases dA and therefore shifts the CMB
pattern to smaller scales, and vice versa.

To the extent that the CMB provides a single
but very precise measurement of the peak location, it
provides a very important complementary constraint
on the dark energy parameters. In a flat universe,
the CMB thus constrains a degenerate combination of
⌦m and w (and, optionally, wa or other parameters
describing the dark energy sector). While the
CMB appears to constrain just another distance
measurement — much like SNe Ia or BAO, albeit at a
very high redshift (z⇤ ' 1000) — its key advantage is
that the dA measurement comes with ⌦mh2 essentially
fixed by features in the CMB power spectrum. In other
words, the CMB essentially constrains the comoving
distance to recombination with the physical matter
density ⌦mH2

0 fixed [206],

R ⌘
q

⌦mH2
0 r(z⇤) , (36)

which is sometimes referred to as the “CMB shift
parameter” [96, 207]. Because of the fact that
⌦mh2 is e↵ectively factored out, the CMB probes a
di↵erent combination of dark energy parameters than
SNe or BAO at any redshift. In particular, the
combination of ⌦m and w constrained by the CMB
is approximately [208] D ⌘ ⌦m � 0.94⌦m (w � w)
where (⌦m, w) ' (0.3,�1). This combination is
measured with few-percent-level precision by Planck ;
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 1.2: Relative probability density functions for several current methods for measur- ing H0. The
CMB, BAO, strong lensing and TRGB methods currently yield lower values of H0, while Cepheids
yield the highest values. The uncertainties associated with H0 measure- ments from gravitational wave
sirens, strong lensing, Miras, masers, and SBF are currently significantly larger than the errors quoted
for the TRGB and Cepheids.”

Key Questions

• Are there deviations from general relativity, and on what scales?

• Are there deviations from the standard model of particle physics?

• Are there deviations from the standard cosmological model?

• What is the nature of dark matter ?

• What is the origin of the accelerated expansion ?

• Can we identify specific observational signatures of inflation?

• What can gravitational waves observations reveal about dark energy, dark matter and mod-
ifications of gravity on cosmological scales?

1.2 Research domains

We briefly summarise the current status and some open questions in cosmology, in chronological order
of the Universe’s expansion or in some cases being of importance to a number of eras.
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Power Spectrum,  / 2-Point Function, P(k) ξ(r)

3448 L. Anderson et al.

Figure 7. Histogram of (α − 〈α〉)/σα measured from ξ (r) of the post-
reconstruction mocks, where 〈α〉 is the mean. This quantity is a proxy
for the signal-to-noise ratio of our BAO measurement. We see that this
distribution is close to Gaussian as indicated by the near-zero K-S Dn. The
corresponding p-value indicates that we are 90 per cent certain our values
are drawn from a Gaussian distribution, indicating that the values of σα we
measure from the χ2 distribution are reasonable descriptors of the error on
α measured by fitting ξ (r).

also makes our distance estimates more robust to parameter choices
in our fitting algorithms and reduces the scatter between the distance
estimates from the the correlation function and the power spectrum.
We quantify these improvements further in the following sections.

We next compare the observed scatter in the best-fitting α in
the mocks to the σα estimated in each fit from the χ2(α) curve.
In Fig. 7, we plot a histogram of (α − 〈α〉)/σα from the mocks
and compare the result to the unit normal distribution. We find
excellent agreement; a Kolmogorov–Smirnov (K-S) test finds a
high likelihood that the observed distribution is drawn from a unit
normal. Hence the Gaussian probability distribution obtained from
the χ2 statistic is an appropriate characterization of the error on α.

6 TH E P OW E R SP E C T RU M

6.1 Measuring the power spectrum

The power spectra recovered from the CMASS DR9 data are shown
in Fig. 8 before (left) and after (right) reconstruction. The inset
shows the oscillations in these data, calculated by dividing by a
smooth model (see Section 6.2 for details). The effect of the re-
construction algorithm is clear – the large-scale power is decreased
corresponding to the removal of RSD effects, with the small-scale
power being further reduced by the reduction in non-linear power.
These data represent the most accurate measurement of a redshift-
space galaxy power spectrum ever obtained.

Power spectra were calculated using the Fourier method first de-
veloped by Feldman et al. (1994), as described in Percival et al.
(2007b) and Reid et al. (2010). We work in redshift-space as if ob-
served recession velocities solely arise from the Hubble expansion.
As we focus on measuring angle-averaged baryon acoustic oscilla-
tions, we do not convert from a galaxy density field to a halo density
field as in Reid et al. (2010), or apply corrections for Finger-of-God
effects. Given a weight wi for galaxy i at location r i , the overdensity
field can be written

F (r) = 1
N

[
∑

i

wiδD(r i − r) − 〈w(r)n(r)〉
]

, (31)

where N is a normalization constant

N ≡
{∫

d3r〈w(r)n(r)〉2
}1/2

, (32)

and 〈w(r)n(r)〉 is the expected weighted distribution of galaxies at
location r in the absence of clustering, and n(r) is the galaxy density.
The quantity δD is the standard Dirac-δ function. We do not apply
luminosity-dependent weights (as applied by Percival et al. 2007b
and Reid et al. 2010), as we are only interested in the BAO, and not
the overall shape of the power spectrum.

