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The presented document is Proprietary information of the Euclid Consortium. 
This document shall be used and disclosed by the receiving Party and its related entities (e.g. contractors and subcontractors) only for the purposes 
of fulfilling the receiving Party's responsibilities under the Euclid Project and that the identified and marked technical data shall not be disclosed or 

retransferred to any other entity without prior written permission of the document preparer. 
 

x The responsibility for the deliveries of the EC contributions to ESA within the remit of the MLAs 
([AD-02])  

x Representing the Consortium at ESA EST meetings, and others meetings as appropriate. 
x Leading the EC in any international discussions of the role of the EC in science support 

activities; 
x Coordinating and monitoring all international funding and collaboration proposals made by EC 

members that involve the pre- or post-launch Euclid Mission or the Euclid Consortium 
proprietary data; 

x Instigating project reviews, studies and assessments at EC level as necessary and required to 
resolve issues and to enable a successful project (e.g. set up Tiger Team or Task Force); 

x Organizing and coordinating the EC Reviews in particular, ensuring EC support to ESA reviews; 
x Organization of the EC meetings;  
x He/She leads the EC Science activities; 
x He/She leads the ECCG; 
x He/She is assisted by a Mission Survey Scientist; 
x He/She is assisted by a Local ECL Support Group; 
x He/She is the single EC contact point for invitation and negotiation of new partners (countries, 

institution, institutes, laboratories) willing to be part of the Euclid Consortium;  
x He/She is responsible for organising, negotiating and coordinating scientific collaborations 

between the Euclid Consortium and other international projects; 
x He/She is responsible for the EC Membership policy and the writing of the rights and duties of 

the EC members; 
x He/She is responsible for th official EC membership list; 
x He/She is responsible for the EC Documentation Management; 
x He/She is responsible for the definition and monitoring of the EC publication policy; 
x He/She is responsible of EC communication, education and public outreach activities; 
x He/She report to the ECB on on-going Euclid Consortium activities; 
x He/She may delegate any task to members of his/her Local Support Group; 
x He/She has the right to attend any kind of meeting of the EC; 
x He/She may initiate internal peer reviews as he/she is feeling necessary; 
x Arbitrate and reconcile disputes and views that cannot be solved internally within or between the 

ECL Support, VIS, NISP, SGS, COM and SWG sub-systems. 
 

6.3.4. Mission Survey Scientist 
 
The Mission Survey Scientist leads the high-level Euclid mission activities that needs a global views and 
understandings of the survey planed with Euclid, of the VIS and NISP science drivers and of the 
performances of the telescope and the instrument. 
 
This pivot position aims at strengthening the day-to-day communication between the Science Working 
Groups and the instrument and ground segment scientists, as well as the coordination of transverse 
scientific activities (mission definition, mission performances, calibrations, end-to-end simulations). 
 

x He/She is responsible of the definition, modeling and optimization of the Euclid survey in order to 
maximize the scientific return of the mission; 

x He/She is in charge of proposing to the ECL and ECCG mission scenarios and mission trade-
offs that are in lines with the core and the legacy programs, and the best scientific return to the 
Euclid Consortium; 

x He/She is the lead of the Mission Survey Group; 
x He/She has a co-leading role in the end-to-end simulations activities; 
x He/She is has a leading role in the Calibration working group activities; 
x He/She is responsible for finding and implementing the funding/manpower resources needed to 

operate the Mission Survey Group; 
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02/09/2020, 09:15The Euclid STAR Prize 2020 | Euclid Consortium

Page 1 of 8https://www.euclid-ec.org/?page_id=5192

Euclid STAR Prize 2020

Philippe Baratta
Student Award
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Emiliano Munari
Junior Scientist Award

Euclid STAR Prize 2020

Paola Battaglia
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Enzo Branchini
Leadership & Coordination
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Euclid Consortium
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Euclid Consortium
A space mission to map the Dark Universe
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Cardone was also 
awarded the 2019 
team star prize for
theoretical work 
on Fisher matrices
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Le Maître 1926

Hubble 1929-1931

~1930 Discovery: 
the Expansion of 

the Universe

z ∝ d ; z ≅ H0d

Recession velocity ∝ redshift z 
is linearly proportional to 

distance (z<<1)
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The Cosmic 
Microwave  
Background
is SMOOTH !!

ΔT
T

≃ 10−5 = 0.00001

Formation and growth of 
structures 

The how depends on gravitation 
and constituents

CMB theory 
(green line) 
and data 
(red dots) 
in excellent 
agreement
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Nearby 
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Faint, high 
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Universe

Sky is full 
of galaxies… 

what else? 
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1933: first evidence for dark ma0er 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The characteris4c speed of galaxies in the Coma 

cluster suggests that the cluster contains 160 4mes 

more mass that we can deduce from the stellar light 

(nowadays we believe the discrepancy is a factor of 6) 

Helve4ca Physica Acta, 1933, 6, 110 

Virial theorem 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theorem 

Since ~90 years dealing with Dark Matter mystery…..
Christening of dark ma0er  

Fritz Zwicky (1933) 

Fritz Zwicky (1937) 

Christening of dark ma0er  

Fritz Zwicky (1933) 

Fritz Zwicky (1937) 

Finds DM & predicts 
Grav Lensing from
cosmic structures!!

… back to Zwicky (1937) 

1937

1933
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Bullet Cluster: Dark Matter!
XRAY

galaxies + XRAY

galaxies + Weak Lensing 
Xray + Weak Lensing

Baryons 
here

Mass 
here

Mass 
here

Cluster	dominant	mass	component	not	hot	
gas	nor	(simple)	modified	gravity:	ρT	~	ρB



Insert your
institute logo 

here

02/02/2018, 16)01inaf-circ-colore.gif 400×400 pixels

Page 1 of 1http://www.inaf.it/it/sedi/sede-centrale-nuova/presidenza/ufficio-rel…ampa/uso-del-logo_old/uso%20del%20logo/immagini/inaf-circ-colore.gif

R. Scaramella-AASS lecture-18 Nov 2022

12.2. Formalism 114

Figure 12.1: Left Panel : Prediction of the ISW cross-correlation signal for di⇥erent values of
the dark energy density (�DE = 0.10, green line; �DE = 0.20, red line; �DE = 0.30, blue line)
for universes with flat geometry (solid lines) and universes with open geometry and no dark
energy. The ISW signal for universes with the same matter density is larger in open universes
than in flat universes. The signal is calculated for a Euclid-like photometric survey. Right panel :
The ISW cross-correlation signal for di�erent values of the growth parameter (� = 0.44, green,
dash-dotted line; � = 0.55, blue dashed line; � = 0.68, e.g. a DGP model, red short dashed).
Both figures are taken from Rassat (2007).

Figure 12.2: Contours for w and �DE from 4 redshift bins from the Euclid photometric survey
with roughly equal number of galaxies per bin (z = [0, 0.6], [0.7, 1.10], [1.1, 1.4], [1.5, 2.7]). The
direction of the degeneracy in the w � �DE plane changes with the redshift of the galaxies
considered. Figure taken from Rassat (2007).

Integrated Sachs Wolfe 
(will use Planck)

16.2. Constraining Dark Energy with Type Ia Supernovae 152
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Figure 16.2: Number of SNe of various types that are expected to be detected by Euclid in the
J band, as a function of redshift. Estimates for SNe of type Ia (dark blue shaded region), Ibc,
IIn and IIp were provided by A. Goobar based on assumptions in Goobar et al. (2008), using
SNe Ia rates from Dahlen et al. (2004) and assuming a 5 year survey that monitors a patch of
10sq deg at any time. These histograms represent the N(z) for SNe with su⇥cient sampling to
measure their lightcurve shapes (i.e. reaching 1 magnitude fainter than the peak brightness). The
light-blue shaded region shows an independent estimate of the total number of SNe Ia detections
including those only detected at peak luminosity, i.e. without full lightcurve measurements.

will allow us to measure distances in the rest-frame I-band where the scatter is only 0.13 mag
(Freedman et al. 2009).

Overall we expect that the J-band photometry from the Euclid deep survey will be the
most sensitive for supernovae, with the Y and H bands providing additional colour information.
The optical component of the deep survey will also provide useful information (for example
morphology of SN host galaxies and position of the SN within its host) but the single broad
optical R+I+Z filter is di⇥cult to calibrate for precision light-curve photometry, hence the
benefit of a coordinated ground-based optical survey. When combined with ground-based data,
‘standard’ rest frame B-band distances and rest-frame I-band distances to the same supernovae
could be compared. The large wavelength coverage can be used to study colour variations and
in turn reduce the scatter in distance measurements. This would yield a high quality Hubble
diagram in the rest-frame I-band with thousands of events to z � 0.7.

In summary, Euclid would provide much-improved extinction corrections up to z � 0.8 (plus
additional objects with 5-sigma detections to z � 1), and a rest-frame I-band Hubble diagram
with thousands of objects to z � 0.7.

16.2.2 Euclid spectroscopy of supernovae type Ia

Spectroscopy is needed in order to measure the redshift (usually from the host galaxy) and to
determine the supernova type. Euclid itself, through the deep spectroscopic survey (depth TBD
in the slitless case, or H(AB) � 24 in the DMD case), could provide spectra for the brightest

Physics and 
cosmology from SN 
[? Feasibility]
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Dark	Matter	(indirect)		
evidence		

comes	from	gravity	

Flat	Rotation	curves

Velocity	dispersion	
in	galaxy	clusters

Peculiar	motions	on		
large	scales

Strong	and	weak	lensing

Cosmic	structure	evolution

Bullet-like	clusters
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The Nobel Prize in Physics 2011

Photo: U. Montan
Saul Perlmutter
Prize share: 1/2

Photo: U. Montan
Brian P. Schmidt
Prize share: 1/4

Photo: U. Montan
Adam G. Riess
Prize share: 1/4

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul Perlmutter, the other half jointly to Brian P. 
Schmidt and Adam G. Riess "for the discovery of the accelerating expansion of the Universe through observations of 
distant supernovae".

If so, why ?

Since ~20 years dealing with 
another mystery…..
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1. Connecting the Infinitely Large and Infinitely Small

The macro-cosmos – the world of celestial objects 
and their evolution – has its own Standard Model 
in the shape of the Big Bang Model of cosmology 
(see Box B page 18). This successfully predicted, for 
instance, the existence and properties of the CMB.

In the first minutes after the Big Bang, nearly 14 
billion years ago, the Universe was so hot that only 
the simplest structures (the elementary particles) 
could exist and both Standard Models – covering 
the infinitely small and the infinitely large – came 
into play. Perhaps the best illustration of this 
relates to the number of different ‘flavours’ of light 
neutrino particles: from precision experiments at 
high-energy accelerators, we know this number 
to be three as set out in the Standard Model of 
particle physics; but this same number is also 
required by the Big Bang Model of cosmology, 

particularly in order to understand the abundance 
of light chemical elements observed in connection 
with the process of nucleosynthesis that occurred 
in the first few minutes after the Big Bang.

…to new challenges pointing to unknown paths 
Nevertheless, our quest for a detailed 
understanding of the Universe remains incomplete. 
From a theoretical perspective, coherent 
descriptions of the cosmos almost invariably 
require the existence of new particles – in other 
words, particles additional to those included in 
the Standard Model of particle physics. From an 
experimental perspective, meanwhile, observations 
of the large-scale structure of the cosmos and the 
intricacies of the CMB, for example, point to the 
existence of unknown forms of matter and energy, 
such as Dark Matter and Dark Energy.

