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Euclid is an ESA Medium Class mission of the Cosmic 
Vision program: it is the merger of two proposals, SPACE & 
DUNE. Visible imager and infrared spectro-imager aiming to 
survey 15,000 degrees^2 over a 6-year period;


Successful launch on July 1st, 2023 from Cape 
Canaveral. Now operating from L2.

Image courtesy of Space X

After Performance and Verification phase, the 
Science survey started Feb 15th 2024
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The mission is supported by the Euclid Consortium (EC) that comprises over 2500 
members in more than 200 laboratories in 18 countries, EC Lead: Yannick Mellier 
(IAP)

The Euclid Consortium
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The main goal of the EUCLID project
<

Unveiling the origin of the acceleration of the expansion 
of the Universe

see also : "Mapping the Dark Universe: Prospects for Dark Matter Science 
with Euclid", by Linda Blot on Friday 21th
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The main goal of the EUCLID project
<

Unveiling the origin of the acceleration of the expansion 
of the Universe

A cosmological constant
The simplest explanation 
for dark energy is that it is 
an intrinsic, energy density 
of space-time, a 
cosmological constant, with 
an effective equation of 
state (EoS),

A late time inflation like 
field
Such inflation phase differs 
from the cosmological 
constant in that it vary in 
space, but only at super-
horizon scales, and in time, 
with in effects a time 
dependent EoS.

Modified gravity models
Models where other degrees of 
freedom than metric that 
contribute to gravity: a "fifth" 
force is introduced in addition to 
gravity. Generically they change 
the growth rate, induce a scale 
dependent growth, and/or 
induce a non-zero effective 
anisotropic stress. <latexit sha1_base64="wgwgC5WyydgH0Kk5+sV/0xzkA9I="></latexit>
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Probing the DE with Euclid, angular 
distances (BAO) and gravitational growth

<

Grav. Instabilities in one equation:

time variation 
of the local 
expansion

dilution due to 
expansion, depends 

on DE behavior

source of grav. 
instabilities = NR 

matter

Modified 
Gravity 
terms

<latexit sha1_base64="iu23s82OxRYNzecIrLkLRuKwEk0="></latexit>
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Pressure term for 
Relativistic matter 

(e.g. neutrinos)
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LSS provides a rich 
view of the dark 

sector !
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Timeline of the Universe

slowing expansion
accelerated expansion

"Big Bang"

what Euclid can see
Cosmic Microwave 

Background

380 000 
years

First stars and 
galaxies form

200 millions 
years

The peak of galaxy 
formation

2 billions 
years

13,7 billions 
years

today Dark Energy is a recent phenomenon in the 
history of the universe (z<2). Euclid will probe 
the universe at redshift between 0.5 and 2.5.



The concept

8
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Payload Module: Optical system and instruments

9

Layout of the instruments. The telescope is below, observing downwards. 
Credit: Airbus Defence and Space; annotations by EC
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Spectral coverage of Euclid

10

Euclid Collaboration: Y. Mellier et al.: Overview of the Euclid mission

Fig. 12. Spectral response of Euclid’s imaging (VIS: IE; NISP: YE, JE, HE) and spectroscopic channels (NISP: BGE, RGE) at the beginning of the
mission. The expected transmission loss at the end of the mission due to space weathering and non-volatile contamination is at most 0.05. For
reference we show the Gaia G passband from their third data release (Gaia Collaboration: Vallenari et al. 2023), the atmospheric transmission for
a precipitable water vapour level of 1.0 mm (Rothman et al. 2013), and some of the James Webb Space Telescope (JWST) passbands of their Near
Infrared Camera (NIRCam; Rieke et al. 2005).

Fig. 13. NISP flight model, before wrapping in light-tight multi-layer
insulation. Light enters the filter wheel and grism wheel enclosure (left)
through a collimator lens, hidden behind the large round wheel enclo-
sure. A triplet camera lens assembly projects the beam onto the cold
detector system at the right end of the structure, with the readout elec-
tronics to the very right. The NISP calibration lamp is located to the top
left of the camera lens assembly in this picture. See Euclid Collabora-
tion: Jahnke et al. (2024) for details.

to provide a large reference sample of galaxies with 99% redshift
completeness and 99% purity required to characterise the typical
Euclid galaxy population, while maximising the legacy value of
these fields (Sect. 10).

4. Survey planning

To achieve its primary cosmology objectives, Euclid aims to ob-
serve a sample of 1.5 billion galaxies for the 3÷2pt analysis, and
measure 35 million redshifts for the analysis of the spectroscopic
clustering signal. To do so, it needs to cover about 14 000 deg2 of

Table 3. Typical reference observing sequence (ROS) data per survey
field.

VIS
4 IE-band nominal exposures 566 s each
2 IE-band short exposures 95 s each
Bias 2 per day
Dark 4 per day
Flat 6 per day
Trap pumping 6 per day
Charge injection 8 per day

NISP
4 red-grism spectro exposures 574 s each
4 YE-band exposures 112 s each
4 JE-band exposures 112 s each
4 HE-band exposures 112 s each
1 Dark 112 s

Notes. The total duration of an ROS is 70.2 minutes. About 20 fields are
observed per day, cycling through di↵erent ROS configurations. While
the science exposures (marked with boldface) remain the same, the in-
line VIS calibrations vary. ROS configurations using the blue grism
are used for the Euclid Deep Field (EDF) and Euclid Auxiliary Fields
(EAFs) only. Most NISP calibrations are taken outside the ROS during
dedicated calibration blocks.

extragalactic sky with low zodiacal background and low Galactic
extinction over a period of about six years. In Sect. 4.1 we sum-
marise the design of the EWS. As discussed in Sect. 4.2, these
data are complemented by deeper observations over several tens
of square degrees, while the performance of the instruments is
studied using extensive calibration observations, which are de-
scribed in Sect. 4.3. Finally, the supporting ground-based obser-
vations are summarised in Sect. 4.4 (photometry) and Sect. 4.5
(spectroscopy).

Article number, page 23 of 95

Hα line at z=0 Hα line at z=0.9 Hα line at z=1.8

visible light IR light

VIS NISP
VIS is a large format 
imager, with 609 million 
pixels covering a field of 
view of 0.57 deg2
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Survey in redshift space

Euclid 
Spectroscopic 
range, 1<z<2

The SDSS 
galaxy survey

Dark Energy, Euclid probes
Euclid: 35 million spectroscopic redshifts, in emission Hα line

Gives a three-dimensional picture 
of the distribution of galaxies by 
measuring their outward velocity: 
exploiting NISP's GRISM 
capabilities

Survey in 
redshift 

space
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A&A proofs: manuscript no. output

Fig. 36. Legendre multipoles of the redshift-space power spectrum of galaxy clustering, P`(k), as expected from the spectroscopic survey data
within four redshift bins (respectively, 0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5 and 1.5 < z < 1.8, where the P`(k) are evaluated at the mean of
the redshift intervals). The plots show the monopole (` = 0, solid line), quadrupole (` = 2, dashed-dotted line), and hexadecapole (` = 4, dashed
line), together with their error corridors (shaded regions). The latter simply connect the 1-� errors from the diagonal values of the analytical
covariance matrix, computed for narrow bins of �k = 0.0017 h Mpc�1. As a result of this fine binning, the shaded areas do not fully reflect the
actual constraining power of the measurements.

Fig. 37. Top: Normalised redshift distributions n(z), measured from the
EFS, for the 13 equi-populated bins that were used for the 3÷2pt anal-
ysis for the SPV. Middle: Resulting photometric magnification kernels
for the 13 redshift bins shown above. Bottom: Corresponding shear ker-
nels before (dashed) and after (solid lines) BNT transformation. The
latter case gives a better grasp of the tomographic information that can
be inferred from weak lensing (WL) observations.

through super-sample e↵ects is another significant contributor
(see e.g., Euclid Collaboration: Sciotti et al. 2023; Beauchamps
et al. 2022). For the SPV analysis this term alone is included
since we have found that this should give a realistic estimate.
Another source of mode coupling is the impact of masks and
visibility functions. When finite volumes and masks have to be

taken into account, the harmonic components become coupled
(Brown et al. 2005). This depends on the details of the survey,
as well as the masking procedures. For now, only the size of the
footprint has been taken into account in the SPV exercise – via
a rescaling of the covariance by the sky fraction fsky = ⌦S/4⇡,
with ⌦S the solid angle subtended by the survey, in steradians. A
more comprehensive treatment is left for future analysis.

The multi-probe Gaussian covariance is given by (Euclid
Collaboration: Blanchard et al. 2020):
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In the above equation, the Kronecker delta �K``0 enforces the
aforementioned independence of the di↵erent ` modes in the ab-
sence of convolution with the mask. The noise terms NAB

i j (`) are
non-zero only for the auto-correlations between probes and to-
mographic bins:
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(27)

where �2
✏ is the variance of the total intrinsic ellipticity of the

sources. Finally, n̄X
i (z) are the number densities of sources (X =

S) and lenses (X = L), relevant for cosmic shear and photometric
galaxy clustering respectively.

8.2. Expected cosmological parameter constraints

Comparing the Euclid measurements to model predictions is not
straightforward, owing to the small statistical uncertainties, the
need to marginalise over a large number of nuisance parame-
ters (that are needed to quantify residual systematic e↵ects), our
limited knowledge of the nonlinear evolution of structure, and
the impact of astrophysical processes on the matter distribution.
Moreover, an accurate covariance matrix is needed so that all
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                  [1.5 < z < 1.8]        [1.3 < z < 1.5]         [1.1 < z < 1.3]       [0.9 < z < 1.1] 
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Galaxy density power spectra
Unprecedented precision for the determination 
of the BAO position for this z range: direct 
measurement of the expansion rate of the 
universe

Very good statistical power for determining the 
relative amplitude of the multipoles: growth rate 
of fluctuations throughout cosmic time.