We chose to model the expected distribution of galaxies using a
random catalogue with points selected at the mean galaxy density

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fitting models overplotted. The vertical dotted lines
show the range of scales fitted (0.02 < k < 0.3 h Mpc−1), and the inset shows the BAO within this k-range, determined by dividing both model and data by
the best-fitting model calculated (including window function convolution) with no BAO. Error bars indicate

√
Cii for the power spectrum and the rms error

calculated from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

C© 2012 The Authors, MNRAS 427, 3435–3467
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Higher-Order Correlations, e.g. B(k1, k2, k3)

1762 H. Gil-Marı́n et al.

Figure 2. Bispectrum data: the top sub-panels display the measured LOWZ- (top panel) and CMASS-DR12 (bottom panel) bispectrum monopole for different
triangular shapes: equilateral triangles (red squares), isosceles triangles (blue circles) and scalene triangles (green triangles), ordered sequentially in k1, k2 and
k3 (see text for details of the ordering), and covering 0.03 ≤ ki [h Mpc−1] ≤ 0.18 for the LOWZ sample and 0.03 ≤ ki [h Mpc−1] ≤ 0.22 for the CMASS
sample. As for the power spectrum, the measurements correspond to a combination of the northern Galactic Cap and SGC, described by equation (8). The
displayed error bars correspond to the dispersion amongst 2048 realizations of the MD-Patchy mocks. The black solid line represents the best-fitting model
using the parameters of Table 3. The middle and the bottom sub-panels show the deviation of the model with respect to the data, as shown in Fig. 1 for the
power spectrum.

MNRAS 465, 1757–1788 (2017)

1762 H. Gil-Marı́n et al.

Figure 2. Bispectrum data: the top sub-panels display the measured LOWZ- (top panel) and CMASS-DR12 (bottom panel) bispectrum monopole for different
triangular shapes: equilateral triangles (red squares), isosceles triangles (blue circles) and scalene triangles (green triangles), ordered sequentially in k1, k2 and
k3 (see text for details of the ordering), and covering 0.03 ≤ ki [h Mpc−1] ≤ 0.18 for the LOWZ sample and 0.03 ≤ ki [h Mpc−1] ≤ 0.22 for the CMASS
sample. As for the power spectrum, the measurements correspond to a combination of the northern Galactic Cap and SGC, described by equation (8). The
displayed error bars correspond to the dispersion amongst 2048 realizations of the MD-Patchy mocks. The black solid line represents the best-fitting model
using the parameters of Table 3. The middle and the bottom sub-panels show the deviation of the model with respect to the data, as shown in Fig. 1 for the
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Voids

N. Hamaus et al.: RSD and AP with voids in Euclid
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Fig. 2. Projected void-galaxy cross-correlation function ⇠s

p(s?) in redshift space (red wedges, interpolated with dashed line) and its real-space
counterpart ⇠(r) in 3D after deprojection (green triangles interpolated with dotted line). The redshift-space monopole ⇠s

0(s) (blue dots) and its
best-fit model based on Eqs. (19) and (20) is shown for comparison (solid line). Adjacent bins in redshift increase from the upper left to the lower

right, with mean void redshift, Z̄, and e↵ective radius, R̄, as indicated in each panel.

to unity as well. We also find their posteriors to be distributed
around values of one, although their mean can deviate more
than one standard deviation from that default value. However,
the distributions of the nuisance parameters are not relevant for
the cosmological interpretation of the posterior, as they can be
marginalized over. The relative precision on f /b ranges between
7.3% and 8.0%, while the one on " is between 0.87% and 0.91%.
This precision corresponds to a survey area of one octant of
the sky, but the footprint covered by Euclid will be roughly
three times as large. Therefore, one can expect these numbers
to decrease by a factor of

p
3 to yield about 4% accuracy on f /b

and 0.5% on " per redshift bin.
The attainable precision can even further be increased via a

calibration strategy. Hamaus et al. (2020) have shown that this
is possible when the model ingredients ⇠(r),M, and Q are taken
from external sources, instead of being constrained by the data
itself, for example, from a large number of high-fidelity sur-
vey mocks. However, we emphasize that this practice introduces
a prior dependence on the assumed model parameters in the
mocks, so it underestimates the final uncertainty on cosmology
and may yield biased results. We also note that survey mocks
are typically designed to reproduce the two-point statistics of
galaxies on large scales, but are not guaranteed to provide void
statistics at a similar level of accuracy.

Nevertheless, for the sake of completeness we investigate
the achievable precision when fixing the nuisance parameters

to their best-fit values in the full analysis, while still inferring
⇠(r) via deprojection of the data as before. We note that this is
an arbitrary choice of calibration, in practice, the values of M
and Q will depend on the type of mocks considered. The result-
ing posteriors on f /b and " are shown in Fig. 5. The calibrated
analysis yields a relative precision of 1.3% to 1.8% on f /b and
0.72% to 0.75% on ". Compared to the calibration-independent
analysis, this amounts to an improvement by up to a factor of
about 5 for constraints on f /b and 1.2 for ". Extrapolated to the
full survey area accessible to Euclid, this corresponds to a pre-
cision of roughly 1% on f /b and 0.4% on " per redshift bin.
As expected, these calibrated constraints are more prone to be
biased with respect to the underlying cosmology, as evident from
Fig. 5 given our choice of calibration. It is also interesting to
note that f /b and " are less correlated in the calibrated analysis,
since their partial degeneracy with the nuisance parameterM is
removed.

We summarize all of our results in Table 1. The constraints
on f�8 and DMH are derived from the posteriors on f /b and ".
In the former case, we assume ⇠(r) / b�8 and, hence, we mul-
tiply f /b by the underlying value of b�8 in the Flagship mock,
which also assumes the relative precision on f /b and f�8 to
be the same. Moreover, we neglect the dependence on h that
enters in the definition of �8 and should be marginalized over
(Sánchez 2020). For the latter case, we multiply " by the fiducial
DMH, following Eq. (11). The results on f�8 and DMH from
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Several new methods are being proposed and explored

Power Spectrum,  / 2-Point Function, P(k) ξ(r)

Higher-Order Correlations, e.g. B(k1, k2, k3)

Voids

Density PDFMeasuring fNL with the bulk of the density PDF 467

Figure 1. Comparing the matter density PDF measured in the Quijote N-body simulations (Villaescusa-Navarro et al. 2019) to our analytic model for Gaussian
initial conditions. In this paper, we compare cosmological information obtained from the bulk of the PDF (grey area, ≈ 87 per cent of probability) to that
obtained from moments of the density field. The latter can strongly depend on the tails of the PDF which are impacted more severely by the non-linear evolution
of the density field or baryonic physics. Furthermore, methods to recover the matter density PDF from the galaxy density field (Friedrich et al. 2018; Gruen
et al. 2018) require modelling of non-linear tracer bias which is also more difficult in the tails of the PDF.