The relative abundances of the three presumed constituents of mass-energy in our Universe: visible matter, dark matter and  
dark energy (Credit: STFC/Ben Gilliland) 

What is the Universe made of ? 

Current 
hypothesis
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SNIa are standard candles...not!

• SN have to be “standardized”

• Brighter SN are slower
Origin unknown. (Nickel mass 
variations? anisotropic 
explosions? )

• Brighter SN are bluer
Dust: More absorption, more 
reddening

• Empirical standardization method: 
add color (at max) and stretch 
parameters

clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibengut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
! They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
! They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-

54 April 2003    Physics Today http://www.physicstoday.org
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8
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Light curve

16% dispersion in peak lum.
8% precision on distance

40% dispersion in peak lum.

Monday, September 10, 12

Potential biases - measurement

• Light-curve fitting
Different methods
➝ different maximum luminosity
➝ different calibration for Hubble
diagram

• Malmquist bias
Faint SNIa more difficult to observe, 
might be missing from catalogue. 

Average brightness changes as fct 
of redshift: Could mimic w(z).
Monte-Carlo simulations.

• Other selection biases; 
Contamination by Ib, Ic;
K-correction

40 P. Astier et al. (SNLS Collaboration): SNLS 1st year data set

5.4. Cosmological fits

From the fits to the light-curves (Sect. 5.1), we computed a
rest-frame-B magnitude, which, for perfect standard candles,
should vary with redshift according to the luminosity distance.
This rest-frame-B magnitude refers to observed brightness, and
therefore does not account for brighter-slower and brighter-
bluer correlations (see Guy et al. 2005 and references therein).
As a distance estimator, we use:

µB = m∗B − M + α(s − 1) − βc
where m∗B, s and c are derived from the fit to the light curves,
and α, β and the absolute magnitude M are parameters which
are fitted by minimizing the residuals in the Hubble diagram.
The cosmological fit is actually performed by minimizing:

χ2 =
∑

objects

(
µB − 5 log10(dL(θ, z)/10 pc)

)2

σ2(µB) + σ2
int

,

where θ stands for the cosmological parameters that define the
fitted model (with the exception of H0), dL is the luminos-
ity distance, and σint is the intrinsic dispersion of SN abso-
lute magnitudes. We minimize with respect to θ, α, β and M.
Since dL scales as 1/H0, only M depends on H0. The definition
of σ2(µB), the measurement variance, requires some care. First,
one has to account for the full covariance matrix of m∗B, s and c
from the light-curve fit. Second, σ(µB) depends on α and β;
minimizing with respect to them introduces a bias towards in-
creasing errors in order to decrease the χ2, as originally noted
in Tripp (1998). When minimizing, we therefore fix the val-
ues of α and β entering the uncertainty calculation and update
them iteratively. σ(µB) also includes a peculiar velocity con-
tribution of 300 km s−1. σint is introduced to account for the
“intrinsic dispersion” of SNe Ia. We perform a first fit with an
initial value (typically 0.15 mag), and then calculate the σint

required to obtain a reduced χ2 = 1. We then refit with this
more accurate value. We fit 3 cosmologies to the data: a Λ cos-
mology (the parameters beingΩM andΩΛ), a flatΛ cosmology
(with a single parameter ΩM), and a flat w cosmology, where w
is the constant equation of state of dark energy (the parameters
are ΩM and w).

The Hubble diagram of SNLS SNe and nearby data is
shown in Fig. 4, together with the best fit Λ cosmology for
a flat Universe. Two events lie more than 3σ away from the
Hubble diagram fit: SNLS-03D4au is 0.5 mag fainter than the
best-fit and SNLS-03D4bc is 0.8 mag fainter. Although, keep-
ing or removing these SNe from the fit has a minor effect on
the final result, they were not kept in the final cosmology fits
(since they obviously depart from the rest of the population)
which therefore make use of 44 nearby objects and 71 SNLS
objects.

The best-fitting values of α and β are α = 1.52 ± 0.14
and β = 1.57 ± 0.15, comparable with previous works using
similar distance estimators (see for example Tripp 1998). As
discussed by several authors (see Guy et al. (2005) and ref-
erences therein), the value of β does differ considerably from
RB = 4, the value expected if color were only affected by
dust reddening. This discrepancy may be an indicator of intrin-
sic color variations in the SN sample (e.g. Nobili et al. 2003),
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Fig. 4. Hubble diagram of SNLS and nearby SNe Ia, with various cos-
mologies superimposed. The bottom plot shows the residuals for the
best fit to a flat Λ cosmology.

and/or variations in RB. For the absolute magnitude M, we ob-
tain M = −19.31 ± 0.03 + 5 log10 h70.

The parameters α, β and M are nuisance parameters in the
cosmological fit, and their uncertainties must be accounted for
in the cosmological error analysis. The resulting confidence
contours are shown in Figs. 5 and 6, together with the product
of these confidence estimates with the probability distribution
from baryon acoustic oscillations (BAO) measured in the SDSS
(Eq. (4) in Eisenstein et al. 2005). We impose w = −1 for the
(ΩM,ΩΛ) contours, and Ωk = 0 for the (ΩM, w) contours. Note
that the constraints from BAO and SNe Ia are quite comple-
mentary. The best-fitting cosmologies are given in Table 3.

Using Monte Carlo realizations of our SN sample, we
checked that our estimators of the cosmological parameters
are unbiased (at the level of 0.1σ), and that the quoted
uncertainties match the observed scatter. We also checked
the field-to-field variation of the cosmological analysis. The
four ΩM values (one for each field, assuming Ωk = 0) are
compatible at 37% confidence level. We also fitted separately
the Ia and Ia* SNLS samples and found results compatible at
the 75% confidence level.
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Geometrical  
tests: H(z)
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Recall Redshift: z=(λobs-λem)/λem

Measure λobs/λem=1+z    

1+z=a(0)/a(z),  
a(t) expansion factor   

Rphys=a rcomov   

galaxy spectra have 

emission  
and  
absorption  
lines

H=d[ln(a)]/dt=a/a 
.

1-2 µm
Also photometric z: less precise, but deeper and easier

Hα
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WDFIRST SDT          GSFC          February 3, 2011 

•  H(z) (radial)   
•  DA(z) (tangential) 
•  H(z) & DA(z) depend on w(z) 

CMB (z"1000) 

Galaxies (z>1) 

Galaxies (z"0.35) 

BAO as standard ruler  

Planck 

NL Euclid Science Day  

~3&

Clustering	reveals	features	in	the	
power	spectrum	of	density	

perturbations	(e.g.	Ων,	ν	masses)
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Key Science aim: Weak Lensing Tomography

WL tomography measurements: 

COMBO17: Bacon et al. 2005

CFHTLS: Sembolini et al. 2006

COSMOS/HST: Massey et al. 2007b

Weak Lensing Tomography: Measure the

distribution of Dark Matter and its evolution with

redshift

! Need shape measurements and photometric

redshifts

COSMOS Dark Matter Map over 2 deg2 COSMOS WL Tomography

Massey et al. 

2007a, Nature

Massey et al. 

2007b
WDFIRST SDT          GSFC          February 3, 2011 

Weak Gravitational Lensing 
Weak Lensing:  
•  Map the 3D distribution of Dark Matter in the Universe 
•  Measures the mass without assumptions in relation between mass and light 
•  Very sensitive to Dark Energy through both geometry and growth 
% Need measurements of galaxy shape and photometric redshifts 

COSMOS Dark Matter Map over 2 deg2 

z<1 

z>1 

Massey,  Rhodes et al.  2007 

NL Euclid Science Day  
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Synergy with Planck: Universe @z~1000 vs @z~1-3

shear shear 

R. Teyssier et al.: Full-sky weak-lensing simulation with 70 billion particles 337

Fig. 1. Full-sky simulated convergence map derived from the Horizon Simulation. Its resolution of 200 million pixels has been downgraded to fit
the page. The various inserts display a zoom sequence into smaller and smaller areas of the sky. The pixel size is 0.74 arcmin2.

Fig. 2. Map of the cut-sky used in Sect. 4 to compute high-order
moments.

4. High-order moments and realistic sky cut

In Fig. 1, the signal appears as a typical Gaussian random field
on large scales, similar to the Cosmic Microwave Background
map seen by the WMAP satellite (Spergel et al. 2007). On small
scales, the signal is clearly dominated by clumpy structures (dark
matter halos) and is therefore highly non-Gaussian. To character-
ize this quantitatively, we performed a wavelet decomposition of
our map using the Undecimated Isotropic Wavelet Transform on
the sphere (Starck et al. 2006a), and, for each wavelet scale, we
have computed its second-, third- and fourth-order moment. We
used 11 scales with central multipole values of !0 = 9000, 4500,
2250, 1125, 562, 282, 141, 71, 35, 18. For each of these maps,
we computed the variance σ2 = 〈κ2〉, the normalized skewness
S = 〈κ3〉/σ3, and the normalized kurtosis K = 〈κ4〉/σ4. Results
are plotted in Fig. 3 as solid lines of various colors. Error bars
were estimated approximately by computing each moment on
the 12 Healpix base pixels independently and evaluating the vari-
ance in the 12 results. A more appropriate strategy would have
been to perform several, independent, 70 billion particle runs,
which is currently impossible for us to do. We can see that the

Fig. 3. Moments of the convergence as a function of the average multi-
pole moment on each wavelet scale. The variance, skewness, and kur-
tosis are shown as black, blue, and red lines, respectively. Solid lines
with error bars corresponds ro a full-sky analysis, while dotted lines
correspond to our cut-sky analysis.

variance in the signal steadily increases for higher and higher
multipoles, and saturates at a fraction of 10−4, corresponding to
the value predicted from nonlinear gravitational clustering for
! ≥ 6000. The variance for each wavelet plane can be consid-
ered to be a band power estimate of the angular power spectrum,
as can be verified using Fig. 4. In the same figure, we have also
plotted for comparison the linear power spectrum, to highlight
the scale below which nonlinear clustering contributes signifi-
cantly, i.e., for ! > 750 or equivalently θ < 15′, as first pointed
out by Jain & Seljak (1997). Skewness and kurtosis are more
direct estimators of the signal non-Gaussianity. Departures from

WL sims: <1” pixels

5

Many models for dark energy and modifications to gravity have been proposed in which the 
equation of state parameter w vary with time. A convenient approximation to this behaviour is a linear 

dependence on scale factor a=1/(1+z): , where wn is the value of the equation 
of state at a pivot  scale factor an (close to 0.6 for most  probes) and wa describes the redshift  evolution. 
The goal of future surveys is to measure wn and wa to high precision. To judge the relative strength of 
these surveys we use a standard dark energy figure of merit (FoM), which we define throughout  this 
proposal as: FoM=1/('wn'wa), where 'wn and 'wa are the errors on the equation of state parameters 
(1(). This FoM is inversely proportional to the area of the error ellipse in the wn-wa plane. 