Euclid Collaboration: Y. Mellier et al.: Overview of the Euclid mission

nonlinear, bringing in additional information, but also new com-
plications (see, e.g., Bernardeau et al. 2002). As we discuss be-
low, the way that pattern is imprinted into the angles and red-
shifts measured by a galaxy survey allows us to extract important
cosmological information.

Much of this is encoded in the 2-point statistics of the over-
density field: in configuration space,5 we measure the spatial
2-point correlation function (2PCF) of galaxies, ⇠gg(r), which
quantifies the excess probability of finding two objects at a given
separation r with respect to a random Poisson sample tracing the
same volume,

hNg,1(x) Ng,2(x + r)i = n̄2
h
1 + ⇠gg(r)

i
�V1 �V2 . (4)

Here n̄ is the mean number of galaxies per unit volume and
we are considering two small regions, separated by a vector r,
with volumes �V1 and �V2, containing Ng,1 and Ng,2 galaxies, re-
spectively. It is often convenient to measure clustering in Fourier
space, and there we measure the power spectrum, which is the
Fourier transform of the correlation function:

Pgg(k) =
Z 1

0
d3r ⇠gg(r) ei k·r . (5)

Our clustering computations use galaxy redshifts to de-
rive their distances. However, redshifts include, in addition to
the pure cosmological Hubble flow, the line-of-sight contribu-
tion of the galaxy peculiar velocities, induced by density in-
homogeneities. This leads to coherent redshift-space distortions
(RSDs; Kaiser 1987), introducing an anisotropy in the observed
clustering between line of sight (LoS) and transverse separations
(see below for more details), such that we measure the cluster-
ing in redshift space with separations denoted by s rather than r.
Hence, to properly describe (and model) this e↵ect we typically
measure the clustering with respect to the LoS. The cosmologi-
cal information of interest is contained within the first three even
power-law moments of the correlation function or power spec-
trum with respect to µ, under the global plane-parallel approxi-
mation, where µ is constant across a survey and gives the cosine
of the angle that a pair of galaxies, for ⇠(s), or that the Fourier
mode wave vector, for P(k), makes with respect to the LoS. The
first three even Legendre polynomials encode these power-law
moments and form an orthonormal basis:

L0(µ) = 1 ; (6)

L2(µ) =
1
2

(3 µ2 � 1) ; (7)

L4(µ) =
1
8

(35 µ4 � 30 µ2 + 3) . (8)

We therefore typically decompose the clustering into the Legen-
dre polynomial moments of the correlation function and power
spectrum (Hamilton 1998):

⇠`(s) = (2 ` + 1)
Z 1

�1
dµ ⇠gg(s)L`(µ) , (9)

P`(k) = (2 ` + 1)
Z 1

�1
dµ Pgg(k)L`(µ) , (10)

5 With configuration space we mean the space where we measure
galaxy positions and distances, dual to Fourier space. In turn, configu-
ration space is distinguished into real space, where one uses true galaxy
distances and separations are indicated with r, and redshift space, where
distances are derived from measured redshifts, and galaxy separations
are typically indicated with s. Correspondingly, the same distinction
applies to the Fourier side, where wavenumbers k can be defined in
real and redshift space. Again, redshift-space quantities are usually in-
dicated with the subsctipt s.

Fig. 2. Measured galaxy power spectrum multipoles calculated from
dedicated mocks (Pezzotta et al. in prep.) based on the Flagship simula-
tion (see Sect. 6.1) of the Euclid emission-line sample for a redshift bin
1.3 < z < 1.5, compared to a best-fit model based on e↵ective field the-
ory (EFT, also called EFTofLSS, see Sect. 8.2.2 for further discussion)
assuming kmax = 0.25 h Mpc�1. Error bars here correspond to the Euclid
full mission volume for this redshift bin prior to observational e↵ects.

with ` = 0 corresponding to the monopole, ` = 2 the quadrupole,
and ` = 4 the hexadecapole moment. In practice, the LoS varies
across a survey, and we typically make a local-plane parallel ap-
proximation, where we assume that the LOS is the same for each
pair of galaxies analysed. In this case, the statistic we wish to
measure is that given in Eq. (9), but the method by which we es-
timate it is not as simple as this equation suggests, as discussed
in more detail in Sect. 7.7.1. A prediction for the power spec-
trum moments to be measured by Euclid is given in Fig. 2. This
figure shows measurements on mock catalogues based on the
Euclid Flagship simulation (see Sect. 6.1), and a best-fit model
that is able to predict the clustering into the nonlinear regime
(see Sect. 8.2.2 for more details).

The most robust (and easy to isolate) signal in the pattern
of galaxies are the so-called Baryonic Acoustic Oscillations
(BAOs), a series of peaks and troughs in the power spectrum
caused by acoustic waves during the pre-recombination era (e.g.,
Eisenstein & Hu 1998; Meiksin et al. 1999). These are evident
in the monopole of Fig. 2. The acoustic waves push baryonic
material out from initial perturbations to the baryon-drag scale,
which is linked to the comoving sound horizon at recombination.
When analysed in Fourier space this results in a sinusoidal term
in the transfer function, depending on whether the movement
of material cancels or reinforces that from other perturbations
separated by the wavenumber of interest. The BAOs observed
have the same physical origin as the oscillations seen in the CMB
anisotropy power spectrum (Planck Collaboration VI 2020), and
were first observed in the 2dFGRS (Percival et al. 2001; Cole
et al. 2005) and SDSS (Eisenstein et al. 2005) surveys. Hard-
ware improvements made to the Sloan telescope enabled BOSS
to provide the first 5� measurement of BAOs from the largest
volume of the Universe obtained at that point (Anderson et al.

Article number, page 9 of 95
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Cosmic shear observations = apparent angular shape 
correlation induced by lensing effect due to matter 
fluctuations along the lines of sight; first detection in 2000.
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ESA/Euclid Consortium/NASA, image processing by J.-C. 
Cuillandre (CEA Paris-Saclay), G. Anselmi 

Euclid is a machine designed 
to measure galaxy ellipticities 

with accurate control on 
systematics (optical, 

instrumental, astrophysical, 
etc.)

Cosmic shear is a 2-3 % 
effects that should be 

measured at percent level!



F.	Bernardeau		--	Physics	of	the	2	infinities,	Tokyo	18	nov.	2025

lessons from ERO (Cuillandre et al 2024)

14
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- Very sharp PSF (in particular at large angular scale) 
allowing Low Surface Brightness galaxy exploration 

Euclid Collaboration: Y. Mellier et al.: Overview of the Euclid mission

Fig. 27. VIS view of a 2.05 ⇥ 2.00 wide area of Euclid’s self-calibration field (Sect. 4.2.3) taken during the PV phase. Left: An unprocessed single
exposure, where cosmic rays are clearly visible. Right: A VIS-processed stack using 42 exposures, or about 10 times the exposure time of the
EWS. The ability of Euclid to reveal low-surface-brightness features is evident.

Gaia DR3 (Gaia Collaboration: Vallenari et al. 2023) as the ref-
erence catalogue. Apart from robust shape measurements, these
processing steps enable relative photometry measurement with
an accuracy better than 1%. This implies that the collective con-
tribution of residuals from the detection chain, small- and large-
scale flat fielding, source extraction, and background and scat-
tered light correction, is smaller than this target.

The main outputs of this step in the processing are the cal-
ibrated individual exposures, as well as stacks and their associ-
ated source catalogues. However, important supporting data are
also provided, such as the calibration models, the background
and flag maps, the distortion model, and a first estimate of the
PSF model that is used for multi-band photometry during the
generation of the main survey catalogue (Sect. 7.4). For refer-
ence, Fig. 27 displays a 2.05 ⇥ 2.00 view of a single raw frame
(left) and the corresponding processed stack (right) of the Eu-
clid self-calibration field. The left panel demonstrates the need
for the robust detection of cosmic rays, whereas the deep image
on the right shows the potential of Euclid to study low-surface-
brightness features around galaxies.

7.2. Processing of NIR imaging data

The interpretation of the observed weak lensing signal requires
accurate estimates of photometric redshifts (Sect. 2). As shown
by Abdalla et al. (2008), the NIR images from the NISP instru-
ment in the YE, JE, and HE bands provide key information to im-
prove the photometric redshift precision (see also Sect. 7.6.1). To
reach this goal, NISP images require an exquisite calibration that
takes into account all instrumental e↵ects and a possible time
variation of the telescope’s throughput (Sect. 5.1). Most notably,
the relative photometric calibration needs to be better than 1.5%
for the entire magnitude range down to 24.0 AB. This require-
ment has been the main driver for the design of the processing
pipeline.

The generation of the calibration products needed for the re-
duction of NISP images is carried out through a number of ded-
icated pipelines running on well-defined blocks of calibration
observations. This is the case, for instance, for bad pixel iden-

tification, dark current, detector nonlinearity, PRNU, large-scale
illumination correction, geometric distortions, persistence image
creation, and relative and absolute photometric calibration fac-
tors.

The reduction of the NIR exposures can be divided into three
main steps: the pre-processing, where all detector-related e↵ects
common to both NISP photometric and spectroscopic exposures
are accounted for; the calibration part, which includes PSF es-
timation, computation of the astrometric solution based on VIS
catalogues, application of flat-fielding and photometric calibra-
tion based on the pre-computed products, and source catalogue
extraction from individual dithered observations; and lastly the
stacking of frames for each observation sequence along with the
generation of their PSF and source catalogues. Similarly to the
VIS processing, we keep the amount of pixel-level operations
to a minimum, while providing at the same time all relevant in-
formation about modelling and corrections, so that they may be
reversed if needed or tailored for specific purposes.

For each of the three NIR filters, the output of the NIR
processing consist of calibrated individual dithered observations
and stacks with their associated source catalogues. These data
products are provided to the subsequent processing step for the
creation of the main survey catalogue (Sect. 7.4), along with all
ancillary information, including root mean square (RMS), data
quality flags, background, and PSF images.