Figure 2. We test the accuracy of our PDF model for exaggerated amplitudes of primordial bispectrum templates at a smoothing scale of R = 15 Mpc h−1 and
redshift z = 1. Left: difference between PDFs obtained from non-Gaussian and Gaussian initial conditions in the Oriana simulations (points with errorbars, see
Scoccimarro et al. 2012; using f loc

NL = 100 f
equi
NL = −400 f ortho

NL = −400). Our model predictions for these differences are displayed by the solid lines. Right:
simulations run by Nishimichi (2012), Valageas & Nishimichi (2011) for local primordial non-Gaussianity with f loc

NL = ±100. Note that in all simulations
the primordial non-Gaussianity also changes the late-time non-linear variance. We absorb this by fitting different values for this variance to each simulation.
The errorbars in each panel are for individual simulations, corresponding to a volume of 14(Gpc h−1)3 for Oriana and 70(Gpc h−1)3 for Nishimichi. This
actually overestimates the uncertainty since Gaussian and pNG versions of each simulation have strongly correlated initial conditions. The remaining mismatch
between model and simulations may seem small, but it is not negligible w.r.t. the precision of future surveys. In Section 6, we discuss possible causes of these
discrepancies and how to address them in the future.

Since our model captures the impact of primordial non-
Gaussianities on the late-time density PDF realistically, we now
discuss the impact of values of fNL that are compatible with current
experimental bounds. In Fig. 3, we show the theoretically predicted
response of the PDF and its 2nd, 3rd and 4th cumulants (the variance,
skewness and kurtosis) to a primordial bispectrum of equilateral
shape and with amplitude f

equi
NL = 47, corresponding to the 1σ

uncertainty of Planck Collaboration IX (2019).2 For these figures, the
non-linear variance of the late-time density field was calculated with

2Note that while Planck can simultaneously constrain equilateral and orthog-
onal type non-Gaussianity, the PDF is only sensitive to their combination, as
we discuss in Appendix D.

MNRAS 498, 464–483 (2020)
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Figure 2: The Vietoris-Rips filtration for an annulus at three coarse-graining scales. Early in the

filtration (left), small-scale structure of the distribution is probed. At medium scales (middle), a

strong 1-cycle is born, which persists until large scales (right), at which point the topology becomes

trivial.

interpretation that pairs of vertices are connected by an edge if balls of radius r drawn around

the vertices overlap. Thus the VR filtration can be used to compute the multiscale topology of a

data set. This is depicted in Fig. 2, where we show a VR filtration at three coarse-graining scales

on a point cloud sampled from an annulus. While the VR filtration is su�cient for simple data

sets, it is rather ine�cient. Note that as r ! 1 there is an edge between every pair of vertices,

a triangle between every triple of vertices, and so on. This is impractical for large data sets. We

will use more sophisticated filtrations, defined in Section 2.3. For later reference, we note that

persistence can also be phrased in terms of sublevel filtrations of distance functions. To be more

concrete, given a point cloud X ⇢ Rn, consider the distance function dX : Rn
! R�0 defined by

dX(x) = miny2X ||y � x||. The function dX computes the distance from a point x to the closest

y 2 X. It is then clear that sublevel sets d�1
X

(�1, ⌫] of the distance function give a coarse-graining

of the set X with coarsening scale ⌫. Moreover, ⌫1 < ⌫2 implies that d�1
X

(�1, ⌫1] ✓ d�1
X

(�1, ⌫2].

In other words, the sublevel sets also define a filtration for which we can compute persistence. (Note

that to use the simplicial machinery described earlier, we must choose some suitable triangulation

of the domain.)

2.2 Persistence diagrams and derived statistics

When a p-simplex is added to a filtration, it either creates a new p-cycle or destroys an existing

(p � 1)-cycle. More precisely, it creates or destroys corresponding homology elements, which are

equivalence classes of cycles.1 The simplices, however, are unique. A persistent homology compu-

tation then amounts to computing the persistence pairs (�, ⌧) that create and destroy homology

classes arising throughout the filtration. We can then say that a particular homology element with

persistence pair (�, ⌧) is born at ⌫(�) and dies at ⌫(⌧). (There can also be homology elements that

do not die. These will not be relevant for our purposes.) We refer to the di↵erence ⌫(⌧) � ⌫(�)

1In the case of destruction, a more precise statement is that the simplex either trivializes a particular homology

class or makes two previously distinct homology classes equivalent. In the latter case, one adopts the elder rule, under

which the “younger” homology class is destroyed.
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Figure 4. An example projected map from the fiducial cosmology (left) and its derivatives with
respect to the w0, ⌦m, and �8 parameters. The derivative maps are created from the ±� simulations
described in Section 2.

the thickness of shell b. The kernels W for weak lensing (WL), intrinsic alignments (IA), and
galaxy clustering (G) are calculated from the map shells following Kacprzak & Fluri [60]:

W
WL =

3

2
⌦m

R
�zb

dz
E(z)

R zs
z dz0n(z0)D(z)D(z,z0)

D(z0)
1

a(z)R
�zb

dz
E(z)

R zs
z0

dz0n(z0)
(4.2)

W
IA =

R
�zb

dzF (z)n(z)
R
�zb

dz
E(z)

R zs
z0

dz0n(z0)
(4.3)

W
G =

R
�zb

dz n(z)
R
�zb

dz
E(z)

R zs
z0

dz0n(z0)
(4.4)

where n(z) is the redshift distribution of galaxies, zs and z0 are the source and observer
redshifts, respectively, and F (z) is a cosmology and redshift dependent term:

F (z) = �C1⇢crit
⌦m

D+(z)
, (4.5)

where C1 = 5⇥ 10�14
h
�2

M�Mpc3 is a normalization constant, ⇢crit is the critical density at
z=0 and D+(z) normalized linear growth factor, so that D+(0) = 1.