It  must be emphasised that  DUNE has the critical advantage of probing the parameters of dark 
energy in two independent  ways. A single accurate technique can rule out many of the suggested 
members of the family of quintessence models, but it cannot test  the fundamental assumptions about 
gravity theory. If General Relativity is correct, then either D(z) or the growth of structure can 
determine the expansion history. In more radical models that  violate General Relativity, however, this 
equivalence between D(z) and growth of structure does not apply (see Figure C.1); we can therefore 
attempt to deduce the expansion history from the two methods, and search for any inconsistency. To 
answer this question and definitively distinguish a cosmological constant from a dynamical model of 
dark energy, DUNE will achieve the following targets.

Dark Energy Targets  for DUNE: DUNE must measure the wn and wa to a precision of 2% and 10% 
respectively (DE FoM > 500) using both the distance-redshift relation and structure growth. 

Figure C.1: Effect of dark energy on the evolution of the Universe. Left: Fraction of the density of 
the Universe in the form  of dark energy as a function of redshift z., for a model with a cosmological 
constant (w=-1, black solid line), dark energy with a different equation of state (w=-0.7, red dotted 
line), and a modified gravity model (blue dashed line). In all cases, dark energy becomes dominant 
in the low redshift Universe era probed by DUNE, while the early Universe is probed by the CMB. 
Right: Growth factor of cosmic structures for the same three models. Only by measuring the 
geometry (left panel) and the growth of structure (right panel) at low redshifts can a modification of 
dark energy be distinguished from that of gravity. Weak lensing measures both effects.

C.1.2) DUNE’s Cosmological Tools 

Weak Lensing – A Dark Universe  Probe: As light from galaxies travels towards us, its path is 
deflected by the intervening mass density distribution, causing the shapes of these galaxies to appear 
distorted by a few percent (see Figure C.2). The weak lensing method measures this distortion by 
correlating the shapes of background galaxies in a given patch of sky to probe the density field of the 
Universe between us and the background galaxies. By dividing galaxies into redshift  (or distance) 
bins, we can examine the growth of structure and make three-dimensional maps of the dark matter. An 
accurate lensing survey, therefore, requires precise measurements of galaxy shapes and information 
about the galaxy redshifts. High-resolution images of large portions of the sky are required, with low 
levels of systematic errors that can only be achieved via observations from a thermally stable satellite 
in space. Analyses of the dark energy require precise measurements of both the cosmic expansion 
history and the growth of structure. Weak lensing stands apart  from all other available methods 
because it  is able to make accurate measurements of both effects.

 ‘If the systematic errors are at or below the level asserted by the proponents, [weak lensing] is 
likely to be the most powerful individual Stage-IV technique and also the most powerful component in 
a multi-technique program.’ – US Dark Energy Task Force Report (DETF) 

Most of the  DE 
effects happen at 
z < 3 

Need also dynamics to 
further disentagle

Geometry Dynamics
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Parameter values listed below are from the Planck Collaboration Cosmological parameters 68% confidence limits for
the base ΛCDM model from Planck CMB power spectra, in combination with lensing reconstruction and external data
(BAO+JLA+H0).[13] See also Planck (spacecraft).

a. The "physical baryon density parameter" Ωb h2 is the "baryon density parameter" Ωb multiplied by the square of
the reduced Hubble constant h = H0 / (100 km s−1 Mpc−1).[15][16] Likewise for the difference between "physical
dark matter density parameter" and "dark matter density parameter".

b. A density ρx = Ωxρcrit is expressed in terms of the critical density ρcrit, which is the total density of matter/energy

Planck Collaboration Cosmological parameters[14]

Description Symbol Value

Indepen-
dent
para-
meters

Physical baryon density parameter[a] Ωb h2 0.022 30 ± 0.000 14

Physical dark matter density parameter[a] Ωc h2 0.1188 ± 0.0010

Age of the universe t0 13.799 ± 0.021 × 109 years

Scalar spectral index ns 0.9667 ± 0.0040

Curvature fluctuation amplitude,
k0 = 0.002 Mpc−1 Δ2

R 2.441 +0.088
−0.092 ×10−9[17]

Reionization optical depth τ 0.066 ± 0.012

Fixed
para-
meters

Total density parameter[b] Ωtot 1

Equation of state of dark energy w −1

Sum of three neutrino masses ∑mν 0.06 eV/c2[c][13]:40

Effective number of relativistic degrees
of freedom Neff 3.046[d][13]:47

Tensor/scalar ratio r 0

Running of spectral index d ns / d ln k 0

Calcu-
lated
values

Hubble constant H0 67.74 ± 0.46 km s−1 Mpc−1

Baryon density parameter[b] Ωb 0.0486 ± 0.0010[e]

Dark matter density parameter[b] Ωc 0.2589 ± 0.0057[f]

Matter density parameter[b] Ωm 0.3089 ± 0.0062

Dark energy density parameter[b] ΩΛ 0.6911 ± 0.0062

Critical density ρcrit (8.62 ± 0.12) ×10−27 kg/m3[g]

Fluctuation amplitude at 8h−1 Mpc σ8 0.8159 ± 0.0086

Redshift at decoupling z∗ 1 089.90 ± 0.23

Age at decoupling t∗ 377 700 ± 3200 years[17]

Redshift of reionization (with uniform prior) zre 8.5 +1.0
−1.1

[18]
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Matter density parameter[b] Ωm 0.3089 ± 0.0062

Dark energy density parameter[b] ΩΛ 0.6911 ± 0.0062

Critical density ρcrit (8.62 ± 0.12) ×10−27 kg/m3[g]
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Many parameters, 
lots of Physics

ΛCDM model
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Open Questions in Cosmology 

•   Nature of the Dark Energy  

•   Nature of the Dark Matter 

•   Initial conditions (Inflation Physics) 

•   Modifications to Gravity 

•   Formation and Evolution of Galaxies 

380,000 yr 
CMB last 
scattering 

surface 

EUCLID Wide 

NL Euclid Science Day  

•   Nature of the Dark Energy  

•   Nature of the Dark Matter 

•   Initial conditions (Inflation Physics) 

•   Modifications to Gravity 

•   Formation and Evolution of Galaxies 

•   Nature of the Dark Energy  

•   Nature of the Dark Matter 

•   Initial conditions (Inflation Physics) 

•   Modifications to Gravity 

•   Formation and Evolution of Galaxies 

Euclid will complement Planck/WMAP for late-time Universe   

“precise”  Cosmology

oxymoron: 

“precise” 

ignorance

Large ignorance on  
~95% of Universe 

content !!

~1/4=?

~2/3=?
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TABLE ES.2 Ground: Recommended Activities;Medium Scale 

Recommendationb Science 
Technical 

Riskc 

Appraisal of Costs 
Through Constructiona 

(U.S. Federal Share  
2012-2021) 

Appraisal of 
Federal Share of 

Annual 
Operations 

Costsd 
Page 

Reference 

CCAT 
- Science early 2020s 
- University-led, 33% 
federal share 

Submilimeter surveys 
enabling broad 
extragalactic, 
galactic, and outer-
solar-system science 

Medium $140M 
($37M) 

$7.5M 7-37 

 

a The surveyVs construction-cost appraisal for CCAT is based on CATE analysis and project input, in FY2010 dollars. 
b The surveyVs estimates of the schedule to first science are based on CATE analysis and project input.  
c The risk scale used was low, medium low, medium, medium high, and high. 
d The surveyVs appraisal of operations costs, in FY2010 dollars, is based on project input.  
 
 
 
 
TABLE ES.3 Ground: Recommended Activities;Large Scale (Priority Order) 

Recommendationb Science 
Technical 

Riskc 

Appraisal of Costs 
Through Constructiona 

(U.S. Federal Share  
2012-2021) 

Appraisal of 
Annual 

Operations 
Costsd 

(U.S. Federal 
Share)  

Page 
Reference 

1. LSST 
- Science late 2010s 
- NSF/DOE 

Dark energy, dark 
matter, time-variable 
phenomena, 
supernovas, Kuiper belt 
and near-Earth objects 

Medium 
low 

$465M 
($421M) 

$42M 
($28M) 

7-29 

2. Mid-Scale 
Innovations 
Program 
- Science mid-to-late 
2010s 

Broad science; peer-
reviewed program for 
projects that fall 
between the NSF MRI 
and MREFC limits 

N/A $93-200M 

 

 7-30 

3. GSMT 
- Science mid 2020s 
- Immediate partner 
down-select for 
~25% federal share 

Studies of the earliest 
galaxies, galactic 
evolution, detection and 
characterization of 
planetary systems 

Medium 
to 

Medium 
high  

$1.1B to $1.4B 
($257M - $350M) 

$36M to $55M 
($9M to $14M) 

7-32 

4. ACTA 
- Science early 
2020s 
- NSF/DOE; U.S. 
join European CTA 

Indirect detection of 
dark matter, particle 
acceleration and AGN 
science 

Medium 
low 

$400M 
($100M) 

Unknown 7-36 

a The surveyVs construction-cost appraisals for LSST, GSMT, and ACTA are based on CATE analysis and project input, in 
FY2010 dollars; cost appraisals for the Mid-Scale Innovations Program augmentation are committee-generated and based on 
available community input.  For GSMT the cost appraisals are $1.1 billion for GMT and $1.4 billion for TMT. Construction costs 
for GSMT could continue into the next decade, at levels up to $95 million for the federal share.  The share for the U.S. 
government is shown in parentheses where different from the total. 
b The surveyVs estimates of the schedule to first science are based on CATE analysis and project input.  
c The risk scale used was low, medium low, medium, medium high, and high. 
d The surveyVs appraisals for operations costs, in FY2010 dollars, are based on project input. The committee did not analyze these 
estimates in detail. For GSMT the range in operations costs is based on estimates from GMT ($36 million) and TMT ($55 
million). The share for the U.S. government is shown in parentheses where different from the total.
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observatories.  For NASA an annual budget of $5 million is recommended.  For DOE an annual funding 

level of $1 million is recommended for activities related to space-based research. 

  

Ground Projects @ Large @ in Rank Order 

Large Synoptic Survey Telescope (LSST) 

LSST is a multipurpose observatory that will explore the nature of dark energy and the behavior 

of dark matter, and will robustly explore aspects of the time-variable universe that will certainly lead to 

new discoveries.  LSST addresses a large number of the science questions highlighted in this report.  An 

8.4-meter optical telescope to be sited in Chile, LSST will image the entire available sky every 3 nights.  

Over a 10-year lifetime, LSST will be a unique facility that, building on the success of the Sloan Digital 

Sky Survey, will produce a 100 billion megabyte publicly accessible database.  The project is relatively 

mature in its design.  The appraised construction cost is $465 million, of which the NSF and DOE 

portions are recommended at one-third each, with the remaining third coming from international and 

private partners.  The annual operations costs are estimated at $42 million, of which $28 million is 

recommended to be split between NSF and DOE.  The committee recommends that LSST be submitted 

immediately for NSFQs Major Research Equipment and Facilities Construction (MREFC) consideration 

with a view to achieving first light before the end of the decade.  Independent review judged the cost and 

schedule risk, as well as the technical risk, to be medium low. 
The top rank accorded to LSST is a result of (1) its compelling science case and capacity to 

address so many of the science goals of this survey and (2) its readiness for submission to the MREFC 

process as informed by its technical maturity, the surveyQs assessment of risk, and appraised construction 

and operations costs.  Having made considerable progress in terms of its readiness since the 2001 survey, 

the committee judged that LSST was the most Xready-to-go.Y 

 

Mid-Scale Innovations Program  

New discoveries and technical advances enable small to medium-scale experiments and facilities 

that advance forefront science.  A large number of compelling proposed research activities submitted to 

this survey were highly recommended by the Project Prioritization Panels, with costs ranging between the 

limits of the NSF Major Research Instrumentation and MREFC programs, $4 million to $135 million.  