Prior to launch, the design and implementation of the various
processing steps have been extensively tested through a num-
ber of simulation campaigns with increasing realism and cov-
erage of instrumental features, mostly based on modelling from
ground calibration campaigns and in some cases by design. Fur-
ther improvements will be made using the calibrations obtained
during the PV phase (Sect. 4.3.1). Figure 28 gives an impres-
sion of the quality of data. It shows a small area in the Euclid
self-calibration field (Sect. 4.2.3).

7.3. Processing of ground-based imaging data

The Euclid imaging data are complemented by supporting
ground-based observations (Sect. 4.4) to improve the precision
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Cuillandre, J.-C., et al.: Euclid: ERO – Programme overview, pipeline, and performance

Fig. 26. Euclid’s extended PSF across the four bands is depicted with
solid lines representing the stacked PSF, as detailed in Fig. 25, derived
from ERO data. The IE-band is normalised to µ0 = 0, while the NISP
YE, JE, and HE bands are visually separated by respective o↵sets of
+5, +10, and +15 vertical units for clarity. The total magnitude of a
star corresponding to each of the four profiles anchored at µ0 = 0 is
IE = 3.1,YE = 1.6, JE = 1.5, and HE = 1.4 (it takes a brighter star in
NISP to reach the same µ0 = 0 as VIS, which concentrates more energy
in the core of the PSF, while the longer the wavelength, the poorer it
gets in the NIR). The simulation of the di↵raction halo (Appendix D) is
presented in pale blue, where the pale area represents the band-specific
noisy computation profile and the dashed line indicates a second-order
polynomial fit (an r

�3 power law). This fit is aligned with the PSF at
200 radius. The extended PSF concludes at 50 radius, and its average
slope shows only slight deviation from the theoretical model of a pure
di↵raction halo. This consistency underscores the exceptional quality
of the optics, which appear to be free from particulate contamination.
The three NIR extended PSFs are similar (constant o↵set between the
purple, red, and orange profiles), but clearly contain more energy at
large radii than the VIS extended PSF (the artificial 5 mag o↵set be-
tween the green and orange lines here quickly diminishes with radius).
We represent in grey the median behaviour of all best wide-field LSB
observatories reviewed by Liu et al. (2022) with an r

�2.5 power law,
shifted up to match our µ0 = 0, as originally done by Watkins et al.
(2016). The specific extended V-band PSF of the Burrell Schmidt tele-
scope is reproduced here (W16), as published in Watkins et al. (2016),
limited to the range of this plot although it extends to a radius of 1�,
ending at a surface brightness of 22.2 mag arcsec�2. This demonstrates
that Euclid excels in minimising scattering of light, suppressing the ex-
tended wings better than the best ground-based optical telescopes by
8 magnitudes, and 6 magnitudes in the NIR, thereby opening a new ob-
servational window on the Universe.

and 0.5% for the spikes across all four bands. However, there is
a notable distinction in their spatial distribution; the spikes are
distinctly localised, whereas the halo extends azimuthally, cov-
ering a substantially larger area. In fact, at a 10000 radius, the halo
encompasses about two orders of magnitude more light than the
spikes. Consequently, we opted not to incorporate the spike pro-
files into our extended PSF model, given our aim for percent-
level accuracy in the results.

9.2.3. Consequence for the extended-emission science

Euclid boasts the most refined extended PSF ever achieved by
a wide-field, high-resolution imaging telescope. It sets a new
benchmark far beyond past endeavours aimed at optimising tele-
scopes for LSB science, a leap of 8 mag in minimising optical

Fig. 27. Comparison of the encircled energy in the inner part (< 1000)
of the extended PSF between measured data and a simulation of perfect
optics for all four Euclid bands. The near match at the core, based on
a PSFex profile from our sky data, indicates our extended PSF accu-
rately reflects expected performance. The slight disagreement between
the simple, aberration-free model and the data at a radius below 100
(100) most likely stems from low-order aberrations introduced by op-
tics. These aberrations tend to slightly broaden the core but have little
to no e↵ect on the extended PSF. The observation that the model-to-
data discrepancy decreases with increasing wavelength tends to support
this hypothesis, as optical aberrations are more pronounced at shorter
wavelengths. It should be noted that the disagreement appears more pro-
nounced due to the use of a log-log plot.

Fig. 28. Di↵raction spikes of the star HD 1973 analysed through photo-
metric extraction profiles at the bottom, juxtaposed with the star’s halo
profile in a corresponding lighter shade (as illustrated in Fig. 26). This
comparison highlights the pronounced dominance of spike brightness
over the halo, becoming evident beyond a radius of a few arcseconds.
Additionally, a simulation of the four spikes extending to a 40000 radius
(with matching colours, and the HE-band arbitrarily set to µ0 = 10 for
the purposes of this plot) corroborates the relative surface brightness of
the spikes as observed across the four Euclid bands. Unlike the halo
that adheres more closely to a 1/r3 function consistent with the Bessel
envelope at high radius, the spike profiles, as anticipated, approximate
a 1/r2 function.

scattering of light in the optical while opening a whole new ob-
servational window in the NIR with a comparable leap of 6 mag
in conjunction with the low background experienced at L2. See
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Fig. 8. WL convergence  reconstruction of the A2390 field. The left panel shows the reconstructed E-mode signal, with the cluster detected in the
central region with high significance. The right panel shows the B mode, which does not include a cosmological signal to first order, but provides
an illustration for the noise level of the reconstruction. The green contours start at  = 0.03 and are in steps of � = 0.03. Both reconstructions
assume a zero mean convergence when averaged over the full reconstructed sky area.

Fig. 9. Mass profile of A2390 from an SL-only analysis and a joint
SL+WL analysis. The two regions that include members+Gaussians
(R . 0.44 Mpc) in the lens model or only Gaussian functions are indi-
cated. We also show the range of distances covered by the SL constraints
(from the brightest cluster galaxy). For the SL+WL combination, we
show a range of models that are consistent with the data (⇡ 1 standard
deviation). The addition of WL data from Euclid is key to properly con-
strain the mass of the cluster out to the virial radius (corresponding to
R200 or radius at which the density reaches 200 times the mean density
of the Universe) with a vertical orange bar, where the width is the un-
certainty in the virial radius.

Euclid ERO field. The quality of the images does not allow us to
identify the possible visible or NIR counterparts.

More than 40 point and extended sources from the eROSITA
DR1 catalog (Merloni et al. 2024) are found in the A2764 ERO
field. Obviously, the cluster A2764 itself is among the eROSITA
DR1 sources in the field. It appears as the two extended sources
1eRASSJ002035.1�491245 and 1eRASSJ002032.1�491432.
The two ACT galaxy clusters (Hilton et al. 2021) are matched
with eROSITA DR1 point-sources: ACT-CLJ0021.5�4902 at
zspec = 0.688 is associated with 1eRASSJ002132.6�490216
(IDCluster=758, EXT=0) and ACT-CLJ0023.7�4923 at zphot =
0.709±0.021 is associated with 1eRASSJ002345.0�492354 (ID-

Cluster=273 EXT=0). Only one source labelled as extended in
the eROSITA DR1 catalog is found in the A2764 ERO field, and
would qualify as a galaxy cluster: 1eRASSJ002223.6�492746
(with IDCluster=183, EXT=19.3 and EXT_LIKE=3.07). The
VIS and NISP images show concentrations of galaxies at the
associated location, and the distribution of photometric redshifts
indicates a peak at zphot ⇠ 0.8. We also checked for counter-
parts in the Massive and Distant Clusters of WISE Survey (MaD-
CoWs) catalogs (Gonzalez et al. 2019) and didn’t find any match
in the ERO A2764 field.

Another remarkable eROSITA DR1 point source is
1eRASSJ002212.5�492811 (IDCluster=47 EXT=0). It
is less than 20 away from the aforementioned source
1eRASSJ002223.6�492746 and about 40 VIS and NISP
galaxies are located in its vicinity, half a dozen with a photo-
metric redshift peaking at zphot ⇠ 0.8 and about 30 at zphot ⇠ 1.4.
Although the association of Euclid galaxies and this eROSITA
source is not yet confirmed, it illustrates the power of the
Euclid survey in combination with other wavelength datasets to
e�ciently provide robust galaxy cluster candidates.

This simple search for optical and near-IR counterparts to
already known SZ clusters at z > 0.6 with M500 > 1014

M�
in this ERO program data demonstrates that Euclid VIS and
NISP instruments are particularly e�cient at detecting clusters
at z > 0.6. Matching with eROSITA extended and point-sources
also opens the way for the detection of new clusters at potentially
even higher redshifts. Further work is needed to confirm associa-
tions between optical/NIR Euclid galaxies with millimeter or X-
ray-detected clusters. We have also yet to run dedicated cluster-
finding algorithms to find galaxy clusters and proto-clusters in
the Euclid data. Nevertheless, this first analysis demonstrates
that Euclid data will be a treasure trove for cluster studies.

9. Intracluster light

Intracluster light (ICL) is di↵use light seen in galaxy groups and
clusters that comes from stars that are bound to the gravitational
potential well of the cluster rather than any particular galaxy
(see Contini 2021; Montes 2022, for reviews). It is a prominent
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Fig. 8. WL convergence  reconstruction of the A2390 field. The left panel shows the reconstructed E-mode signal, with the cluster detected in the
central region with high significance. The right panel shows the B mode, which does not include a cosmological signal to first order, but provides
an illustration for the noise level of the reconstruction. The green contours start at  = 0.03 and are in steps of � = 0.03. Both reconstructions
assume a zero mean convergence when averaged over the full reconstructed sky area.
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Fig. 9. Mass profile of A2390 from an SL-only analysis and a joint
SL+WL analysis. The two regions that include members+Gaussians
(R . 0.44 Mpc) in the lens model or only Gaussian functions are indi-
cated. We also show the range of distances covered by the SL constraints
(from the brightest cluster galaxy). For the SL+WL combination, we
show a range of models that are consistent with the data (⇡ 1 standard
deviation). The addition of WL data from Euclid is key to properly con-
strain the mass of the cluster out to the virial radius (corresponding to
R200 or radius at which the density reaches 200 times the mean density
of the Universe) with a vertical orange bar, where the width is the un-
certainty in the virial radius.