An example lensing convergence map for the second redshift bin in the Stage-III set
is shown on the left panel of Figure 4. This map was taken from the fiducial cosmological
model. The other panels show the derivative of this map with respect to three cosmological
parameters: w0, ⌦m, and �8. As expected, changes in w0 mostly affect the depth of voids
and height of peaks, while changes in ⌦m and �8 also modify the configuration of positions
of the halos.

4.1 Shell permutations

Using box replication allows to maintain the balance between particle density and box size
within the feasible computational limits, but risks introducing errors in the variance of the
maps. As pencil-beam lightcones are often created with multiple simulation boxes rotated by
a random angle. In a box replication mode, the replicas are not rotated; this results in some
line of sight angles being integrated with the same structures at different redshifts. These
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Preliminary remarks

★ Many thanks to all collaborators in Euclid and other projects. 
Special thanks to B. Granett, C. Carbone, D. Bianchi, M. 
Archidiacono, F. Tosone, M. Cagliari, E. Castorina

★ All Euclid material and forecasts shown on behalf of (and 
approved by) the Euclid Consortium

★ CAVEAT: inevitably, a biased review



Outline

★ The golden era of galaxy surveys

★ Data complexity: “…with great power comes great responsibility”

★ Data richness: how do we extract all cosmological 
information?



Galaxy redshift surveys: a pillar of the standard 
model of cosmology

2001: Sloan Digital Sky Survey + 2dFGRS     ~1 million redshifts to z~0.15

http://sdss.org


http://vipers.inaf.it/

Galaxy redshift surveys: a pillar of the standard 
model of cosmology

BOSS

e-BOSS Hic Sunt Leones

(Guzzo+ 2014; Garilli+ 2014; Scodeggio+ 2017;…) 

2020: ~7 million redshifts accumulated
90,000 redshifts to z<1.2



What we want to get from galaxy surveys, first of all

Planck 2018 - I

!-CDM fit

Redshift 
surveys



δ(x) =
ρ(x) − ρ̄

ρ̄

▪ Science comes from overdensities "(x)

▪ Need galaxy catalogue
▪ Need survey mask (shape, hoes, sensitivity…):

▪ angular completeness
▪ radial completeness
▪ radial/angular fluctuations

▪ 2-point statistics of δ field contain most 
(yet not all), information:

▪ power spectrum

▪ correlation function

What does this mean, in practice…

Need to know where we could have seen 
galaxies in the Universe, had they existed



The name of the game: go big

1. If we measure P(k) - or #(r) - in the linear regime (large scales), 
we are directly probing primordial fluctuations

2. If these were Gaussian, two-point statistics is all we need to 
fully characterise the primordial density field  

3. This is why we want larger and larger surveys, to map 
fluctuations as linear as possible 

4. Various effects complicate the picture: nonlinear evolution, 
galaxy biasing, redshift-space distortions



Euclid   
• Cosmic Vision 2007 program: merge 

of original SPACE (Italy-led, Cimatti 

et al.) & DUNE (France-led, 

Refregier et al.) proposals

• Euclid Consortium (EC), led by 

Yannick Mellier: more than 1000 

members, strong FTE contribution 

by Italy and INAF in particular

• Goal: simultaneously map the visible 

and dark matter distribution over 

15,000 deg2, using galaxy redshifts 

and weak gravitational lensing

2023: The next milestone 
cosmology mission



Pezzotta+17 - VIPERS

Fig. 9. Final measurements of the anisotropic redshift-space correla-
tion function, ⇠(rp, ⇡) from the final data of the VIPERS survey, within
the two redshift ranges indicated by the labels. Solid contours corre-
spond to iso-correlation levels of 0.3, 0.5, 1, 2, 5.

where ⇥i j(s, µ) is equal to unity for log(si j) in [log(s) �
� log(s)/2, log(s) + � log(s)/2] and µi j in [µ � �µ/2, µ + �µ/2],
and null otherwise.

The final performance of this weighting scheme on the re-
covered monopole and quadrupole of the redshift space corre-
lation function are shown in Fig. 8, for the two redshift ranges
considered in the analysis. The combined correction recovers
the amplitude of the monopole at the 2% level, down to the
Mpc scale, yielding a quasi-unbiased estimate of ⇠(0)(s) on all
comoving scales that will be used for the RSD fitting. As for
the quadrupole, we are able to have a reliable measurement of
⇠(2)(s) (< 5% deviation from the fiducial value) down to a few
Mpc. This is an encouraging result: any uncorrected anisotropy
from selection e↵ects would be in danger of inducing a spurious
contribution to the quadrupole, since this is our main measure of
anisotropy.

Fig. 9 shows the measurement of the anisotropic correlation
function ⇠(rp, ⇡) obtained from the full VIPERS data at 0.5 < z <

0.7 and 0.7 < z < 1.2. A bin size �s = 0.5 h
�1 Mpc has been

used in both rp and ⇡ directions. We combine the results coming
from the two VIPERS fields W1 and W4 simply by summing up
the pair counts in each bin of separation and normalising for the
total number of objects.