The committee recommends a new competed program to significantly augment the current levels of NSF 

support for mid-scale programs.   An annual funding level of $40 million per year is recommended\just 

over double the amount currently spent on projects in this size category through a less formal 

programmatic structure. 

The principal rationale for the committeeQs ranking of the Mid-Scale Innovations Program is the 

many highly promising projects for achieving diverse and timely science. 

 

Giant Segmented Mirror Telescope (GSMT) 

Transformative advances in optical and infrared (OIR) astronomy are now possible by building 

adaptive optics telescopes with roughly 10 times the collecting area and up to 80 times the near-infrared 

sensitivity of current facilities.  These observatories will have enormous impact across a large swath of 

science and will greatly enhance the research that is possible with several other telescopes, especially 

JWST, the Atacama Large Millimeter Array (ALMA), and LSST.   A federal investment to provide 

access for the entire U.S. astronomy and astrophysics community to an optical-infrared 30-meter-class 

adaptive optics telescope is strongly recommended.  Two U.S.-led projects, the Giant Magellan Telescope 
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TABLE ES.4  Space: Recommended Activities:Medium-Scale (Priority Order) 

Recommendation Science Appraisal of Costsa Page Reference 
1. New Worlds 

Technology 
Development Program 

Preparation for a planet-
imaging mission beyond 2020, 
including precursor science 
activities 

$100-200M 
 

7-23 

2. Inflation Probe 
Technology 
Development Program 

CMB/inflation technology 
development and preparation 
for a possible mission beyond 
2020 

$60-200M 
 

7-24 

 

a The surveyVs cost appraisals are in FY2010 dollars and are committee-generated and based on available community input. 
 

 

 

 

 
TABLE ES.5  Space: Recommended Activities:Large-Scale (Priority Order) 

    Appraisal of Costsa  

Recommendation 
Launch 
Dateb Science 

Technical 
Riskc 

Total  
(U.S. share) 

U.S. share  
2012-2021 

Page 
Reference 

1. WFIRST 
- NASA/DOE 
collaboration 

2020 Dark energy, exoplanets, 
and infrared survey-
science 

Medium 
low 

$1.6B $1.6B 7-17 

 2. Augmentation to 
Explorer Program  

Ongoing Enable rapid response to 
science opportunities; 
augments current plan by 
2 MIDEXs, 2 SMEXs, and 
4 MoOs 

Low $463M $463M 7-19 

3. LISA 
- Requires ESA 
partnershipd 

2025 Open low-frequency 
gravitational-wave 
window for detection of 
black-hole mergers and 
compact binaries and 
precision tests of general 
relativity 

Mediume  $2.4B 
($1.5B) 

$852M 7-20 

4. IXO 
- Partnership with 
ESA and JAXAd 

2020s Black-hole accretion and 
neutron-star physics, 
matter/energy life cycles, 
and stellar astrophysics 

Medium 
high 

$5.0B 
($3.1B) 

$200M 7-21 

a The surveyVs cost appraisals for WFIRST, LISA, and IXO are based on CATE analysis and project input, in FY2010 dollars for 
phase B costs onward; cost appraisals for the Explorer augmentation and the medium elements of the space program are 
committee-generated, based on available community input. The share for the U.S. government is shown in parentheses where 
different from the total. The U.S. share includes an allowance for extra costs incurred as a result of partnering. 
b The surveyVs estimate of the schedule to launch is the earliest possible based on CATE analysis and project input.   
c The risk scale used was low, medium low, medium, medium high, and high. 
d Note that the LISA and IXO recommendations are linked:both are dependent on mission decisions by ESA. 
e Technical risk assessment of dmediume is contingent on a successful LISA Pathfinder mission. 
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universe, technology and software, public-private and international partnerships, frequent opportunities 
for new medium-scale instrumentation on the ground and in space, and interdisciplinary work, especially 
work involving connections between astrophysics and physics. 

Finally, a key concern of the committee?s is the stewardship of the present survey?s 
recommended program. Although a good-faith attempt has been made to provide answers to all the 
questions raised by the charge, it is in the very nature of research that unforeseen issues requiring 
community advice will arise.  In addition, there will be a need to monitor progress.  Accordingly, the 
survey will need stewardship over the coming decade in the form of strategic advice requested by but 
generated independent of the agencies supporting the field.    
 

RECOMMENDATION: NASA, NSF, and DOE should on a regular basis request advice 
from an independent standing committee constituted to monitor progress toward reaching 
the goals recommended in the decadal survey of astronomy and astrophysics, and to 
provide strategic advice to the agencies over the decade of implementation.  Such a decadal 
survey implementation advisory committee (DSIAC) should be charged to produce annual 
reports to the agencies, the Office of Management and Budget, and the Office of Science 
and Technology Policy, as well as a mid-decade review of the progress made.  The 
implementation advisory committee should be independent of the agencies and the agency 
advisory committees in its membership, management, and operation.   

 

PROPOSED PROGRAM OF ACTIVITIES 

The committee?s recommended program is presented in terms of specific space-based2 and 
ground-based projects and opportunities.  In space, large-scale activities are those having a total appraised 
cost exceeding $1 billion, while medium-scale activities have a total cost estimated to range from $300 
million to $1 billion.  On the ground, large-scale activities are those whose total cost is appraised to 
exceed $135 million, while medium-scale activities have a total cost in the range of $4 million to $135 
million.  All values are in FY2010 dollars. 3    
 

Space Projects U Large U in Rank Order 

Wide Field Infrared Survey Telescope (WFIRST) 

A 1.5-meter wide-field-of-view near-infrared-imaging and low-resolution-spectroscopy telescope, 
WFIRST will settle fundamental questions about the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in recent years.  It will employ three distinct 
techniquesPmeasurements of weak gravitational lensing, supernova distances, and baryon acoustic 
oscillationsPto determine the effect of dark energy on the evolution of the universe. An equally 

                                                      
2 Two space missions recommended in the 2001 decadal survey Astronomy and Astrophysics in the New 

MillenniumPnamely ARISE and EXISTPand one recommended by the 1991 The Decade of Discovery in 
Astronomy and Astrophysics survey, SIM, do not appear in this survey?s priorities.  The goals of ARISE have been 
largely subsumed by JAXA's VSOP-2 project and the SAMURAI proposal.  EXIST and SIM (now SIMLite) are not 
included in the recommended program for the decade, following the committee?s consideration of the strengths of 
competing compelling scientific opportunities and the highly constrained budget scenarios described in this report. 

3 All costs are given in FY2010 dollars.  A recommendation of level funding is equivalent to a recommendation 
of constant level of effort.  Details on the methodology used to assess cost and schedule risk and technical readiness 
are provided in Chapter 7 and Appendix C.  Cost and schedule risk was assessed relative to project estimates.  
Technical readiness was assessed independent of cost.  The risk scale used was low, medium low, medium, medium 
high, and high. 

DE as TOP 
priority  
both for  
Ground 
and 
Space 
also  
across the  
Atlantic 
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Scientific issues

in Japan, DUNE and JUNO define the future of 
this field. Both DUNE and Hyper-Kamiokande will 
also incorporate unsurpassed and complementary 
sensitivities for low-energy cosmic messengers 
(e.g. supernova neutrinos) and for the much-
sought-after proton decay. 

From a scientific perspective and as part of 
a global strategy, APPEC strongly endorses 
European participation in DUNE and Hyper-
Kamiokande experiments – exploiting long-
baseline neutrino beam facilities – as well as in 
the JUNO nuclear reactor neutrino experiment.

APPEC strongly endorses a European-led 
satellite mission (such as COrE) to map the CMB 
from space. APPEC will encourage detector 
R&D towards a next-generation ground-based 
experiment complementary to initiatives in the 
US. APPEC continues to contribute to global 
coordination of this field following the Florence 
CMB Workshop series that started in 2015.

APPEC supports the forthcoming ESA 
Euclid satellite mission, which will establish 
clear European leadership in space-based 
Dark Energy research. Because of their 
complementarity to Euclid, APPEC encourages 
continued European participation in the US-led 
DESI and LSST ground-based research projects. 
To benefit fully from the combined power of 
satellite-based and ground-based experiments, 
the exchange of data is essential.

8. Cosmic microwave background (CMB)
ESA’s Planck satellite mission gave Europe a major 
role in space-based experiments in this field, while 
the US leads the way in ground-based experiments. 
Apart from better precision, the next generation 
of experiments primarily aims at trying to identify 
the tell-tale sign of cosmic inflation: the imprint of 
primordial gravitational waves on CMB polarisation 
modes. 

9. Dark Energy
Together with Dark Matter, Dark Energy – the 
hypothetical form of energy behind the Universe’s 
accelerated expansion – constitutes the least-
understood component of the cosmos. It is 
studied via large galaxy-survey campaigns (both 
satellite-based and ground-based) that combine 
spectroscopic, photometric and weak-lensing 
techniques to reconstruct the growth of cosmic 
structures. 

Foundations
Underpinning, driving and facilitating the 
experiments summarised above are vibrant 
programmes in theoretical physics, cutting-
edge detector R&D and efforts to provide the 
necessary computing resources. APPEC has 
every intention of continuing to support and 
stimulate all of these activities in whatever 
way it can. In addition, APPEC recognises the 
uniqueness of the infrastructures provided 
by Europe’s deep-underground laboratories. 
Without these, key APPEC research objectives 
would become impossible to achieve.

10. Astroparticle theory
Astroparticle physics research is a concerted 
effort between theory and experiment. As well 
as inspiring a vast spectrum of experiments, 
unified theories of fundamental interactions are 
indispensable to the analysis and interpretation 
of experimental data. Many European institutes 
recognise the exciting challenges presented 
by astroparticle physics and, accordingly, are 
expanding their activities in the field of theory. 

54
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6. Outlook

So…what next? 

Within just a matter of decades, astroparticle physics has evolved into a mature, exhilarating 
and illuminating field of research comparable in size to accelerator-based particle physics. Its 
core activities – the multi-messenger exploration of the extreme Universe, the quest for Dark 
Matter and the search for the true nature of neutrinos – are all in full swing. Discoveries such 
as neutrino oscillations and cosmic PeV-scale neutrinos and the recent direct observation of 
gravitational waves constitute revolutionary – often Nobel Prize-worthy – breakthroughs. 
With new facilities already under construction or at an advanced planning stage, the 
prospects for the near future are excellent. 

If Europe is to play a prominent role, however – given the ambitious plans and fierce 
competition originating from, especially, the US, China and Japan – it will be essential to 
align its collective funding so that, in particular, flagship initiatives such the ESFRI-listed CTA 
and KM3NeT projects can be realised in a timely manner along with, on a slightly longer 
timescale, next-generation European Dark Matter and double-beta decay experiments, as 
well as next-generation gravitational-wave observatories such as the ET on Earth and the LISA 
satellite in space. 