Euclid ERO field. The quality of the images does not allow us to
identify the possible visible or NIR counterparts.

More than 40 point and extended sources from the eROSITA
DR1 catalog (Merloni et al. 2024) are found in the A2764 ERO
field. Obviously, the cluster A2764 itself is among the eROSITA
DR1 sources in the field. It appears as the two extended sources
1eRASSJ002035.1�491245 and 1eRASSJ002032.1�491432.
The two ACT galaxy clusters (Hilton et al. 2021) are matched
with eROSITA DR1 point-sources: ACT-CLJ0021.5�4902 at
zspec = 0.688 is associated with 1eRASSJ002132.6�490216
(IDCluster=758, EXT=0) and ACT-CLJ0023.7�4923 at zphot =
0.709±0.021 is associated with 1eRASSJ002345.0�492354 (ID-

Cluster=273 EXT=0). Only one source labelled as extended in
the eROSITA DR1 catalog is found in the A2764 ERO field, and
would qualify as a galaxy cluster: 1eRASSJ002223.6�492746
(with IDCluster=183, EXT=19.3 and EXT_LIKE=3.07). The
VIS and NISP images show concentrations of galaxies at the
associated location, and the distribution of photometric redshifts
indicates a peak at zphot ⇠ 0.8. We also checked for counter-
parts in the Massive and Distant Clusters of WISE Survey (MaD-
CoWs) catalogs (Gonzalez et al. 2019) and didn’t find any match
in the ERO A2764 field.

Another remarkable eROSITA DR1 point source is
1eRASSJ002212.5�492811 (IDCluster=47 EXT=0). It
is less than 20 away from the aforementioned source
1eRASSJ002223.6�492746 and about 40 VIS and NISP
galaxies are located in its vicinity, half a dozen with a photo-
metric redshift peaking at zphot ⇠ 0.8 and about 30 at zphot ⇠ 1.4.
Although the association of Euclid galaxies and this eROSITA
source is not yet confirmed, it illustrates the power of the
Euclid survey in combination with other wavelength datasets to
e�ciently provide robust galaxy cluster candidates.

This simple search for optical and near-IR counterparts to
already known SZ clusters at z > 0.6 with M500 > 1014

M�
in this ERO program data demonstrates that Euclid VIS and
NISP instruments are particularly e�cient at detecting clusters
at z > 0.6. Matching with eROSITA extended and point-sources
also opens the way for the detection of new clusters at potentially
even higher redshifts. Further work is needed to confirm associa-
tions between optical/NIR Euclid galaxies with millimeter or X-
ray-detected clusters. We have also yet to run dedicated cluster-
finding algorithms to find galaxy clusters and proto-clusters in
the Euclid data. Nevertheless, this first analysis demonstrates
that Euclid data will be a treasure trove for cluster studies.

9. Intracluster light

Intracluster light (ICL) is di↵use light seen in galaxy groups and
clusters that comes from stars that are bound to the gravitational
potential well of the cluster rather than any particular galaxy
(see Contini 2021; Montes 2022, for reviews). It is a prominent
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ABSTRACT

We present the first analysis of the Euclid Early Release Observations (ERO) program that targets fields around two lensing clusters, Abell 2390
and Abell 2764. We use VIS and NISP imaging to produce photometric catalogs for a total of ⇠ 500 000 objects. The imaging data reach a 5�
typical depth in the range 25.1–25.4 AB in the NISP bands, and 27.1–27.3 AB in the VIS band. Using the Lyman-break method in combination with
photometric redshifts, we search for high-redshift galaxies. We identify 30 Lyman-break galaxy (LBG) candidates at z > 6 and 139 extremely red
sources (ERSs), most likely at lower redshift. The deeper VIS imaging compared to NISP means we can routinely identify high-redshift Lyman
breaks of the order of 3 magnitudes, which reduces contamination by brown dwarf stars and low-redshift galaxies. The di�culty of spatially
resolving most of these sources in 000.3 pix�1 imaging makes the distinction between galaxies and quasars more challenging. Spectroscopic follow-
up campaigns of such bright sources will help constrain both the bright end of the ultraviolet galaxy luminosity function and the quasar luminosity
function at z > 6, and constrain the physical nature of these objects. Additionally, we have performed a combined strong lensing and weak lensing
analysis of A2390, and demonstrate how Euclid will contribute to better constraining the virial mass of galaxy clusters. From these data, we also
identify optical and near-infrared counterparts of known z > 0.6 clusters, which exhibit strong lensing features, establishing the ability of Euclid

to characterize high-redshift clusters. Finally, we provide a glimpse of Euclid’s ability to map the intracluster light out to larger radii than current
facilities, enabling a better understanding of the cluster assembly history and mapping of the dark matter distribution. This initial dataset illustrates
the diverse spectrum of legacy science that will be enabled by the Euclid survey.
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Pre-C3R2 spec-z coverage Post-C3R2 spec-z coverage

Fig. 19. The galaxy multicolour-space to i = 25 AB mag, encoded in a 2D map with a 150⇥75 binning using the self-organising map algorithm
(Masters et al. 2015). On the left is the distribution of spectroscopic coverage of the map prior to the C3R2 e↵ort. The white regions are those
parts of galaxy-colour space lacking high-confidence spectroscopic redshifts for calibration. On the right is the current map, after incorporating
the >5800 C3R2 faint galaxy spectra. The map coverage has increased from about 51% to >90%, with many colour cells calibrated with multiple
galaxies. Spectra to calibrate the remaining empty cells may be obtained as next-generation spectroscopic facilities come online, or they can be
addressed with clustering redshift approaches (e.g., Newman 2008). We note that the remaining empty regions correspond to lower-density (less
occupied) parts of the galaxy-colour space.

5.1. Photometric throughput and molecular contamination

For initial estimates of the total system throughput we used the
Gaia (Gaia Collaboration: Vallenari et al. 2023), 2MASS (Cutri
et al. 2003), and VHS (VISTA Hemispheric Survey; McMahon
et al. 2021) magnitudes of field sources. Considerable colour2110
terms exist in the transformations from the four wide Euclid
bands to these external bands (Fig. 12). Our transformations are
based on the known passbands and stellar SEDs from our sim-
ulations (Sect. 6); in the case of NISP they are given in Euclid
Collaboration: Schirmer et al. (2022).2115

We find the measured NISP and VIS zero points (ZPs) for
sources with a frequency-flat SED to be considerably better, by
about 0.4 mag, than required. Accurate ZPs and updated Eu-
clid photometric systems will be based on observations of sta-
ble white-dwarf spectrophotometric standards that we already2120
established with HST, jointly for Euclid and Roman (proposal
ID 16702).

Thin layers of water ice formed on optical surfaces due to
outgassing, resulting in throughput modulations from interfer-
ence and scattering. Contamination is expected and typical for2125
spacecraft, and can be countered with thermal decontamination
(for details see Euclid Collaboration: Schirmer et al. 2023).

Throughput monitoring has shown characteristic variations
that have been linked to several nanometres of ice on the optics;
selective heating of one of the folding mirrors in March 20242130
completely restored the transmission to immediate post-launch
levels. Because the instrument cavity has little venting area to
the outer space, and because outgassing is a continuous process,
further decontamination activities are expected over the opera-
tion period.2135

Fig. 20. VIS image quality. The figure shows a stacked data PSF near
the centre of the VIS FPA, from an observation of the self-calibration
field, averaging over source SEDs. The FWHM is approximately 0 .0013
in this data set. The e↵ect of trefoil (Sect. 5.2) is evident in this log-scale
representation.

5.2. VIS point-spread function

For the weak lensing measurements we need a detailed and
chromatic PSF model that we introduce in Sect. 7.6.4. Here we
present an initial and coarse evaluation of the PSF. With a plate
scale of 0 .001 pixel�1 the VIS optical PSF is considerably under- 2140
sampled (Fig. 20). To avoid aliasing in resampled images, the
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Fig. 36. Legendre multipoles of the redshift-space power spectrum of galaxy clustering, P`(k), as expected from the spectroscopic survey data
within four redshift bins (respectively, 0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5 and 1.5 < z < 1.8, where the P`(k) are evaluated at the mean of
the redshift intervals). The plots show the monopole (` = 0, solid line), quadrupole (` = 2, dashed-dotted line), and hexadecapole (` = 4, dashed
line), together with their error corridors (shaded regions). The latter simply connect the 1-� errors from the diagonal values of the analytical
covariance matrix, computed for narrow bins of �k = 0.0017 h Mpc�1. As a result of this fine binning, the shaded areas do not fully reflect the
actual constraining power of the measurements.

Fig. 37. Top: Normalised redshift distributions n(z), measured from the
EFS, for the 13 equi-populated bins that were used for the 3÷2pt anal-
ysis for the SPV. Middle: Resulting photometric magnification kernels
for the 13 redshift bins shown above. Bottom: Corresponding shear ker-
nels before (dashed) and after (solid lines) BNT transformation. The
latter case gives a better grasp of the tomographic information that can
be inferred from weak lensing (WL) observations.

through super-sample e↵ects is another significant contributor
(see e.g., Euclid Collaboration: Sciotti et al. 2023; Beauchamps
et al. 2022). For the SPV analysis this term alone is included
since we have found that this should give a realistic estimate.
Another source of mode coupling is the impact of masks and
visibility functions. When finite volumes and masks have to be

taken into account, the harmonic components become coupled
(Brown et al. 2005). This depends on the details of the survey,
as well as the masking procedures. For now, only the size of the
footprint has been taken into account in the SPV exercise – via
a rescaling of the covariance by the sky fraction fsky = ⌦S/4⇡,
with ⌦S the solid angle subtended by the survey, in steradians. A
more comprehensive treatment is left for future analysis.