6. Covariance matrix and error estimation

Given the intrinsic correlation among di↵erent bins of the two-
point correlation function (and consequently of its multipoles),
it is essential to obtain a reliable estimate of the covariance ma-
trix to be used during the fitting procedure. The fit is carried
out performing a maximum likelihood analysis of the data given
the RSD model, that can be more easily described as the search
throughout the parameter space of the position minimising the
likelihood function L defined as

�2 lnL =
Nb�1X

i=0

Nb�1X

j=0

(yd

i
� y

m

i
) i j(yd

j
� y

m

j
). (12)

Here the observable y = (⇠0, ⇠2) is the monopole-quadrupole
combined vector;  ⌘ C

�1 is the precision matrix (the inverse
of the covariance matrix); Nb is the total number of data points;
and indices d and m stand respectively for data and model.

The covariance matrix C is organised in four blocks cor-
responding to the monopole-monopole, quadrupole-quadrupole
and monopole-quadrupole cross covariance (two identical
blocks in the latter case). The full monopole-quadrupole covari-
ance matrix is estimated from the 153 mock realisations as

Ĉi j =
1

Ns � 1

NsX

k=1

⇣
y

k

i
� ȳi

⌘ ⇣
y

k

j
� ȳ j

⌘
, (13)

where Ns is the number of independent realisations used to es-
timate the covariance, y is the monopole-quadrupole vector, in-
dices i, j run over the data points and index k runs over di↵erent
realisations. The mean value ȳ is estimated by averaging the
measured values from di↵erent realisations, namely

ȳ =
1
Ns

NsX

k=1

y
k. (14)

The corresponding correlation matrices obtained in this way for
the two redshift sub-samples are shown in Fig. 10.

Given the large number of mock samples, the estimate and
the inversion of the covariance matrices can be achieved with
good accuracy. However, the use of a finite number of mocks
has two implications. Firstly, the estimated precision matrix ob-
tained by taking the inverse of Ĉ is biased with respect to the
true one,  , with the di↵erence being well-represented by an in-
verse Wishart distribution. Furthermore, the precision matrix  
contains statistical errors that propagate to the parameter space,
a↵ecting the derived errors on the cosmological parameters. We
follow Percival et al. (2014) and correct for these e↵ects by ap-
plying two correction factors. In the first case, we can remove
the systematic bias of the precision matrix by rescaling Ĉ

�1 as

 =

 
1 � Nb + 1

Ns � 1

!
Ĉ
�1. (15)

The latter correction factor involves the total number of data
points Nb and realisations Ns. It takes into account the typical
skewness characterising an inverse Wishart distribution and is
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- 
★ Baryon acoustic oscillations (BAO) 

provide a cosmic standard ruler

★ Measure the expansion history H(z) 
and angular diameter distance relation dA(z)

36

Alam+16 - SDSSIII BOSS
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★ Redshift-space distortions (RSD) 
measure the growth rate of structure f(z)

★ Test “beyond Einstein” scenario, as 
alternative to ! 

★ A key original feature in the SPACE/Euclid 
proposal (LG+ 2008, Nature, 451, 541)

Galaxy clustering probe
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Weak lensing probe

37

★ Correlate shapes of millions of 
galaxies to measure the 
cosmological signal at 10-3 in 
ellipticity

★ Measure clustering in the 
full mass distribution

★ Trace combined growth and 
expansion histories 

Point source

Light propagation through large-scale structure results in a lensed image

Telescope Detector

Weak Lensing 

But this is a challenge
Data Analysis

Cosmological Analysis

Redbook & Massey et al. (2007) & Fu et al., (2008) 
Ellipticity measurements  
On the sky and  
With redshifts can be used:  

Make dark matter maps Make correlation functions or  
Power spectra. This is  
How we infer cosmology 

L. Fu et al.: Very weak lensing in the CFHTLS wide 15
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Fig. 4. Two-point statistics from the combined 57 pointings. The error
bars of the E-mode include statistical noise added in quadrature to the
non-Gaussian cosmic variance. Only statistical uncertainty contributes
to the error budget for the B-mode. Red filled points show the E-mode,
black open points the B-mode. The enlargements in each panel show
the signal in the angular range 35′−230′.

theoretical (statistical) and not estimated from the data, which
would include systematics (for example error contributions may
arise from the incomplete PSF correction). Moreover, the signal-
to-noise with the present CFHTLS Wide data is so high, even
for B-modes, that subtle effects may dominate the very small
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Fig. 5. The top-hat E-mode shear signals of W1 up to 200′ , of W2 up to
120′ and of W3 up to 230′ are shown. The error bars includes statistical
noise and cosmic variance for each individual field.

Poissonian error, particularly on large scales where there are a
significant number of galaxy pairs.

The field-to-field variation of the B-modes is a possible way
to assess these effects on the error buget. We tried to measure this
by splitting the 3 Wide fields into 11 blocks of 2 × 2 deg2 each,
which allows to calculate the B-modes on scales up to 60 arcmin
in each block. We obtained B-modes with amplitude very simi-
lar to Fig. 4 but the field-to-field scatter is larger than the plotted
error bars and reaches a factor of 2 at 60′. This is an interest-
ing indication that we are likely underestimating the error on
B-modes, even though it is not a precise measurement due to the
small number of independant fields. A thorough analysis of this
noise contribution needs many more field and is left to a future
analysis of the CFHTLS four year data.

4.4. Cross-check and control of systematics

We cross-checked the shear measurement by using an indepen-
dent analysis on the same data sets. This analysis was done
with another version of KSB+ that has been tested with the
STEP1+2 simulations (“HH” in Heymans et al. 2006a; Massey
et al. 2007b). Hereafter, we refer to our analysis as “Pipeline I”
and to the “HH” results as “Pipeline II”.

The left panel of Fig. 6 shows the shear estimated for each
galaxy by each of the pipelines. The results are in good agree-
ment for ellipticity values per component between −0.6 and 0.6.
For ellipticities outside this range the dispersion between the
pipelines is larger and a trend for an underestimation of the shear
from Pipeline I with respect to Pipeline II can be seen. Note
however that the pipelines are not optimised for large elliptic-
ities, since the STEP simulation galaxies have ellipticities that
are smaller than 0.1.