In a number of countries, the scope of astroparticle physics has recently been expanded to 
include experiments targeted at a better, more detailed understanding of Dark Energy and 
the CMB. These are important topics in their own right, but each also provides independent 
and often complementary information on subjects such as neutrino properties and the 
overall composition and evolution of our Universe. With upcoming Dark Energy facilities on 
the ground (DESI and LSST) and in space (Euclid) offering performance improvements of an 
order of magnitude compared with their precursors, and with next-generation CMB research 
directed specifically at the discovery of B-mode polarisation – the tell-tale signal of the period 
of inflation in the very early Universe – ground-breaking discoveries are anticipated.

Considering together, in an integrated strategy, the extreme, dark and early Universe and 
experiments in pursuit of neutrinos’ true nature is probably the most efficient and effective 
way not just to unveil the intricacies of our Universe but also to solve many of the mysteries 
it poses. Progress in these fields will help to expose the limits of the Standard Model of 
particle physics and the Big Bang Model of cosmology and thus guide the way to a genuinely 
overarching, all-encompassing theoretical framework that sets a new benchmark for human 
understanding of the Universe. 

The strategy and recommendations set out in this roadmap document aim to put Europe 
in pole position in this remarkable field over the coming years. Given the rapid advances 
achieved to date and the number of new infrastructures expected to begin operating within 
the next five to seven years, we recommend that the strategy is updated by around 2022.
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Giga structures/years/pc/samples…. Giga €...

Observed with a mini structure: mirror ~1.2 m ∅ EST#11 | Project Status | G.D.Racca| Lausanne, 9th June 2015 | Slide  5 ESA UNCLASSIFIED – For Official Use 

Euclid – Spacecraft – Industrial procurement 

Good progress on procurement actions 

Completed procurements: 

!  RWA Characterisation; FGS; CPPA; Eng. Support; Structure 

and Thermal Control; Sunshield and Solar Array; TT&C 

subsystem; Central Checkout System; CDMS; PCDU; ASW; 

AOCS; RCS; SVF; MPFA, EGSE; MGSE; Harness  

Under Negotiation: 

!  Battery  

Selected, not yet negotiated: 

!  MPA 

Under evaluation:  

ITTs released or in preparation: 

!  ISVV, RFSC, other EGSE 
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1. Dark Energy & Dark Matter 
(Cosmology) ; Legacy science  

2. Space imaging (morphology 
&  NIR) + Spectra:           
Grav. Lensing & Clustering 

3.  2023-2029+ (6y mission +)

Euclid

1.Why

2. How

3.When
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Euclid Mission Summary 
 

Main�Scientific�Objectives
Understand the nature of Dark Energy and Dark Matter by: 

� Reach a dark energy FoM > 400 using only weak lensing and galaxy clustering; this roughly corresponds to 
1 sigma errors on wp and wa of 0.02 and 0.1, respectively. 

� Measure �, the exponent of the growth factor, with a 1 sigma precision of < 0.02, sufficient to distinguish 
General Relativity and a wide range of modified-gravity theories 

� Test the Cold Dark Matter paradigm for hierachical structure formation, and measure the sum of the 
neutrino masses with a 1 sigma precision better than 0.03eV. 

� Constrain ns, the spectral index of primordial power spectrum, to percent accuracy when combined with 
Planck, and to probe inflation models by measuring the non-Gaussianity of initial conditions parameterised 
by fNL to a 1 sigma precision of ~2. 

SURVEYS
 Area (deg2) Description 
Wide Survey 15,000 (required) 

20,000 (goal) 
Step and stare with 4 dither pointings per step. 

 
Deep Survey 40 In at least 2 patches of > 10 deg2 

2 magnitudes deeper than wide survey 
PAYLOAD

Telescope 1.2 m Korsch, 3 mirror anastigmat, f=24.5 m 
Instrument VIS NISP 
Field-of-View 0.787×0.709 deg2 0.763×0.722 deg2 
Capability Visual Imaging NIR Imaging Photometry 

 
NIR Spectroscopy 

Wavelength range 550– 900 nm Y (920-
1146nm), 

J (1146-1372 
nm)  

H (1372-
2000nm) 

1100-2000 nm 

Sensitivity 24.5 mag  
10� extended source 

24 mag 
5� point 
source 

24 mag 
5� point 
source 

24 mag 
5� point 
source 

3 10-16 erg cm-2 s-1 
3.5� unresolved line 
flux 

Detector 
Technology 

36 arrays 
4k×4k CCD 

16 arrays 
2k×2k NIR sensitive HgCdTe detectors 

Pixel Size 
Spectral resolution 

0.1 arcsec 0.3 arcsec 0.3 arcsec 
R=250 

SPACECRAFT
Launcher Soyuz ST-2.1 B from Kourou 
Orbit Large Sun-Earth Lagrange point 2 (SEL2), free insertion orbit 
Pointing 25 mas relative pointing error over one dither duration 

30 arcsec absolute pointing error 
Observation mode Step and stare, 4 dither frames per field, VIS and NISP common FoV = 0.54 deg2 
Lifetime 7 years 
Operations 4 hours per day contact, more than one groundstation to cope with seasonal visibility 

variations;  
Communications maximum science data rate of 850 Gbit/day downlink in K band (26GHz), steerable HGA 

Budgets�and�Performance�
 Mass (kg) Nominal Power (W) 
industry TAS Astrium TAS Astrium 
Payload Module 897 696 410 496 
Service Module 786 835 647 692 
Propellant 148 232   
Adapter mass/ Harness and PDCU losses power 70 90 65 108 
Total (including margin)  2160 1368 1690 

All data you need to know 
(Red Book, some changes)

 Wide Area (>104 sq deg)
 Wide Field (FoV > 0.5 sq deg) 

Two instruments: 
VIS: optical imager & 
NISP: NIR imager + grisms

 Opt. imaging 
NIR photom 
NIR slitless
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• Unique legacy survey: 2 billion galaxies imaged in optical/NIR to mag >24 

Million NIR galaxy spectra, full extragalactic sky coverage, Galactic sources

• Unique database for various fields in astronomy: galaxy evolution, search for 

high-z objects, clusters, strong lensing, brown dwarfs, exo-planets, etc

• Synergies with other facilities: JWST, Planck, Erosita, GAIA, DES, Pan-

STARSS, LSST, E-ELT etc (e.g. to do NIR from the ground would take several  

x 103 yr)

• All data publicly available through a legacy archive 

High-z QSOs

Euclid in context
VISTA SASIR Euclid

Wide survey

Deep survey

680 years 66 years 5 years

72 years 7 years “5 years”

22 24 26 28
AB limiting magnitude [5 sigma]

-2

0

2

4

Lo
g 

A
re

a 
[d

eg
2 ] Euclid Deep (YJH)

Euclid Wide (YJH)

Ultra-VISTA (YJHK)

VIDEO (YJHK)

VIKING (YJHK)

Original by I. Baldry

Enormous database
 to harvest
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Public data 
releases:

Q1: 14 months after start of the nominal mission 
 — data released:  one visit on the deep fields [50 sq deg]

Two kind:  

Q’s = small area prerelease for the community to get 
acquainted

DR = data release (three DR of increasing areas: early 
-2500-, intermediate -7500-, final -15000 sq degs)

DR1: one year after Q1 
— data released:  2500 sq deg

ESA UNCLASSIFIED - For Official Use Early DR and Legacy Science |R. Laureijs| ESTEC 20 July 2017 | Slide  7 

 

Data Release schedule 

Start of 
nominal 
mission 

2 

Q1 
50 deg2 

Q2 Q4 DR1 
~2,500 

deg2 

DR2 
~7,500 

deg2 

DR3 
~15,000 

deg2 

Q3 

Year 7 

Survey 
Performance 
Verification 

6 4 
PV 
End 

End Nominal 
Survey 

~2025 ~2022 ~2028 ~2023 ~2025 ~2029
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Y.Mellier 

~460+ M€ (ESA) 
~ 50+ M$ (NASA) 
~100 M€ EC instr 
~100 M€ EC Gnd Seg  R. Laureijs + 

Italy (ASI, INAF, INFN) contributes to the instruments (electronics and mechanical parts), leads the Ground 
Segment and the Survey, coordinates several Science Working Groups,  two members in the ESA Science Team.

~300 italian scientists are members of the EC

1500

Canada, Japan
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Italy	in	Euclid
“Euclid-Italy”	Team	
• ~320	members	
• Financial	support	from	ASI,	partly	from	

MIUR	(PRIN),	INFN	
• Universities	:	Bo,	Mi,	Na,	Pd,	RM1,		

RM2,	RM3,	TS,	SISSA,	SNS	
• INAF	:	OABo,	OABrera,	OACt,	OAA,	OANa,	

OAPd,	OARM,	OATo,	OATs,	IASFBO,	
IASFMII,	IAPS	

• INFN:	Bologna,	Genova,Lecce,	Milano,	
Padova,	Roma1

“Euclid-INFN”	Team	
	~44+7	members	
• Bologna:	16	members	
• Genova:	≈	7	
• Lecce:	5	
• Milano:	3	
• Padova:	11	
• Roma1:	9

Note:	partial	overlap	between	INFN-INAF-UNI

L. Stanco

Year 2018, 

still growing
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The ubiquitous symbol.. (hex U+039B)

one vowel (u), 
one consonant (v), 
one number (5)

tpl = (Gh/2πc5)1/2 = 5.4 × 10−44s 

tU ∼ 8 × 1060

Λ ∼ t -2 ∼ 10−122

ρvac = Λ/8π ~10−29 g/cm3

16/04/2014 12:08Arco di Tito iscrizione dedicatoria a Tito Vespasiano | Flickr - Photo Sharing!

Page 1 of 4https://www.flickr.com/photos/giannidedom/5194130471/in/photostream/

Sign Up
Explore

Recent Photos
The Commons
Getty Collection
Galleries
World Map
App Garden
Camera Finder
The Weekly Flickr
Flickr Blog

Upload

Sign In

←
 

→
⤢

giannidedom ( the Cropman)

Λ or ?
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A simple equation: A = B A − B = 0

At general level one has: F = S

Field equations (laws): 
gravity, electromagnetism..

Sources: masses, 
charges..

F = 0 no source case: propagation of waves

F ≃ SAssume F=S works but not quite: Need to change the description  

Can change:   

F = S′ = S + T by adding a new source, T, (F laws unchanged)

F + J = F′ = S by modifying the laws with new parts, J, (S sources 
unchanged)
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ESTEC 2009

Two free functions

At the linear perturbation level and sub-horizon scales

mmakQGak �	� ),(4 22 ���� modified Poisson’s equation

� non-zero anisotropic stress

)])(21()21[( 222222 dzdydxdtads ��������

�
���

�),( ak�

ESTEC 2009

What background hides
perturbations reveal
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Modified Gravity at linear level

3.3. Beyond the background 28

a velocity vi. The pressure p now can also have perturbations �p and there can further be an
anisotropic stress ⇥.

The reason why we grouped the new parameters in this way is to emphasise their role: at the
background level, the evolution of the universe is described by H, which is linked to ⇤ by the
Einstein equations, and p controls the evolution of ⇤ but is a priori a free quantity describing
the physical properties of the fluid. Now in addition there are ⌅ and ⇧ describing the Universe,
and they are linked to �⇤ and v of the fluids through the Einstein equations. �p and ⇥ in turn
describe the fluids. Actually, there is a simplification: the total anisotropic stress ⇥ directly
controls the di�erence between the potentials, ⌅� ⇧.