The multi-probe Gaussian covariance is given by (Euclid
Collaboration: Blanchard et al. 2020):
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In the above equation, the Kronecker delta �K``0 enforces the
aforementioned independence of the di↵erent ` modes in the ab-
sence of convolution with the mask. The noise terms NAB

i j (`) are
non-zero only for the auto-correlations between probes and to-
mographic bins:
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(27)

where �2
✏ is the variance of the total intrinsic ellipticity of the

sources. Finally, n̄X
i (z) are the number densities of sources (X =

S) and lenses (X = L), relevant for cosmic shear and photometric
galaxy clustering respectively.

8.2. Expected cosmological parameter constraints

Comparing the Euclid measurements to model predictions is not
straightforward, owing to the small statistical uncertainties, the
need to marginalise over a large number of nuisance parame-
ters (that are needed to quantify residual systematic e↵ects), our
limited knowledge of the nonlinear evolution of structure, and
the impact of astrophysical processes on the matter distribution.
Moreover, an accurate covariance matrix is needed so that all
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number of bins and their z-distribution as derived from 
OU-PHZ PF applied to FS2.1 (Rubin Obs. EXT data quality)

External data (DES, CFHT, Pan-STARRS, HSC-SSP, Rubin)  are 
crucial here to reach full capabilities of the Euclid cosmic 
shear data.
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Pre-C3R2 spec-z coverage Post-C3R2 spec-z coverage

Fig. 19. The galaxy multicolour-space to i = 25 AB mag, encoded in a 2D map with a 150⇥75 binning using the self-organising map algorithm
(Masters et al. 2015). On the left is the distribution of spectroscopic coverage of the map prior to the C3R2 e↵ort. The white regions are those
parts of galaxy-colour space lacking high-confidence spectroscopic redshifts for calibration. On the right is the current map, after incorporating
the >5800 C3R2 faint galaxy spectra. The map coverage has increased from about 51% to >90%, with many colour cells calibrated with multiple
galaxies. Spectra to calibrate the remaining empty cells may be obtained as next-generation spectroscopic facilities come online, or they can be
addressed with clustering redshift approaches (e.g., Newman 2008). We note that the remaining empty regions correspond to lower-density (less
occupied) parts of the galaxy-colour space.

5.1. Photometric throughput and molecular contamination

For initial estimates of the total system throughput we used the
Gaia (Gaia Collaboration: Vallenari et al. 2023), 2MASS (Cutri
et al. 2003), and VHS (VISTA Hemispheric Survey; McMahon
et al. 2021) magnitudes of field sources. Considerable colour2110
terms exist in the transformations from the four wide Euclid
bands to these external bands (Fig. 12). Our transformations are
based on the known passbands and stellar SEDs from our sim-
ulations (Sect. 6); in the case of NISP they are given in Euclid
Collaboration: Schirmer et al. (2022).2115

We find the measured NISP and VIS zero points (ZPs) for
sources with a frequency-flat SED to be considerably better, by
about 0.4 mag, than required. Accurate ZPs and updated Eu-
clid photometric systems will be based on observations of sta-
ble white-dwarf spectrophotometric standards that we already2120
established with HST, jointly for Euclid and Roman (proposal
ID 16702).

Thin layers of water ice formed on optical surfaces due to
outgassing, resulting in throughput modulations from interfer-
ence and scattering. Contamination is expected and typical for2125
spacecraft, and can be countered with thermal decontamination
(for details see Euclid Collaboration: Schirmer et al. 2023).

Throughput monitoring has shown characteristic variations
that have been linked to several nanometres of ice on the optics;
selective heating of one of the folding mirrors in March 20242130
completely restored the transmission to immediate post-launch
levels. Because the instrument cavity has little venting area to
the outer space, and because outgassing is a continuous process,
further decontamination activities are expected over the opera-
tion period.2135

Fig. 20. VIS image quality. The figure shows a stacked data PSF near
the centre of the VIS FPA, from an observation of the self-calibration
field, averaging over source SEDs. The FWHM is approximately 0 .0013
in this data set. The e↵ect of trefoil (Sect. 5.2) is evident in this log-scale
representation.

5.2. VIS point-spread function

For the weak lensing measurements we need a detailed and
chromatic PSF model that we introduce in Sect. 7.6.4. Here we
present an initial and coarse evaluation of the PSF. With a plate
scale of 0 .001 pixel�1 the VIS optical PSF is considerably under- 2140
sampled (Fig. 20). To avoid aliasing in resampled images, the
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Fig. 36. Legendre multipoles of the redshift-space power spectrum of galaxy clustering, P`(k), as expected from the spectroscopic survey data
within four redshift bins (respectively, 0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5 and 1.5 < z < 1.8, where the P`(k) are evaluated at the mean of
the redshift intervals). The plots show the monopole (` = 0, solid line), quadrupole (` = 2, dashed-dotted line), and hexadecapole (` = 4, dashed
line), together with their error corridors (shaded regions). The latter simply connect the 1-� errors from the diagonal values of the analytical
covariance matrix, computed for narrow bins of �k = 0.0017 h Mpc�1. As a result of this fine binning, the shaded areas do not fully reflect the
actual constraining power of the measurements.

Fig. 37. Top: Normalised redshift distributions n(z), measured from the
EFS, for the 13 equi-populated bins that were used for the 3÷2pt anal-
ysis for the SPV. Middle: Resulting photometric magnification kernels
for the 13 redshift bins shown above. Bottom: Corresponding shear ker-
nels before (dashed) and after (solid lines) BNT transformation. The
latter case gives a better grasp of the tomographic information that can
be inferred from weak lensing (WL) observations.

through super-sample e↵ects is another significant contributor
(see e.g., Euclid Collaboration: Sciotti et al. 2023; Beauchamps
et al. 2022). For the SPV analysis this term alone is included
since we have found that this should give a realistic estimate.
Another source of mode coupling is the impact of masks and
visibility functions. When finite volumes and masks have to be

taken into account, the harmonic components become coupled
(Brown et al. 2005). This depends on the details of the survey,
as well as the masking procedures. For now, only the size of the
footprint has been taken into account in the SPV exercise – via
a rescaling of the covariance by the sky fraction fsky = ⌦S/4⇡,
with ⌦S the solid angle subtended by the survey, in steradians. A
more comprehensive treatment is left for future analysis.

The multi-probe Gaussian covariance is given by (Euclid
Collaboration: Blanchard et al. 2020):
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In the above equation, the Kronecker delta �K``0 enforces the
aforementioned independence of the di↵erent ` modes in the ab-
sence of convolution with the mask. The noise terms NAB

i j (`) are
non-zero only for the auto-correlations between probes and to-
mographic bins:

NAB
i j (`) =

8>>>>>>>><
>>>>>>>>:

�Ki j �
2
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S
i A = B = L

0 A , B

�Ki j/n̄
L
i A = B = G ,

(27)

where �2
✏ is the variance of the total intrinsic ellipticity of the

sources. Finally, n̄X
i (z) are the number densities of sources (X =

S) and lenses (X = L), relevant for cosmic shear and photometric
galaxy clustering respectively.

8.2. Expected cosmological parameter constraints

Comparing the Euclid measurements to model predictions is not
straightforward, owing to the small statistical uncertainties, the
need to marginalise over a large number of nuisance parame-
ters (that are needed to quantify residual systematic e↵ects), our
limited knowledge of the nonlinear evolution of structure, and
the impact of astrophysical processes on the matter distribution.
Moreover, an accurate covariance matrix is needed so that all
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Fig. 25. EWS coverage and colour-coded yearly progress in an all-sky Mollweide projection. The blue borders enclose the 16 000 deg2 RoI that
contains the 13 416 deg2 observed sky of the EWS. Small dark regions within the EWS are masks for stars brighter than 4 AB mag.

the mean overlap between fields, which reduces the covered sky
area. In the latest survey computation, Fig. 25, the EWS covers2245
13 416 deg2 of which 171 deg2 are lost due to bright stars. The
e↵ective sky area is 13 245 deg2, representing a decrease of 5%
as compared to the target of 14 000 deg2 in 6 years (Sect. 4.1).
The implications of this reduction in survey area for the core
science objectives, as well as possible mitigation strategies are2250
being explored.

6. Simulated data

The calibration observations discussed in Sect. 4.3 provide im-
portant information about the performance of the telescope and
the data that are collected. To prepare the pipeline and to in-2255
terpret the results, simulated data are needed as well. This in-
cludes large realistic input universes that can capture survey
characteristics, such as the Euclid Flagship Simulation (EFS;
Sect. 6.1) as well as sophisticated pixel-level instrument simu-
lators (Sect. 6.2). The latter are essential for exploring the sen-2260
sitivity of the measurements to instrumental e↵ects and test our
ability to correct these.

6.1. The Euclid Flagship Simulation

The optimal exploitation of the Euclid data demands the de-
velopment of large-volume and high-mass resolution numeri-2265
cal simulations that reproduce the large-scale galaxy distribu-
tion that the mission will observe with high fidelity. Not only do
these help to assess the performance with a realism that cannot
be achieved otherwise, but such simulations are also an essen-
tial tool for the development of the data processing and science2270
analysis pipelines. The major advance that the Euclid data will
bring implies the need for a dedicated e↵ort. To this end, we
developed the EFS, which is described in detail in Euclid Col-

laboration: Castander et al. (2024). Here, we summarise its main
characteristics. 2275

The EFS features a simulation box of 3600 h�1Mpc on a
side with 16 0003 particles, leading to a mass resolution of
mp = 109 h�1M�. This 4 trillion particle simulation is the largest
N-body simulation performed to date and matches the basic sci-
ence requirements of the mission, because it allows us to include 2280
the faintest galaxies that Euclid will observe, while sampling a
cosmological volume comparable to what the satellite will sur-
vey. The simulation was performed using PKDGRAV3 (Potter &
Stadel 2016) on the Piz Daint supercomputer at the Swiss Na-
tional Supercomputer Center (CSCS). The input cosmology dif- 2285
fers slightly15 from the one listed in Table 1, but this has no ma-
terial impact on the applications.