We then compare the two-point functions using the aperture-
mass variance. We choose this statistic because angular scales
are less correlated than for the top-hat dispersion. Moreover,
it does not have any ambiguity related to a non-local E/B de-
composition. The values of Map are calculated from the two
pipelines using only objects detected by both pipelines. Because
the pipelines have different selection criteria the common ob-
jects are only two-thirds of the whole sample. Each object
is assigned a weight which is the product of its weights in
each of the two pipelines. The largest radius explored in the
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Euclid: dual wide-field imager and NIR spectrograph
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Page 5

Those of you who saw the !rst newsletter will have read 
how the cosmos can be studied with weak gravitational 
lensing. "is allows direct mapping of dark matter, and 

by looking at how this has evolved with time, provides strong 
constraints on the properties of dark energy. Weak Lensing causes 
small distortions in the shapes of galaxies. Measuring these distor-
tions requires images of a very large number of galaxies, recorded 
with the highest spatial resolution and stability. While each galaxy 
has its own intrinsic shape and inclination to the line of sight, 
once millions are averaged in a part of the sky, the shear caused by 
the weak lensing signal becomes clear. "ese shears are only of the 
order of a percent, so in order to do the averaging successfully, all 
of the residual inaccuracies, called biases, have to be minimised, 
and very well quanti!ed. 

"is is the di#cult part of a weak lensing experiment: making 

sure that everything is extremely well understood. For example, 
to measure the shape of a galaxy, the system (end-to-end) point 
spread function has to be known extremely accurately because 
each point in the galaxy image on the sky is blurred by this func-
tion when it is recorded on the detectors. "ere are many con-
tributors to the point spread function: the telescope optics, the 
satellite pointing and the charge spreading within the detector are 
the main contributions. Fortunately, stars recorded in the survey 
images provide direct measures of the point spread function. "is 
can be modelled at the star positions, and then interpolated to the 
position which would be found under the galaxy. Of course, be-
cause of di$raction, the point spread function is larger for redder 
objects, so it will be di$erent for each star and galaxy, depending 
on its spectrum, so the point spread function model also has to 
take into account the wavelength dependence. "ere are many 
other contributions a$ecting how well the modelling can be car-

THE VIS INSTRUMENT

ried out, and some of these require special 
calibrations.  But then we must take care 
that the calibrations are made with the same 
(or as similar as possible) instrument state as 
the normal observations.
"e weak lensing measurements in Euclid 
are made using the VISible instrument. VIS 
has a single broad bandpass, 550 – 900 nm, 
and is fed in re%ection from the dichroic 
beamsplitter in Euclid which separates the 
optical and infrared beams. It is a large im-
BHFS�XJUI�����LY�LQJY�$$%����EFUFDUPST�
TQFDJBMMZ�EFWFMPQFE�GPS�&VDMJE�CZ�F�W�B�DPNQBOZ�XJUI�TVCTUBOUJBM�TQBDF�FYQFSJFODF��ɨFTF�TBNQMF�B�ëFME�PG�WJFX�PG������TRVBSF�EFHSFFT�
at a spatial resolution of 0.1 arcsec, just su#cient for the typical galaxies Euclid will measure. "e !gure above shows the comparison 
of the VIS !eld of view with the major Hubble Space Telescope surveys.

A limiting magnitude mAB = 24.5 at 10s is reached for a combination of 4 exposures lasting roughly an hour. "ey are slightly o$set 
from each other: this allows some spatial resampling onto a !ner grid, the covering of the gaps between the detectors, the identi!cation 
and removal of cosmic rays and some 
mitigation against radiation damage, of 
which more below.
"e !gure on the right provides an over-
view of VIS. "e CCD matrix is arranged 
JO�B��Y��QBUUFSO��&BDI�$$%�JT�SFBE�PVU�
through a set of low-noise high perfor-
mance electronics which digitise the sig-
nals. "e CCDs have to be held in a cold 
and extremely stable structure to ensure 
they are placed at the telescope focus, 
while the readout electronics and power 
supplies operate at much warmer tem-
peratures. "is requires very careful ther-
momechanical design. "ere also needs 
to be a shutter, so that the CCDs can be 
read out at the end of an exposure (this 
has to operate %awlessly for many years), 
a calibration unit to %ood the CCDs 

Credit: Space Telescope Science Institute/Nick Scoville (Caltech)

An illustration of the size of the Euclid VIS 
imager compared to the size of various HST 
surveys. For comparison the COSMOS ACS 
survey consists of 575 ACS pointings and the 
HST part of the survey took 10% of all HST 
time over a two-year period.

VIS NISP

FoV: 0.787 x 0.709 FoV: 0.74 x 0.74 

Spec: R~380, 13.4 A/pixel

COSMOS



 Euclid surveys 
(Scaramella & EC 2022)

• Wide survey: 15,000 deg2 (VIS, Y, J, H, spec)
• ~2 billion galaxy images
• ~30 million redshifts
• Deep Fields: 43 deg2 (calibration + science)
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Weak Lensing 

But this is a challenge
Data Analysis

Cosmological Analysis

Redbook & Massey et al. (2007) & Fu et al., (2008) 
Ellipticity measurements  
On the sky and  
With redshifts can be used:  

Make dark matter maps Make correlation functions or  
Power spectra. This is  
How we infer cosmology 

CMB cross-correlations

V
IP

ER
S

ΨΦ

…plus

Euclid: much more than a redshift survey



Just an example: strong gravitational lensing by galaxies

Euclid: 3300 in two months, 200,000 in total (Boldrin, Giocoli, Meneghetti 2016)



Euclid is ready for launch (2023)

• Flight model fully assembled, now in Cannes for final environmental tests 

• July 1st, 2022 @ Thales-AleniaSpace in Turin  



The competition: Dark Energy Spectroscopic Instrument (DESI)

• 5000 fibres MOS @ Kitt Peak 
4.2m Mayall Telescope

• Ω =14,000deg2

• ~30 million galaxies z<1.4
• ~600,000 quasars
• Complementary to Euclid 

spectroscopic survey in many 
respects

• No Italian participation 
(unlike virtually all other 
Euclid major countries) 

• (Other forthcoming fibre 
couplers, as WEAVE (WHT) and 
4MOST (VISTA) but not 
comparable in terms of 
cosmological application/power)

A “petal” with a subset of the 
5000 automatic fibre 
positioners  



• Commissioned in 2019

• As of today (fall 2022):

• >100,000 z / night (!)