This means that a general dark energy component can be described by phenomenological
parameters similar to w, even at the level of first order perturbation theory. This description
adds two new parameters �p and ⇥, which are both functions of scale as well as time. These
parameters fully describe the dark energy fluid, and they can in principle be measured.

However, recently much interest has arisen in modifying GR itself to explain the accelerated
expansion without a dark energy fluid. What happens if we try to reconstruct our parameters in
this case? Is it possible at all?

Let us assume that the (dark) matter is three-dimensional and conserved, and that it does
not have any direct interactions beyond gravity. We assume further that it and the photons
move on geodesics of the same (possibly e�ective) 3 + 1 dimensional space-time metric. In this
case we can write the modified Einstein equations as

Xµ� = �8⇥GTµ� (3.6)

where the matter energy momentum tensor still obeys T �
µ ;� = 0. While in GR this is a consequence

of the Bianchi identities, this is now no longer the case and so this is an additional condition on
the behaviour of the matter1.

In this case, we can construct Yµ� = Xµ� �Gµ� , so that Gµ� is the Einstein tensor of the
3+1 dimensional space-time metric and we have that

Gµ� = �8⇥GTµ� � Yµ� . (3.7)

Up to the prefactor we can consider Y to be the energy momentum tensor of a dark energy
component. This component is also covariantly conserved since T is and since G obeys the
Bianchi identities. The equations governing the matter are going to be exactly the same, by
construction, so that the e�ective dark energy described by Y mimics the modified gravity model
(Hu & Sawicki 2007; Kunz et al. 2008).

By looking at Y we can then for example extract an e�ective anisotropic stress and an
e�ective pressure perturbation and build a dark energy model which mimics the modified gravity
model and leads to exactly the same observational properties (Kunz & Sapone 2007). This
provides a clear target for future experiments: their job is to measure the two additional functions
describing Y as precisely as possible. These functions can then provide clear hints about the
nature of the dark energy phenomenon. For example, scalar field models have generically a sound
horizon that could be detected in the data as it suppresses the dark energy perturbations on
smaller scales (Weller & Lewis 2003; Bean & Doré 2004; Sapone & Kunz 2009). Modified gravity
models on the other hand have generically a non-zero e�ective anisotropic stress, while scalar
field models usually have ⇥ = 0 (Mukhanov et al. 1992; Boisseau et al. 2000; Kunz & Sapone
2007). Since the parameters of Y are just e�ective quantities for a modified gravity model, they

1This condition could be relaxed due to the dark degeneracy, since all visible components are conserved to the
best of our current knowledge.
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Combination

Technique #2

Technique #1

 
Illustration of the power of combining techniques.  Technique #1 and Technique #2 have roughly 
equal DETF figure of merit.  When results are combined, the DETF figure of merit is 
substantially improved. 
 

7. Results on structure growth, obtainable from weak lensing or cluster observations, 
provide additional information not obtainable from other techniques.  In 
particular, they allow for a consistency test of the basic paradigm: spatially 
constant dark energy plus general relativity. 

 
8. In our modeling we assume constraints on H� from current data and constraints on 

other cosmological parameters expected to come from further measurement of 
CMB temperature and polarization anisotropies.   

a. These data, though insensitive to w(a) on their own, contribute to our 
knowledge of w(a) when combined with any of the dark energy techniques 
we have considered. 

b. Increased precision in a particular cosmological parameter may improve 
dark-energy constraints from a single technique.  Increased precision is 
valuable for the important task of comparing dark energy results from 
different techniques. 

 
9. Increased precision in cosmological parameters tends not to improve significantly 

the overall DETF figure of merit obtained from a multi-technique program.  
Indeed, a multi-technique program would itself provide powerful new constraints 
on cosmological parameters within the context of our parametric dark-energy 
model. 

 

FoM = Figure of Merit 
An important step in the field was done in a report by the U.S. Dark 
Energy Task Force [DETF], which defined a hierarchy of future 
experiments, increasingly more precise (stages I—IV) [Albrecht et al 
2006]
In the report a simple metric was proposed to rank the future 
experiments, that is the inverse of the area enclosing the 95% c.l. 
in the w0—wa plane. 

FoM[A] < FoM[B]

Experiment A Experiment B
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Figure 1. 68%, 90% and 95% confidence regions for a supernova survey. Filled contours correspond to
the full posterior sampled with MCMC, while the solid lines represent the Fisher matrix results. The
parameter spaces are {Ωm, w0,Mint} with fixed wa = 0 (left panel), and {Ωm, w0, wa,Mint} (middle
and right panels). The parameters which are not shown have been marginalised in all panels.

here Mint is the intrinsic magnitude of the supernovae and the luminosity distance is

dL(z) = c (1 + z)

∫ z

0

dz′

H(z′)
, (3.2)

where the Hubble expansion rate is given for our parameterised dark-energy model by:

H(z)

H0
=

√

Ωm(1 + z)3 + ΩΛe
−3wa

z
1+z (1 + z)3(1+w0+wa) . (3.3)

Note that we fix H0 for the likelihood analysis because it is completely degenerate with the
intrinsic magnitude.

To calculate the likelihood, we independently draw 1,000 supernova magnitudes from
a Gaussian distribution with variance σm = 0.15. We consider the case of a fixed wa = 0
for the likelihood analysis, and the case where wa is fit jointly with the other cosmological
parameters. Here we marginalise over the modified intrinsic magnitude M = Mint−5 logH0.
The results are displayed in Fig. 1, showing two-dimensional marginals from MCMC com-
pared to the Fisher matrix ellipses. In the left panel, where we fix wa = const = 0, the
Fisher matrix result for the Ωm–w0 joint likelihood is a fair approximation of the full likeli-
hood. However, it is substantially smaller, in particular at the > 90% level. This is in strong
contrast to the second case shown in the middle panel: when marginalising over wa, the
Fisher prediction is completely misleading. The curvature of the likelihood function is highly
variable over the parameter space, and the corresponding bends in the contours cause very
different parameter regions to be covered compared to the Fisher ellipsoid. We will explain
the parameter degeneracies in more detail in Section 3.3, describing the similar behaviour for
the BAO forecasts. The right panel of Fig. 1 shows the comparison of the techniques in the
w0–wa space. Although the total sizes of the contours do not differ significantly, the Fisher
matrix fails to predict the physical boundary wa + w0 < 0 which is required to explain the
accelerated expansion in the dark-energy cosmological model. Therefore, the full posterior
shifts towards the negative range in wa.
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Figure 2. Confidence regions for a SKA-like BAO survey. Filled contours correspond to the MCMC,
while the solid lines represent the Fisher matrix results. The parameter space is {Ωm, w0} (left
panel), and {Ωm, w0, wa} (middle and right panels). In the latter cases, we marginalise over the
hidden parameter.

cosmological models with a highly non-standard expansion rate (red curve) generate angular
diameter distances which are similar to the reference one with our LCDM fiducial parameters
(black curve). This degeneracy of the CPL dark-energy parameters for geometrical probes
originates from Eq. (3.3), where we can see that w0 appears only in the sum with wa. Since
the only geometrical constraint is on the sum w0+wa < 0, non-standard cosmological models
cannot be ruled out with these data alone. The highly bent shape of the contours can be
explained further by the green line in Fig. 4, which shows that the angular diameter distance
for a cosmological model with Ωm = 0.5 is departing significantly from the reference model
at redshifts z > 0.5.

Although the total area of the confidence level contours is smaller for the MCMC fore-
casts, the variance of the dark-energy parameters is underestimated by the Fisher matrix
also in this case. This introduces a bias on the DETF FoM of a factor of seven, as also shown
in Table 2.

We show in Fig. 5 the forecasts for a HETDEX-like stage-III survey. As indicated in
Table 1, as HETDEX is a high-redshift survey with relatively small sky coverage, it will not
be able to put tight constraints on wa, since in the CPL parameterisation dark energy is not a
dominant component of the Universe at this epoch. In our forecasts we vary the parameters
{Ωm, w0} with flat priors w0 > −3.0 (left panel of Fig. 5) and w0 > −10 (right panel),
respectively. These plots give further evidence that the Fisher matrix underestimates the
variances of the dark-energy parameters. Since wa = const = 0, the contours bend towards
negative values of w0, to a much larger extend than for SNIa (compare to the left panel of
Fig. 2). The Fisher matrix is not able to predict the long tail of the posterior distribution,
even for relatively moderate priors on w0.

3.4 Weak lensing

Weak gravitational lensing is the distortion of images of distant galaxies caused by intervening
matter along the line of sight between the source and the observer. Weak lensing is sensitive
to both the geometry of the Universe, and the distribution of matter forming the large-scale
structure. By measuring the weak-lensing distortions from galaxies as a function of their
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Figure 7. Marginalised 68%, 90% and 95% confidence regions for a Euclid-like weak-lensing survey.

cannot be broken, and therefore a Gaussian approximation of the likelihood is not valid.
For this reason, we introduce a new parameterisation, and suggest that SN and BAO Fisher
matrix forecasts based on distance measures only should be considered in this new parameter
space.

First, we define a new parameter ws ≡ ln[−(w0+wa)] in order to exclude the region with
w0+wa > 0, which is clearly ruled out by the MCMC, as shown in Figs. 1 and 2. Motivated by
the primary parameterisations of the BAOs and CMB, we introduce the luminosity distance
dL(zequ) as the basis of a new parameter. However, unlike in the case of CMB, there is
no unique redshift for SN, at which the observables are measured. The only scale which is
singled out in the redshift domain is the redshift of dark-matter and dark-energy equality
zequ, which is defined by

Ωm(1 + zequ)
3 = ΩΛe

−3wa
z

1+zequ (1 + zequ)
3(1+w0+wa). (4.1)

We transform the MCM chain into the new parameter space {ws, dL(zequ)} and perform
a new Fisher matrix calculation. We restrict our analysis to the SN probe since SN and
BAO show the same characteristics, and are based on the same analytical expressions. The
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(Supernovae and BAO, WMAP and weak lensing ) are not fully consistent: as the
authors themselves, note, they should not be combined.

10 Forecasts: Fisher matrix

Before diving into the details let us re-examine of error estimates for parameters
from the likelihood. Let us assume a flat prior in the parameter so we can identify
the posterior with the likelihood. Close to the peaks we can expand the log likelihood
in Taylor series:

lnL = lnL (θ0)+
1
2∑i j

(θi−θi,0)
∂ 2 lnL

∂θi∂θ j

∣∣∣∣
θ0

(θ j−θ j0)+ ... (16)

by truncating this expansion to the quadratic term (remember that by expanding
around the maximum we have the first derivative equal to zero) we say the the
likelihood surface is locally a multi-variate Gaussian. The Hessian matrix is defined
as

Hi j =−
∂ 2 lnL

∂θi∂θ j
. (17)

Expand the Likelihood 
around the maximum

The Likelihood locally is a 
multivariate Gaussian
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from the likelihood. Let us assume a flat prior in the parameter so we can identify
the posterior with the likelihood. Close to the peaks we can expand the log likelihood
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lnL = lnL (θ0)+
1
2∑i j

(θi−θi,0)
∂ 2 lnL

∂θi∂θ j
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θ0

(θ j−θ j0)+ ... (16)

by truncating this expansion to the quadratic term (remember that by expanding
around the maximum we have the first derivative equal to zero) we say the the
likelihood surface is locally a multi-variate Gaussian. The Hessian matrix is defined
as

Hi j =−
∂ 2 lnL

∂θi∂θ j
. (17)Hessian

Hessian is diagonal for uncorrelated variables (quadratic form: can 
always diagonalise)
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It enclose information on the parameters errors and their covariance. If this matrix is
not diagonal it means that the parameters estimates are correlated. Loosely speaking
we said “the parameters are correlated”: it means that they have a similar effect on
the data and thus the data have hard time in telling them apart. The parameters may
or may not be physically related with each other.
More specifically if all parameters are kept fixed except one (parameter i,say),

the error on that parameter would be given by 1/
√

Hii. This is called conditional
error but is almost never used or interesting.
Having understood this, we can move on to the Fisher information matrix [10].