The initial conditions were realised at z = 99 with first-order
Lagrangian perturbation theory (1LPT) displacements from a
uniform particle grid. The transfer functions for the density field 2290
and the velocity field were generated at this initial redshift by
CLASS (Lesgourgues 2011) and CONCEPT (Dakin et al. 2022).
As the usual scaling of the linear power spectrum at z = 0 to
the initial redshift of the simulation (known as back-scaling), to
generate the initial conditions, was not used, all linear contribu- 2295
tions from radiation, massive neutrinos, and metric perturbations
(in the N-body gauge, see Fidler et al. 2015) were included via
a lookup table and applied as a small corrective PM (particle-
mesh) force at each timestep. This ensures a match to the lin-
ear evolution of the matter density field at all redshifts when 2300

15 The EFS uses the following values for the density parameters: ⌦m =
0.319; ⌦b = 0.049; and ⌦⇤ = 0.681 � ⌦rad � ⌦⌫, with a radiation
density ⌦rad = 0.00005509, and a contribution from massive neutrinos
⌦⌫ = 0.00140343. Additional parameters are: the equation of state of
dark-energy w = �1.0; the reduced Hubble constant h = 0.67; the scalar
spectral index of the initial fluctuations ns = 0.96; and the scalar power
spectrum amplitude As = 2.1 ⇥ 10�9 (corresponding to �8 = 0.813) at
k = 0.05 Mpc�1.
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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Legacy Survey of Space and Time (LSST) by the Vera C. Ru-
bin Observatory will repeatedly image the entire southern sky in
multiple bands (Ivezić et al. 2019), while the Dark Energy Spec-
troscopic Instrument experiment (DESI) will measure redshifts
for about 40 million galaxies (DESI Collaboration et al. 2023).
These projects are major improvements over previous surveys,
but a robust interpretation is essential. Accounting for the com-
plexities of ground-based data, in particular the variable sky con-
ditions, presents a major challenge. Hence, further advances will
come from space-based facilities, such as Euclid (Laureijs et al.
2011) and the planned Nancy Grace Roman Space Telescope
(Akeson et al. 2019).

This paper describes the background, instruments, perfor-
mance, and planned science of Euclid, a medium-class mission
in the Cosmic Vision 2015–2025 programme of the European
Space Agency (ESA). Euclid resulted from a 2007 call by ESA
for the selection of a medium-sized space mission. Besides five
other mission proposals, a dark energy mission concept was in-
cluded for competitive down-selection. This new mission con-
cept, ultimately named Euclid, was based on a combination of
two initial dark-energy mission proposals, the Dark Universe Ex-
plorer (DUNE; Refregier 2009) and the Spectroscopic All-Sky
Cosmic Explorer (SPACE; Cimatti et al. 2009). It envisioned an
extragalactic sky survey with visual imaging, and near-infrared
photometry and spectroscopy, optimised for the measurement of
the two primary cosmology probes, namely galaxy clustering
and weak gravitational lensing, which are both powerful ways
of measuring the evolution of the LSS, whilst complementing
each other in terms of constraining power.

The main science case of Euclid was presented in Laureijs
et al. (2011), which formed the basis for the o�cial selection of
the concept by ESA in 2011, and adoption as a mission in 2012.
Since then, the mission hardware and software have been built,
culminating in the successful launch of Euclid on 1st July 2023
on a Falcon-9 rocket from Cape Canaveral. Here we provide an
up-to-date high-level overview of the mission during its initial
time in orbit, describing the survey, the data products, and the
science that the Euclid Consortium aims to perform.

The structure of this paper is as follows. In Sect. 2 we sum-
marise the main science objectives of the Euclid mission and in-
troduce the primary cosmological probes that drove the design.
In Sect. 3 we provide a brief overview of the spacecraft and its
instruments. The survey characteristics and supporting observa-
tions are described in Sect. 4, while early results from the com-
missioning and performance verification are presented in Sect. 5.
The main data products that will be released publicly comprise
simulated data (Sect. 6) and the actual data processed through
the Euclid Science Ground Segment (SGS) pipeline (Sect. 7).
The cosmological inferences enabled by Euclid are discussed in
Sect. 8. Additional cosmological probes that are enabled or en-
hanced by the Euclid data are reviewed in Sect. 9. Finally, the
impact of Euclid is not limited to cosmology, and a taste of the
wide range of astrophysics that will be done is presented in more
detail in Sect. 10. To aid in the readability of this and accompa-
nying papers, we include a glossary of acronyms in Appendix A.
Unless specified otherwise, magnitudes and surface brightness
values are reported using the AB magnitude system.

2. Primary probes for cosmology with Euclid

The biggest mysteries in cosmology are the nature of dark mat-
ter and dark energy. Indirect evidence for the existence of dark
matter has come from a wide range of astronomical and cos-
mological observations, but if it is composed of new elementary

particles outside the standard model of particle physics, direct
detections in terrestrial experiments (e.g., Battaglieri et al. 2017)
are likely to play a prominent role in establishing its nature. The
situation is markedly di↵erent for the observed accelerating ex-
pansion of the Universe, where progress will most likely come
from advances in observational cosmology. To explain the obser-
vations, a component with a negative equation-of-state parame-
ter1 is required, which is commonly referred to as dark energy. It
makes up about 69% of the present-day energy density (Planck
Collaboration VI 2020), but we do not know if it is a cosmo-
logical constant, a field that evolves dynamically, or reflects a
more profound modification of the gravitation laws at cosmo-
logical scales (see e.g., Amendola et al. 2018). One of the key
observables to distinguish between such models is the way the
equation-of-state parameter w(z) varies with redshift. To allow
for a convenient comparison between cosmological probes, we
adopt

w(z) = w0 + wa
z

1 + z
, (1)

which captures the dynamical nature of dark energy to first or-
der in (1 � a), where a = 1/(1 + z) is the scale factor. Here, w0
is the present day equation of state, and wa quantifies the de-
pendence with redshift. This extension corresponds to a basic
non-clustering dynamical dark energy model, and constraints on
the parameters w0 and wa show how well Euclid can test this sce-
nario. For completeness, we note that the cosmological constant
corresponds to the choice w0 = �1 and wa = 0.

We can quantify the performance of a particular survey by
comparing the dark energy figure of merit (FoM), which we de-
fined as the inverse square root of the covariance matrix deter-
minant for the dark energy parameters (Wang 2008b),

FoM =
1p

det Cov(w0,wa)
, (2)

so that a larger value implies a more precise measurement of
the dark energy properties.2 The challenge for the experimen-
tal design, however, is to establish a minimum value to achieve.
Laureijs et al. (2011) presented a statistical argument, conclud-
ing that the value of w needs to be determined with a precision
of about 1% to robustly test the ⇤CDM model. Specifically, one
of the main objectives of Euclid is to constrain the dark energy
equation of state so that FoM > 400 for this baseline scenario.

This is a challenging target for two reasons. First, to achieve
such statistical constraining power requires surveying a consid-
erable fraction of the cosmological volume out to z = 2 (see
e.g., Amara & Réfrégier 2007), thus covering the epoch during
which dark energy became the dominant component in the Uni-
verse. In the case of Euclid, the aim is to observe 14 000 deg2 of
extragalactic sky with low zodiacal background and low Galac-
tic extinction (see Sect. 4 for details). Second, systematic biases
need to be su�ciently small as to not overwhelm the orders of
magnitude improvement in precision. The observational signa-
tures of dark energy are subtle, and unrecognised instrumental
e↵ects could be mistaken for new physics. To minimise this,
1 The equation-of-state parameter w relates the pressure P and the en-
ergy density ⇢c2 of a substance as P ⌘ w⇢c2. In the case of a cosmolog-
ical constant ⇤ , 0, or a non-zero vacuum energy density, w = �1, and
the time derivative is zero.
2 To evaluate the FoM we marginalise over the cosmological and nui-
sance parameters, while imposing a Gaussian prior on the baryon den-
sity from big bang nucleosynthesis (BBN). See Sect. 8.2.3 for more
details.
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.
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vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).
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Legacy Survey of Space and Time (LSST) by the Vera C. Ru-
bin Observatory will repeatedly image the entire southern sky in
multiple bands (Ivezić et al. 2019), while the Dark Energy Spec-
troscopic Instrument experiment (DESI) will measure redshifts
for about 40 million galaxies (DESI Collaboration et al. 2023).
These projects are major improvements over previous surveys,
but a robust interpretation is essential. Accounting for the com-
plexities of ground-based data, in particular the variable sky con-
ditions, presents a major challenge. Hence, further advances will
come from space-based facilities, such as Euclid (Laureijs et al.
2011) and the planned Nancy Grace Roman Space Telescope
(Akeson et al. 2019).

This paper describes the background, instruments, perfor-
mance, and planned science of Euclid, a medium-class mission
in the Cosmic Vision 2015–2025 programme of the European
Space Agency (ESA). Euclid resulted from a 2007 call by ESA
for the selection of a medium-sized space mission. Besides five
other mission proposals, a dark energy mission concept was in-
cluded for competitive down-selection. This new mission con-
cept, ultimately named Euclid, was based on a combination of
two initial dark-energy mission proposals, the Dark Universe Ex-
plorer (DUNE; Refregier 2009) and the Spectroscopic All-Sky
Cosmic Explorer (SPACE; Cimatti et al. 2009). It envisioned an
extragalactic sky survey with visual imaging, and near-infrared
photometry and spectroscopy, optimised for the measurement of
the two primary cosmology probes, namely galaxy clustering
and weak gravitational lensing, which are both powerful ways
of measuring the evolution of the LSS, whilst complementing
each other in terms of constraining power.