• >15 million redshifts observed

• Internal DR1 frozen

DESI status



High precision requires high control of 
systematics (high accuracy)



Euclid data are complex: slitless spectroscopy

Euclid NISP-S simulated exposure, with H$ 
lines marked (B. Granett & e2e group)



Slitless mode critically different from traditional redshift surveys…

as, e.g., DESI multi-fibre spectrograph

Bianchi & Percival 2017; arXiv:1703.02070

x 10
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End-to-end simulations are key in this game…

Cosmological sim
Survey simulator

Raw 
data
Raw 
data
Raw 
data

Reduction Measurements

Astrophysical 
foregrounds

Catalog

Analysis

Cosmological inference

Mock 
galaxies

Survey 
definition

(Ben Granett & Euclid end-to-end group)



     Field X1:NIP YGH

NISP pointing based on Flagship 
SimulationEuclid OU-SIM

Serrano, Hudelot & OU-SIM



     Field X1: NIP YGH
Corresponding NISP spectroscopic frameEuclid OU-SIM
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… to derive informed forecasts of scientific performances

REFERENCE PAPER: IST:F & Euclid Consortium, arXiv:1910.09273 

1% error

Work no progressing with
IST:Likelihood
IST:NonLinear

The power of probe 
combination 



There is more in the data beyond two-point 
statistics



Add higher-order information: VIPERS joint 2-point + 3-point constraints
(Veropalumbo, w/ Branchini, LG et al.+ 2021, MNRAS, 507, 1184)

Growth rateClustering rms amplitude 

Bias parameters (galaxy-DM connection)
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(Moretti, Sefusatti+, in prep.)

★ Combine P(k) and B(k)

★ Include redshift-space distortion 
constraints (multipoles)

★ Dedicated work package inside 
Euclid Galaxy Clustering SWG (led 
by Sefusatti & Porciani)

Add higher-order information: Euclid Fourier-space forecasts



J. Jasche and G. Lavaux: Physical Bayesian modelling of the non-linear matter distribution

Fig. 7. Spherical slices through a data constrained realization of the three-dimensional initial (left panel) and final density field (right panel) at a
distance of R = 100h

�1 Mpc from the observer. Initial density fields correspond to the epoch of a cosmic scale factor a = 0.001 while non-linear
final density fields are evaluated at the present epoch (a = 1). One can see the correspondence of large scale over-densities in the initial conditions
and corresponding structures in the gravitationally evolved density field. Red dots in the right panel denote the observed galaxies in the 2M++
survey. As can be seen observed galaxies trace the inferred dark matter distribution.

spond to the LPT results. During subsequent sampling steps the
negative logarithmic likelihood values then drop by more than
four orders of magnitude as the particle mesh model method suc-
cessively improves the inferred non-linear density fields. Finally,
it can be seen that the Markov Chain settles at a constant value.
At this point we start recording samples of the Markov chain.

It is very interesting to note that the initial starting point of
the chain corresponds to a density field inferred with the LPT
model, while subsequent samples correspond to density fields
inferred with the non-linear particle mesh model. Since figure 5
basically shows that the logarithms of the likelihood ratios of
the first LPT density fields to all subsequent PM density fields,
the plot qualifies as a Bayesian model test in terms of Bayes
odds ratios. Realizing this fact demonstrates that the data clearly
favours density fields inferred with the PM method. On a Jef-
freys scale, the statement is far more than decisive. While this
statement is true for the combined logarithmic likelihood of all
galaxy sub-samples, we may also look at the improvements for
the individual catalogues. To show that point, we also plot in fig-
ure 5 the traces of the negative logarithmic likelihoods for the
individual sub-catalogues. As can be seen, especially the fainter
galaxies seem to live in regimes of the cosmic LSS that can be
acceptably approximated by the LPT method even though PM
also provides significant improvements there To quantify this ef-
fect, we present in table 1 the actual logarithmic likelihood ra-
tios between the initial LPT density model and the last density
sample generated with the PM model. It may be interesting to
investigate the details of this e↵ect in future analyses, as it may
provide a guideline to optimally select galaxies for cosmological
analyses.

To conclude this first diagnostic, the Markov Chain stabi-
lizes after ⇠ 1200 samples the moment from which on we start
recording 1500 samples. As such the presented BORG run does
not qualify for a thorough Markov analysis but it provides us
with su�cient information on the non-linear dynamics in the
Nearby Universe and uncertainty quantification to warrant ro-
bust scientific analyses. The exact state of the Markov Chain is
stored in a restart file permitting to resume the chain at any later
time if the generation of more samples will be required at any
point in the future.

5. Results on cosmological inference

This section provides an overview of the inference results ob-
tained by applying the BORG algorithm to the 2M++ galaxy com-
pilation. In particular, the present work focusses at reconstruct-
ing the non-linear LSS and its dynamics in the Nearby Universe.