The Fisher matrix plays a fundamental role in forecasting errors from a given ex-
perimental set up and thus is the work-horse of experimental design. It is defined
as:

Fi j =−
〈
∂ 2 lnL

∂θi∂θ j

〉
(18)

It should be clear that F = 〈H 〉.
Here the average is the ensamble average over observational data (those that

would be gathered if the real Universewas given by themodel –andmodel parameters–
around which the derivative is taken). Since, as we have seen the likelihood for
independent data sets is the product of the likelihoods, it follows that the Fisher ma-
trix for independent data sets is the sum of the individual Fisher matrices. This will
become useful later on.
In the one-parameter case-say only i component of θ , thinking back at the Taylor

expansion around the maximum of the likelihood we have that

Δ lnL =
1
2
Fii(θi− θ̂i)2 (19)

when 2Δ lnL = 1 and by identifying it with the Δχ2 corresponding to 68% con-
fidence level, wee see that 1/

√
Fii yields the 1−σ displacement for θi. This is the

analogous to the conditional error from above. In the general case:

σ2i j ≥ (F−1)i j. (20)

Thus when all parameters are estimated simultaneously from the data the marginal-
ized error is

σθi ≥ (F−1)1/2ii (21)

Let’s spell it out for clarity: this is the square root of the element ii of the inverse
of the Fisher information matrix2. This assumes that the likelihood is a Gaussian
around its maximum (the fact that the data are Gaussianly distributed is no guar-
antee that the likelihood will be Gaussian, see e.g. Fig2). The terrific utility of the
Fisher Information matrix is that, if you can compute it, it enables you to estimate
the parameters errors before you do the experiment. If it can be compute it quickly,
it also enables one to explore different experimental set ups and optimize the exper-

2 i.e. you have to perform a matrix inversion first.

Define the Fisher matrix as:
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Table 2: Best-fit values and 1� uncertainties for the cosmological free parameters in each model and data set.

Model Data set ⌦M,0 ⌦⇤,0 w0 wa

Flat ⇤CDM SNe+QSO 0.295+0.013
�0.012

BAO 0.373+0.056
�0.048

SNe+QSO+BAO 0.300 ± 0.012

Non-flat ⇤CDM SNe+QSO 0.504 ± 0.029 1.107+0.051
�0.052

BAO 0.376+0.057
�0.049 0.638+0.071

�0.079

SNe+QSO+BAO 0.364+0.022
�0.021 0.829 ± 0.035

Flat wCDM SNe+QSO 0.403+0.022
�0.024 �1.494+0.132

�0.143

BAO 0.381+0.057
�0.050 �1.049+0.098

�0.116

SNe+QSO+BAO 0.369+0.022
�0.023 �1.283+0.094

�0.108

Non-flat wCDM SNe+QSO 0.280+0.041
�0.037 1.662+0.041

�0.048 �0.667+0.024
�0.027

BAO 0.301+0.080
�0.072 0.463+0.072

�0.058 �2.850+1.459
�1.441

SNe+QSO+BAO 0.224+0.018
�0.017 1.667+0.040

�0.047 �0.626+0.012
�0.013

CPL SNe+QSO 0.447+0.023
�0.027 �1.267+0.196

�0.191 �3.771+2.113
�2.496

BAO 0.420+0.073
�0.070 �0.821+0.469

�0.349 �1.269+1.835
�2.608

SNe+QSO+BAO 0.354+0.032
�0.030 �1.323+0.103

�0.112 0.745+0.483
�0.974

JBP SNe+QSO 0.441+0.025
�0.028 �1.250+0.223

�0.209 �4.282+2.680
�3.283

BAO 0.384+0.103
�0.098 �1.091+0.923

�0.727 0.235+4.922
�6.612

SNe+QSO+BAO 0.354+0.032
�0.030 �1.371 ± 0.141 1.127+1.293

�1.547

Exponential SNe+QSO 0.395+0.023
�0.026 �1.481+0.141

�0.147

BAO 0.371+0.058
�0.051 �1.067+0.102

�0.119

SNe+QSO+BAO 0.359+0.023
�0.024 �1.271+0.092

�0.107

Rational SNe+QSO 0.452+0.022
�0.025 �1.316+0.172

�0.168 �2.654+1.329
�1.626

BAO 0.410+0.086
�0.081 �0.930+0.464

�0.333 �0.423+1.064
�1.671

SNe+QSO+BAO 0.307+0.044
�0.055 �1.303+0.115

�0.106 1.010+0.152
�0.466

4.1. Constraints on ⇤CDM model

The only cosmological free parameter of this model is⌦M,0. The
best-fit values obtained with SNe+QSO and BAO are consistent
within 2� (see Table 2) and the combination of the two data
sets gives ⌦M,0 = 0.300 ± 0.012. This result completely agrees
with the latest cosmological evidence (e.g. Hinshaw et al. 2013;
Planck Collaboration et al. 2018; Scolnic et al. 2018).

4.2. Constraints on non-flat ⇤CDM model

In this model, SNe+QSO and BAO data sets show a strong dis-
crepancy on the bound value of cosmological parameters (see
Table 2 and Fig. 1). Indeed, the red confidence levels from BAO
alone in Fig. 1 are completely consistent with the flat constraint
⌦⇤,0+⌦M,0+⌦r,0 = 1 represented by the green line, even if with
a preference for ⌦M,0 > 0.3 and ⌦⇤,0 < 0.7, corresponding to
a 1� discrepancy from the flat ⇤CDM model with ⌦M,0 = 0.3
and ⌦⇤,0 = 0.7 (green point), the values expected from the lat-
est observational evidence. On the other hand, the blue contours
from SNe+QSO prefer a closed Universe (⌦k,0 < 0) with high
values for both ⌦M,0 and ⌦⇤,0, in agreement with the results in
Di Valentino et al. (2020, 2021). As already stated in Gonzalez

et al. (2021), in this case, where BAO and SNe+QSO data do
not give compatible results in 2�, it is not proper to consider the
joint data set SNe+QSO+BAO, due to the tension between the
two data sets. Nevertheless, just for sake of clarity, Table 2 re-
ports also the mean values from the combined sample and Fig.
1 shows the corresponding constraints in the bi-dimensional free
parameters space (purple contours). The no Big Bang constraint
described in Sect. 3 does not influence at all on any of the data
sets, as it is limited to the region of the parameters space with
high ⌦⇤,0 and low ⌦M,0, completely excluded from all the confi-
dence levels.

4.3. Constraints on flat wCDM model

Results for the first and simplest DE extension are reported in
Table 2, while the behaviour of ⌦M,0 with w is shown in Fig. 2.
The SNe+QSO data set (in blue) shows a tension greater than
3� with the green point located at (0.3,-1), that corresponds to a
cosmological constant and ⌦M,0 = 0.3, preferring a higher ⌦M,0
and a more negative w. The best-fit value w ⇠ �1.5 corresponds
indeed to a phantom DE scenario. The BAO data set (in red) in-
stead gives a best-fit value for w consistent with w = �1, even if

Article number, page 7 of 11
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where n̄A is the number density of population A, we obtain the covariance matrix

CAB

CD
(d,d′) =

∫

d3r

V

∫

d3r′

V

[

ξAC(r′ − d′/2− r+ d/2)ξBD(r′ + d′/2− r− d/2)

+ ξAD(r′ + d′/2− r+ d/2)ξBC(r′ − d′/2− r− d/2)

]

+ ξBD(d′ − d)
δK
AC

n̄AV
+ ξAC(d− d′)

δK
BD

n̄BV
+ ξAD(d′ + d)

δK
BC

n̄BV
+ ξBC(−d′ − d)

δK
AD

n̄AV

+ δD(d′ − d)
δK
AC
δK
BD

n̄An̄BV
+ δD(d′ + d)

δK
BC

δK
AD

n̄An̄BV
, (13)

which assumes Gaussianity. We shall refer to the first two lines of this expression as the Cosmic Variance × Cosmic
Variance term, the third line as the Cosmic Variance × Poisson term, and the final line as the Poisson × Poisson term.
Note that in the case where one of the tracers is the 21 cm brightness temperature there will also be a contribution from
21 cm interferometer noise in the correlation function. In that case we will also have Cosmic Variance × Interferometer
Noise, Poisson × Interferometer Noise, and potentially Interferometer Noise × Interferometer Noise. Later on we will
discuss the form of these contributions.
One of the integrals in the Cosmic Variance × Cosmic Variance term may be done trivially by changing variables

to r′′ = r′ − r. Following [36] we expand the correlation function in Fourier modes, which allows the r-integral to be
done exactly, yielding a Dirac delta-function which leaves the result as

1

V

∫

d3k

(2π)3

[

PAC(k, µ)PBD(k,−µ)e−ik·(d−d
′
) + PAD(k, µ)PBC(k,−µ)e−ik·(d+d

′
)

]

, (14)

where recall that µ is the cosine of the angle between the wavevector and the line-of-sight, and by definition PAB(k, µ) =
PBA(k,−µ).
We now integrate the estimator against an orientation-dependent weight function w(d̂), which for the dipole would

just be the $ = 1 Legendre polynomial. Using the result

∫

d2Ω
d̂

4π
w(d̂)e−ik·d =

∞
∑

!=0

i−!L!(µ)w!j!(kd), (15)

where w! are the Legendre moments of the weight function, we have for the Cosmic Variance × Cosmic Variance term

1

V

∫

d3k

(2π)3



PAC(k, µ)PBD(k,−µ)
∑

!,!′

i!
′−!L!(µ)L!′(µ)w!w!′j!(kd)j!′(kd

′)

+ PAD(k, µ)PBC(k,−µ)
∑

!,!′

i!
′
+!L!(µ)L!′(µ)w!w!′j!(kd)j!′(kd

′)



 . (16)

We now expand the power spectra in Legendre polynomials, and perform the angular integral. Following similar steps
for the Poisson terms and identifying δD(d− d′) = δK

d,d
′/Lp in the discrete limit with square pixels of side-length Lp,

we have our final result for the covariance matrix

CCD

AB
(d, d′) =

1

V

∫

k2dk

2π2

∑

!,!′

i!
′−!w!w!′j!(kd)j!(kd

′)
∑

L,L
′

GL
′
L

!′!

[

PAC

L
(k)PDB

L
′ (k) + (−1)!

′

PAD

L
(k)PCB

L
′ (k)

]

+

∫

k2dk

2π2

∑

!,!′

i!
′−!w!w!′j!(kd)j!(kd

′)
∑

L

(

L $ $′

0 0 0

)2 [ δK
AC

n̄AV
PDB

L
(k) +

δK
BD

n̄BV
PCA

L
(k)

+ (−1)!
′ δK

AD

n̄AV
PBC

L
(k) + (−1)!