The main science case of Euclid was presented in Laureijs
et al. (2011), which formed the basis for the o�cial selection of
the concept by ESA in 2011, and adoption as a mission in 2012.
Since then, the mission hardware and software have been built,
culminating in the successful launch of Euclid on 1st July 2023
on a Falcon-9 rocket from Cape Canaveral. Here we provide an
up-to-date high-level overview of the mission during its initial
time in orbit, describing the survey, the data products, and the
science that the Euclid Consortium aims to perform.

The structure of this paper is as follows. In Sect. 2 we sum-
marise the main science objectives of the Euclid mission and in-
troduce the primary cosmological probes that drove the design.
In Sect. 3 we provide a brief overview of the spacecraft and its
instruments. The survey characteristics and supporting observa-
tions are described in Sect. 4, while early results from the com-
missioning and performance verification are presented in Sect. 5.
The main data products that will be released publicly comprise
simulated data (Sect. 6) and the actual data processed through
the Euclid Science Ground Segment (SGS) pipeline (Sect. 7).
The cosmological inferences enabled by Euclid are discussed in
Sect. 8. Additional cosmological probes that are enabled or en-
hanced by the Euclid data are reviewed in Sect. 9. Finally, the
impact of Euclid is not limited to cosmology, and a taste of the
wide range of astrophysics that will be done is presented in more
detail in Sect. 10. To aid in the readability of this and accompa-
nying papers, we include a glossary of acronyms in Appendix A.
Unless specified otherwise, magnitudes and surface brightness
values are reported using the AB magnitude system.

2. Primary probes for cosmology with Euclid

The biggest mysteries in cosmology are the nature of dark mat-
ter and dark energy. Indirect evidence for the existence of dark
matter has come from a wide range of astronomical and cos-
mological observations, but if it is composed of new elementary

particles outside the standard model of particle physics, direct
detections in terrestrial experiments (e.g., Battaglieri et al. 2017)
are likely to play a prominent role in establishing its nature. The
situation is markedly di↵erent for the observed accelerating ex-
pansion of the Universe, where progress will most likely come
from advances in observational cosmology. To explain the obser-
vations, a component with a negative equation-of-state parame-
ter1 is required, which is commonly referred to as dark energy. It
makes up about 69% of the present-day energy density (Planck
Collaboration VI 2020), but we do not know if it is a cosmo-
logical constant, a field that evolves dynamically, or reflects a
more profound modification of the gravitation laws at cosmo-
logical scales (see e.g., Amendola et al. 2018). One of the key
observables to distinguish between such models is the way the
equation-of-state parameter w(z) varies with redshift. To allow
for a convenient comparison between cosmological probes, we
adopt

w(z) = w0 + wa
z

1 + z
, (1)

which captures the dynamical nature of dark energy to first or-
der in (1 � a), where a = 1/(1 + z) is the scale factor. Here, w0
is the present day equation of state, and wa quantifies the de-
pendence with redshift. This extension corresponds to a basic
non-clustering dynamical dark energy model, and constraints on
the parameters w0 and wa show how well Euclid can test this sce-
nario. For completeness, we note that the cosmological constant
corresponds to the choice w0 = �1 and wa = 0.

We can quantify the performance of a particular survey by
comparing the dark energy figure of merit (FoM), which we de-
fined as the inverse square root of the covariance matrix deter-
minant for the dark energy parameters (Wang 2008b),

FoM =
1p

det Cov(w0,wa)
, (2)

so that a larger value implies a more precise measurement of
the dark energy properties.2 The challenge for the experimen-
tal design, however, is to establish a minimum value to achieve.
Laureijs et al. (2011) presented a statistical argument, conclud-
ing that the value of w needs to be determined with a precision
of about 1% to robustly test the ⇤CDM model. Specifically, one
of the main objectives of Euclid is to constrain the dark energy
equation of state so that FoM > 400 for this baseline scenario.

This is a challenging target for two reasons. First, to achieve
such statistical constraining power requires surveying a consid-
erable fraction of the cosmological volume out to z = 2 (see
e.g., Amara & Réfrégier 2007), thus covering the epoch during
which dark energy became the dominant component in the Uni-
verse. In the case of Euclid, the aim is to observe 14 000 deg2 of
extragalactic sky with low zodiacal background and low Galac-
tic extinction (see Sect. 4 for details). Second, systematic biases
need to be su�ciently small as to not overwhelm the orders of
magnitude improvement in precision. The observational signa-
tures of dark energy are subtle, and unrecognised instrumental
e↵ects could be mistaken for new physics. To minimise this,
1 The equation-of-state parameter w relates the pressure P and the en-
ergy density ⇢c2 of a substance as P ⌘ w⇢c2. In the case of a cosmolog-
ical constant ⇤ , 0, or a non-zero vacuum energy density, w = �1, and
the time derivative is zero.
2 To evaluate the FoM we marginalise over the cosmological and nui-
sance parameters, while imposing a Gaussian prior on the baryon den-
sity from big bang nucleosynthesis (BBN). See Sect. 8.2.3 for more
details.
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Expected Euclid-only performances
Cosmological constant or new form of energy

DESI DR2 Results II: DE equation of state as 
measured from the position of the BAO peaks 
(DESI) + CMB + DES Y5

Euclid Collaboration: Y. Mellier et al.: Overview of the Euclid mission

Fig. 41. Forecast of the constraints for the w0waCDM cosmological model (adopting a flat geometry) using only the Euclid primary probes, as
described in Sect. 8.1.1. The sampled parameter space also included the cosmological parameters (⌦bh2, ⌦ch2, H0, ns, As, w0 and wa) and several
nuisance parameters listed in Table 5. The grey dashed lines show the fiducial values of the parameters, that are also listed in Table 5. The posterior
distributions were obtained using CLOE v2.0.2 and the sampler Polychord, with 800 live points and 0.01 as the precision criterion. For the
photometric probes (cosmic shear, photometric angular clustering, and galaxy-galaxy-lensing), we used `max = 3000, while for the spectroscopic
probe we used, kmax = 0.3 h Mpc�1. We show the 2D-posterior distribution for the parameters w0 and wa in detail, citing the corresponding FoM
obtained for each probe as well as for the combination of both.

sity contrast and the Newtonian and lensing potentials in Fourier
space (e.g. Pogosian et al. 2010), while the EFT of dark en-
ergy (Frusciante & Perenon 2020) provides a framework to ex-
plore deviations from GR consistently. Provided the observables
can be modelled accurately on nonlinear scales, Euclid will pro-
vide outstanding constraints on extensions of ⇤CDM, especially
when cross-correlations with CMB measurements are also in-
cluded (see Sect. 9.4; Euclid Collaboration: Casas et al. 2023;
Euclid Collaboration: Frusciante et al. 2023).

Massive neutrinos suppress the matter power spectrum on
small scales. Hence, a measurement of this subtle signature al-
lows the sum of neutrino masses,

P
m⌫, to be constrained using

cosmological data. Current CMB and LSS measurements pro-

vide stringent upper bounds (
P

m⌫ . 0.1 eV, 95% confidence;
Planck Collaboration VI 2020; Alam et al. 2021; Palanque-
Delabrouille et al. 2020), well below the limits of current lab-
oratory experiments studying � decay (upper limit on e↵ective
electron anti-neutrino mass m⌫ < 0.8 eV, 90% confidence, Aker
et al. 2022). The absolute neutrino mass sum is still unknown,
but this situation will change thanks to Euclid. In the minimal
⇤CDM+

P
m⌫ model, Euclid’s primary probes alone can con-

strain the neutrino mass with a 1� error �(
P

m⌫) = 0.05 eV for
a fiducial neutrino mass of 0.06 eV. In combination with Planck,
a precision of �(

P
m⌫) = 0.02 eV can be reached, implying a

3� detection of a non-zero neutrino mass (Euclid Collabora-
tion et al. 2024). If the true neutrino mass is below 0.08 eV,
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a deviation from w = �1 at the best-measured redshift.
As the other two SNe datasets are slightly less constrain-
ing than DESY5, the pivot redshifts for combinations
with them are slightly larger, as are the uncertainties on
wp, but the results for all choices of DESI+CMB+SNe
are mutually consistent.

These results sharpen the preference already seen in
[38] for an evolving equation of state for dark energy: al-
though the statistical significances from all data depend
somewhat on the choice of SNe dataset included, even the
weakest of them (the DESI+CMB+Pantheon+ combina-
tion) is still nearly 3�, and the significance is 3.1� even
when excluding all SNe data altogether (DESI+CMB).
In all cases, the favored w(z) shows a phase of w > �1 at
low redshifts and a phantom crossing to w < �1 above
redshifts z ' 0.4. Within the w0waCDM model, the
necessity of such a crossing and the redshift at which
it occurs is determined by the requirement to match
the precise CMB measurement of ✓⇤ together with ⌦m

[148]. The details of the recovered form of w(z) and
the w0, wa parameter values naturally depend on the
choice of parametrization. The accompanying paper [49]
explores various other parametrizations of w(z) beyond
eq. (9), and non-parametric reconstruction methods, that
exhibit a similar behavior. Reference [49] also performs
binned reconstruction of w(z) without assuming a func-
tional form for the equation of state and finds a consistent
picture, as shown in Figure 12. The lowest redshift bin
shown in the figure favors a value of w > �1 at high sig-
nificance [49], inconsistent with the ⇤CDM expectation
w = �1.

The apparent preference for phantom crossing to
w(z) < �1 at intermediate redshifts, and the conse-
quent violation of the NEC, is thus rather independent of
parametrization choices made in the analysis (see, e.g.,
[149] using DR1 data for non-parametric results). How-
ever, the equation of state is not directly observable, and
we only observe quantities, such as distances, that de-
pend indirectly on w(z). In some circumstances it may
therefore be possible to construct particular models that
provide reasonable fits to the low-redshift data while still
respecting w(z) � �1 at all z ([150, 151] provide explicit
examples, but [152] discusses the general limitations of
such models in fitting DESI+CMB data). The support-
ing paper [49] examines several NEC-respecting models
of dark energy evolution and finds that while they can
somewhat outperform ⇤CDM, they have low �(DIC) val-
ues relative to w0waCDM for the combination of DESI,
CMB and SNe data, indicating a preference for phantom
crossing.