5.1. Inferred galaxy biases

To properly account for the unknown relationship between ob-
served galaxies and the underlying dark matter field, the BORG
algorithm jointly infers the parameters of a phenomenological,
non-linear truncated power-law bias model as discussed in sec-
tion 3.4. In particular, the algorithm exploits an iterative block
sampling framework to perform a joint Markov Chain over the
actual target parameters, the amplitudes of the 3D density field,
and the nuisance parameters associated to the employed data
model. As a consequence, the BORG algorithm also naturally pro-
vides measurements of the non-linear galaxy bias.

As described in section 4.1, for the sake of this work, we have
subdivided the galaxy sample of the 2M++ galaxy compilation
into eight bins of same width in absolute K-band magnitude in
the range �25 < K2M++ < �21 respectively for the two selec-
tions at K2M++  11.5 and 11.5 < K2M++  12.5. This results in
a total of 16 sub-samples, for which the BORG algorithm infers
the respective set of bias parameters. In this fashion, our algo-
rithm can account for the respective systematics in the individual
galaxy samples while exploiting their joint information.

Figure 6 represents our measurements of the ensemble mean
bias functions and corresponding one-sigma uncertainties for
the 16 galaxy sub-samples. By comparing inferred bias func-
tions between the two selections at K2M++  11.5 and 11.5 <
K2M++  12.5, it can be seen that within the absolute K-band
magnitude in the range �23 < K2M++ < �21 the respective bias
functions are in agreement. This demonstrates that the galax-
ies in both selections show the same clustering behaviour for
the given absolute mass range. However for K-band magnitudes
in the range �25 < K2M++ < �23, we observe an increasing
di↵erence between the galaxy bias functions of the two selec-
tions at K2M++  11.5 and 11.5 < K2M++  12.5. In partic-
ular, the brighter galaxies in the K2M++  11.5 seem to have

Article number, page 13 of 33

Initial field Final field

★ Generate realisations of the initial conditions (density field) sampling model parameters

★ Evolve these to current epoch

★ Apply appropriate bias recipe and data model to compare directly to data

★ Pioneered by B. Wandelt group (  )

★ Simplified version: Wiener filtering (e.g., Granett & VIPERS Team 2015;  Estrada+ 2022)

Constrained particle-mesh simulation of real 2Mass++ survey: single realisation (Lavaux & Jasche 2018) 

Forward-modelling cosmological Inference

http://aquila-consortium.org
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Cosmic voids statistics capture n-point information

56

Void size distribution function

(Contarini, Verza & Euclid Consortium, 2021)

Euclid forecasts VIPERS example 
(Micheletti, Iovino & VIPERS, 2015)

(e.g., Verza, Pisani, Carbone et al. 2019)



(Valogiannis & Dvorkin 2021, 2022; see Cheng & Menard 2021 for pedagogical introduction)

★ Filter the galaxy field with appropriate 
wavelet kernel, compare to numerical 
simulations

★ Applied to real data (BOSS)

★ “Field transformation” techniques 
(Neyrinck+ 2009; Carron & Szapudi 
2013, see also Biagetti+ 
arXiv:2009.04819)

★ Caveat 1: require large suites of 
numerical simulations, covering variety 
of cosmologies

★ Caveat 2: require comparing to 
simulated “galaxies” (e.g., marginalise 
over HOD parameters)

Alternative “compression” statistics, e.g., the Wavelet Scattering Transform



Making galaxies into (simulated) dark matter haloes

(Image credit: R. Kaehler)

1. Hydrodynamical simulations

2. Semi-analytic models

3. Halo Occupation Distribution (HOD) models

4. Sub-Halo Abundance Matching



Using SHAM to match SDSS clustering to 
!CDM down to fully nonlinear scales

(He, Guzzo, Li & Baugh 2018)

(also, e.g., Granett+ 2019; 
Girelli+2020; Carella+2022 
for similar applications)

The importance of 
understanding 
galaxies to do 
cosmology



Capture the full scale / order clustering information 
altogether, through a Machine Learning approach?



(Cagliari, Granett & Euclid Consortium 2021)

…or redshift distributions by stacking low SNR spectra, matched through photometric colours…

Self-Organising Maps (SOM)

Estimate galaxy meta-properties, as photometric redshifts and stellar masses

Importance of developing ML expertise: e.g., (1) data 
mining, classification / regression

(Bisigello & Euclid Consortium, 2022, submitted)

SED SEDNN NN



Importance of developing ML expertise: (ii) emulators to 
accelerate cosmological inference

(Bonici, Biggio, Carbone & Guzzo, 2022, MNRAS, submitted)

Our goal: posterior 
on data

Likelihood function, 
connecting theory and 
data

Prior on model 
parameters

We do inference applying Bayes Theorem:

Solution: replace expensive Boltzmann 
solvers with a trained neural network

• Speed-up ~103 
• Accuracy <0.2% on all 

scales

Need repetitive expensive computations 
of model power spectra to explore the Likelihood



LSS COSMOLOGY IN THE NEXT 20 YEARS

Origin of cosmic acceleration, 
tests of General Relativity
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Tests of the standard 
model of cosmology

Constraints on the standard model of 
particle physics (neutrino masses, dark 
matter)

Numerical simulations CMB temperature fluctuations 
and polarisation experiments

Large-scale structure 
cosmological inference



General conclusions

• We do have a Standard Cosmological Model, which however poses 
several challenges to fundamental physics 

• Future observations will directly tackle these problems and may indicate 
failures in the CDM paradigm    

• Such expectations call for unprecedented accuracy in both 
measurements and model predictions (a different mindset, actually) 

• At the same time, new methods and techniques are important to fully 
harvest all cosmological information 
    

• The expertise required is present in INAF and covers different probes, but 
barely so: we are a few, stretched across different fields 

• In some fields such expertise in Italy is relatively recent, which may 
lead to a limited perception of its role and value 

• Data is coming tomorrow!

Λ



The end