Table V gives a more complete list of the results for
other parameters when fitting this model to di↵erent
combinations of data. It is worth noting that allowing
w(z) to vary does not help resolve the so-called Hub-
ble tension [153], since in w0waCDM the recovered H0

is lower than the Planck ⇤CDM value. Although not
discussed here, [46] showed that allowing evolving dark
energy also does not a↵ect the value of the S8 parameter
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FIG. 12. Comparison of the constraints on the equation of
state of dark energy using the CPL parametrization and a bin-
ning reconstruction approach, using DESI+CMB+DESY5.
The solid green line shows the best-fit w(z) based on w0 and
wa inference and the green contours around it represent the
68% and 95% confidence intervals. We also show in blue the
constraints from the binning approach [49], with the hori-
zontal bars indicating the bin width (which is fixed) and the
vertical bars representing the 1� error. Additionally, we in-
clude in gray the 1D posterior for each binning parameter.
The ⇤CDM limit corresponds to the horizontal gray dashed
line.

determined from DESI data, which remains consistent
with values from the CMB.

B. The nature of the evidence for evolving dark
energy

The Hubble diagrams in Figure 13 illustrate the na-
ture of the evidence for evolving dark energy and its
dependence on the adopted datasets. The upper pan-
els show the isotropic, perpendicular, and parallel BAO
measurements (↵iso, ↵?, and ↵||), which are normalized
to the predictions of the Planck ⇤CDM cosmology. The
lower panels plot µ � µfid, the distance modulus relative
to the fiducial Planck ⇤CDM prediction, for the three
SNe datasets (noting again that for uncalibrated SNe,
the distance modulus is only known to an arbitrary con-
stant o↵set). Our procedure for creating binned data
points from the SNe data is described in Section IVC.
Because the fiducial SNe absolute magnitude is unknown,
all data points are free to move up or down together by
the same amount in µ, and we have chosen the normal-
ization such that error-weighted mean of µ�µfid is equal
to zero. Equivalently, any model curve in these panels
can be shifted up or down by a constant �µ, and we
have normalized them to match the weighted mean of
the data.

𝚲-CDM
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About 500 gravitational arcs at galactic scales, Euclid Collaboration, 
M. Walmsley et al. through deep learning searches and Citizen 
Science inspections



About 500 gravitational arcs at galactic scales, Euclid Collaboration, 
M. Walmsley et al. through deep learning searches and Citizen 
Science inspections

Thank you for your attention
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and Q1 Data Release
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Euclid new image of 
galaxy cluster Abell 2390 

at z=0.23

with arcs ...            and intra-cluster light
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Euclid Q1: Galaxy shapes and 
alignments in the cosmic web
Euclid collaboration: Clotilde Laigle 
C. Gouin,  F. Sarron, L. Quilley, C. Pichon, K. Kraljic, F. Durret, N. E. Chisari, U. Kuchner, N. Malavasi, 
M. Magliocchetti, H. J. McCracken, J. G. Sorce, Y. Kang, C. J. R. McPartland, S. Toft, et al.
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Compilation of the 132 deg² skypatch (center), its location on the sky compared to an all-sky Planck dust map (top left),

comparison to the size of the Moon (top right), and successive zoom-in. (Image credits: ESA/Euclid/Euclid Consortium/NASA, CEA

Paris-Saclay, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi; ESA/Gaia/DPAC; ESA/Planck Collaboration, CC BY-SA 3.0

IGO)

What can we see in this image mosaic? On large scales what first catches the eye are the blue-ish
“clouds”. These are actually very thin gas and dust clouds, called “galactic cirrus” inside our Milky Way
that reflect light from stars in our galaxy. They can be directly matched to the dust map created by
ESA’s Planck mission a few years ago that is shown in the top left.

If one would look in very fine detail at higher and higher resolution – which is shown for a zoom-in
area – one would be able to see and investigate around 14 million individual galaxies. All of these will
be used in Euclid’s cosmology mission to map dark matter and cosmic structure across the epochs.

ESA unveils zoom into Euclid’s first large piece of the sky – Euclid Consortium https://www.euclid-ec.org/euclids-first-large-piece-of-the-sky/

2 sur 5 17/10/2024 14:26

ESA unveils zoom into Euclid’s first large piece of the sky
October 15, 2024
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Zoom level x36: The galaxy cluster,

some fainter, more distant galaxies

behind it, two interacting galaxies to

the left in front of it, and some bright

stars (showing “spikes”) in our own

galaxy in the foreground.

Zoom level x150: Massive elliptical

galaxies in Abell 3381 on the right,

and two interacting piral galaxies on

the left belonging to a different

cluster 420 million light years from

us.

Zoom level x600: High-resolution

image of a disturbed spiral galaxy.

The asymmetry stems from

interactions with other galaxies in

the cluster, triggering fresh star

formation.

Euclid data allows to both cover very wide areas on the sky at the same time as capturing amazing,
finely resolved details. After six years of surveying, Euclid will have observed one third of the whole
sky, capturing more than 2 billion galaxies, both in the visible and near-infrared light.

These images are being publicly unveiled on 15 October 2024 at the International Astronautical
Congress in Milan, Italy. The full release can soon be found at ESA’s Euclid pages, incl. full-res TIFF
images, background info, and much more detailed explanations.

ESA unveils zoom into Euclid’s first large piece of the sky – Euclid Consortium https://www.euclid-ec.org/euclids-first-large-piece-of-the-sky/

4 sur 5 17/10/2024 14:26

ESA unveils zoom into Euclid’s first large piece of the sky
October 15, 2024
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Euclid new image of star 
forming region Messier 78
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Euclid view of spiral 
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Fig. 12: Comparison between MV, Re, and µV,e scaling relations of the ERO Perseus dwarf sample (violet-blue), including UDGs
(orange) from this work, and bright galaxies (black) from Cuillandre et al. (2024b). The basis for this plot is Figure 37 in Kormendy
et al. (2009) with updates from Kormendy & Bender (2012), Bender et al. (2015), Kluge et al. (2020), Marleau et al. (2021)
and Zöller et al. (2024), including brightest cluster galaxies (BCGs), ellipticals, and classical bulges (dark grey), as well as dwarf
galaxies including UDGs (light grey). For the sake of clarity, we do not show errorbars. The uncertainties vary significant between
the di↵erent galaxies.

and a plane sky model. The plane sky model was run in order
to improve the fitting outcome of the dwarfs embedded in strong
sky gradients due to a nearby massive (bright) galaxy. All models
and residuals produced by both codes were visually inspected

and the output parameters of the best fits were retained for the
final catalogue.

From these runs, a total of 854 dwarf galaxies returned a
good fit and therefore robust structural parameters. The remain-
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Fig. 4: VIS-NISP colour image of the Perseus galaxy cluster. The full FoV of 0.�84 ⇥ 0.�84 is shown, with north up and east to the
left. Examples of dwarf galaxy candidates are shown in the individual cutouts of size 4000 ⇥ 4000. The galaxies EDwC-0854, EDwC-
0468, EDwC-0165, and EDwC-0997 are newly identified UDG candidates. The system composed of EDwC-0141 and EDwC-0145
(bottom right cutout) show one example of two newly identified dwarfs that appear to be interacting.

cutouts of the IE and IE + JE +HE colour image, with a fixed FoV
0 .005 across, centred on the object. The same seven contributors
re-evaluated the status of each dwarf candidate, assessed their
morphology, GC richness, and counted the number of nuclei.

The possible responses were: (a) presence of a dwarf, ‘yes0 = 1,
‘unsure0 = 0.5, or ‘no0 = 0; (b) morphology, ‘dE’ – regular
early-type galaxy, ‘dI’ – star-forming dwarf irregular galaxy,
‘Disturbed’ – tidally disrupted or interacting object, either dE
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ABSTRACT

We make use of the unprecedented depth, spatial resolution, and field of view of the Euclid Early Release Observations (EROs) of the Perseus
galaxy cluster to detect and characterise the dwarf galaxy population in this massive system. Using a dedicated annotation tool, the Euclid high
resolution VIS and combined VIS+NIR colour images were visually inspected and dwarf galaxy candidates were identified. Their morphologies,
the presence of nuclei, and their globular cluster (GC) richness were visually assessed, complementing an automatic detection of the GC candidates.
Structural and photometric parameters, including Euclid filter colours, were extracted from 2-dimensional fitting. Based on this analysis, a total
of 1100 dwarf candidates were found across the image, with 638 appearing to be new identifications. The majority (96%) are classified as dwarf
ellipticals, 53% are nucleated, 26% are GC-rich, and 6% show disturbed morphologies. A relatively high fraction of galaxies, 8%, are categorised
as ultra-di↵use galaxies. The majority of the dwarfs follow the expected scaling relations of galaxies. Globally, the GC specific frequency, S N , of
the Perseus dwarf candidates is intermediate between those measured in the Virgo and Coma clusters. While the dwarf candidates with the largest
GC counts are found throughout the Euclid field of view, the dwarfs located around the east-west strip, where most of the brightest cluster members
are found, exhibit larger S N values, on average. The spatial distribution of the dwarfs, GCs, and intracluster light show a main iso-density/isophotal
centre displaced to the west of the bright galaxy light distribution. The ERO imaging of the Perseus cluster demonstrates the unique capability
of Euclid to concurrently detect and characterise large samples of dwarf galaxies, their nuclei, and their GC systems, allowing us to construct a
detailed picture of the formation and evolution of galaxies over a wide range of mass scales and environments.
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