′ δK
BC

n̄BV
PDA

L
(k)

]

+
δK
AC
δK
BD

n̄An̄BV

δK
d,d

′

4πd2Lp

∑

!

w2
!

2$+ 1
+
δK
BC
δK
AD

n̄An̄BV

δK
d,d

′

4πd2Lp

∑

!

(−1)!
w2

!

2$+ 1
. (17)

Note that we could have packaged up the Poisson terms with the power spectra to leave an expression similar to first
line of the above equation, but the form presented here is more useful for computing the individual contributions to

8

the estimator noise. The quantity GL
′
L

!′! arising from the integral of four Legendre polynomials is expressible in terms
of Wigner 3j symbols as

GL
′
L

!′! ≡
∑

L
′′

(2L′′ + 1)

(

! !′ L′′

0 0 0

)2(

L L′ L′′

0 0 0

)2

, (18)

which obeys the symmetries GL
′
L

!′! = GL
′
L

!!′ = GLL
′

!′! = G!′!
L

′
L
and is only non-zero when the parity of !+ !′ equals that

of L+ L′. Note also that PAB

! (k) = (−1)!PBA

! (k). An expression similar to Equation (17) recently appeared in [37];
our result reduces to theirs in the single-population case.
We have thus succeeded in reducing a nine-dimensional integral to a finite sum of one-dimensional integrals, which

can be computed rapidly. The above expression generalises previous formulae for the Gaussian covariance matrix [e.g.
35, 37–39] to the multi-tracer redshift-space case with arbitrary orientation weights.
As found in [34], the standard density and redshift-space distortions do not contribute to the Cosmic Variance ×

Cosmic Variance term for odd weights. This is in fact immediately obvious from Equation (14). Substituting the
Kaiser formula for the power spectra, we see that the two products of power spectra in Equation (14) are equal
to each other. The resulting term then vanishes when integrated against an odd weight function. This shows that
our estimator allows us to get rid of the dominant density and redshift-space distortions not only in the signal but
also the cosmic variance. As a consequence, the Cosmic Variance × Cosmic Variance term is generated only by the
subdominant Doppler terms.
Since we are only concerned with the dipole in this work, we will set w! = 3δK!,1, where the normalisation ensures an

unbiased result. This choice, combined with the various symmetries in the Wigner 3j symbols, ensures CCD

AB
(d, d′) =

−CCD

BA
(d, d′) = −CDC

AB
(d, d′). We also have CCD

AB
(d, d′) = CAB

CD
(d′, d), as required by symmetry.

In Figure 2 we plot the contributions of the Cosmic Variance × Cosmic Variance, the Cosmic Variance × Poisson
and the Poisson × Poisson terms to the diagonal elements of the covariance matrix, for correlations between a
number counts survey (Euclid emission line galaxies) and two different intensity mapping surveys having high angular
resolution (SKA) and low angular resolution (CHIME) at z = 1.2. In both cases we see that the Cosmic Variance
× Cosmic Variance contribution to the variance is negligible. Its amplitude is higher for SKA due to the higher
amplitude of the beam-smoothed dipole power spectrum due to the smaller smoothing scale used as a consequence
of SKA’s higher resolution (see Section III C). The Cosmic Variance × Poisson term is the dominant term for SKA
but subdominant for CHIME, again due to the higher amplitude of the beam-smoothed power spectrum for SKA.
Finally, the Poisson × Poisson contribution is negligible for CHIME and subdominant for most separations for SKA.
The SKA has a higher resolution and hence a smaller Lp, and thus higher Poisson noise to the presence of this factor
in the denominators of the last line of Equation (17).
In Figure 3 we plot the dimensionless correlation matrix of the dipole-dipole two-population estimator. Firstly we

see that the SKA has much higher resolution than CHIME, due to the larger area of its array. We also see that
there are off-diagonal correlations induced due to cosmic variance, with a typical correlation length being roughly
40Mpch−1 for CHIME and 20Mpch−1 for SKA. The smaller correlation length for the SKA is likely due to the
relatively greater importance of Poisson noise to the dipole variance (see Figure 2).

B. Wide-angle corrections

We have seen in Section II that the contribution to the signal from wide-angle terms is significant, which motivates
the estimator proposed in Equation (10). Extra variance is incurred as a cost, both from correlations between the
dipole estimator and the quadrupole correction at order (d/r) × (H/k) and the auto-correlation of the quadrupole
correction at order (d/r)2. These are of similar order, and turn out to partially cancel each other for most of the bias
models and surveys we consider, which makes the wide-angle variance effectively negligible. Nevertheless we include
both contributions for completeness.
The wide-angle contributions may be straightforwardly computed from Equation (17), with the quadrupole weights

given by w! = 5δK!,2. Note that Poisson × Poisson, Poisson × Interferometer Noise, and Interferometer Noise ×
Interferometer Noise do not contribute to the (d/r)× (H/k) cross-term due to symmetry.
In Figure 2 we plot the wide-angle contribution to the dipole variance. It is clear from this plot that the contribution

is negligible even for the largest separations considered for these surveys, due to a combination of (H/k) suppression,
(d/r) suppression, and the fortuitous cancellation described above. This shows that the estimator (10) provides a
robust way of isolating the Doppler contributions.
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Measuring cosmic velocities with 21 cm intensity mapping and galaxy redshift survey
cross-correlation dipoles

Alex Hall1, ∗ and Camille Bonvin2, †

1Institute for Astronomy, University of Edinburgh,
Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ, U.K.

2Département de Physique Théorique & Center for Astroparticle Physics,
Université de Genève, 24 Quai E. Ansermet, 1211 Genève 4, Switzerland.

We investigate the feasibility of measuring the effects of peculiar velocities in large-scale struc-
ture using the dipole of the redshift-space cross-correlation function. We combine number counts
of galaxies with brightness-temperature fluctuations from 21 cm intensity mapping, demonstrating
that the dipole may be measured at modest significance (! 2σ) by combining the upcoming radio
survey CHIME with the future redshift surveys of DESI and Euclid. More significant measurements
(! 10σ) will be possible by combining intensity maps from the SKA with these of DESI or Euclid,
and an even higher significance measurement (! 100σ) may be made by combining observables com-
pletely internally to the SKA. We account for effects such as contamination by wide-angle terms,
interferometer noise and beams in the intensity maps, non-linear enhancements to the power spec-
trum, stacking multiple populations, sensitivity to the magnification slope, and the possibility that
number counts and intensity maps probe the same tracers. We also derive a new expression for
the covariance matrix of multi-tracer redshift-space correlation function estimators with arbitrary
orientation weights, which may be useful for upcoming surveys aiming at measuring redshift-space
clustering with multiple tracers.

I. INTRODUCTION

Large-scale peculiar velocities have long been a rich source of information on the physics of structure formation in
the Universe [e.g. 1–4]. However, the direct measurement of peculiar velocity is rendered challenging by the necessity
of obtaining an independent measure of the distance to a galaxy, such that the uniform Hubble flow may be subtracted
from the measured redshift. This is usually achieved by using empirical relationships such as the Fundamental Plane
to measure proxies for the intrinsic luminosity, and hence derive velocities via a luminosity distance [e.g. 5]. With
these in hand, constraints may be placed on the standard cosmological model and its extensions [e.g. 6]. However,
such measurements require high-resolution spectra in order to measure velocity dispersions, and are hence constrained
to fairly low redshifts.
An alternative approach to measuring peculiar velocities is provided by their impact on the clustering statistics of

galaxies. In [2, 7, 8] it was shown that velocities contribute to the observed clustering of matter via the transformation
between real and redshift space. These redshift-space distortions, which modify the observed volume of the pixels
in which the observer counts galaxies, can be comparable in magnitude to the real-space clustering caused by the
large-scale dark matter density field, especially if accurate redshift information for the tracers is available [9]. This
effect has been measured with high significance in two-point statistics of the galaxy overdensity field [10, 11].
As well as the redshift-space distortion effect, there are signatures of peculiar velocities in the observed galaxy

overdensity from the Doppler effect. The reason for this is that when peculiar velocities are present, a galaxy observed
at a given redshift will have a different conformal distance from the observer to the FRW expectation corresponding
to that redshift. A galaxy with positive peculiar velocity will actually be closer to us (in terms of conformal distance)
than an FRW calculation would suggest. Since the background matter density is decaying with time due to expansion,
this galaxy resides in a patch of spacetime having lower mean density than the sky-average. Since the peculiar velocity
varies over the sky, this results in a contribution to the observed inhomogeneity in the matter distribution from peculiar
velocities [2, 12]. Moreover, since observations are made on our past light-cone, a wrong estimation of the conformal
distance to the galaxy results in a wrong estimation of the comoving time at which the observed photons have been
emitted. Since both the Hubble flow and the peculiar velocities evolve with time, this results in additional distortions
to the observed galaxy overdensity [13–16]. Unfortunately, these beyond-standard Doppler terms are generally much
smaller than the density and redshift-space distortion terms, making their detection very challenging.

∗Electronic address: ahall@roe.ac.uk
†Electronic address: camille.bonvin@unige.ch
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ABSTRACT

Next-generation cosmological surveys will probe ever larger volumes of the Universe, including the
largest scales, near and beyond the horizon. On these scales, the galaxy power spectrum carries sig-
natures of local primordial non-Gaussianity (PNG) and horizon-scale general relativistic (GR) effects.
However, cosmic variance limits the detection of horizon-scale effects. Combining different surveys via
the multi-tracer method allows us to reduce the effect down cosmic variance. This method benefits
from large bias differences between two tracers of the underlying dark matter distribution, which sug-
gests a multi-wavelength combination of large volume surveys that are planned on a similar timescale.
We show that the combination of two contemporaneous surveys, a large neutral hydrogen intensity
mapping survey in SKA Phase 1 and a Euclid-like photometric survey, will provide unprecedented
constraints on PNG as well as detection of the GR effects. We forecast that the error on local PNG
will break through the cosmic variance limit on cosmic microwave background surveys and achieve
σ(fNL) ! 1.4 − 0.5, depending on assumed priors, bias, and sky coverage. GR effects are more ro-
bust to changes in the assumed fiducial model, and we forecast that they can be detected with a
signal-to-noise of about 14.

1. INTRODUCTION

Upcoming cosmological surveys will probe larger vol-
umes of the Universe, opening new windows to study-
ing cosmological effects on horizon scales (see e.g.
Yoo et al. 2012; Alonso et al. 2015b; Camera et al. 2015;
Raccanelli et al. 2015). These effects include primordial
non-Gaussianity (PNG) and general relativistic (GR)
horizon-scale effects in the observed power spectrum.
PNG is a key discriminator between different classes

of inflation models. Local-type PNG (characterised by
the parameter fNL) leaves a frozen imprint on horizon-
scale power, allowing us to probe the primordial Uni-
verse via the cosmic microwave background (CMB) and
large-scale structure surveys. The Planck constraint
(Planck Collaboration et al. 2015), σ(fNL) ! 6.5 (using
the large-scale structure convention), is far stronger than
those from current galaxy surveys, but is close to the
maximum achievable with CMB experiments, which can
only rule out inflation models with relatively large PNG.
Local PNG induces a scale-dependent correction to

the bias of any dark matter tracer (Dalal et al. 2008;
Matarrese & Verde 2008). This scale dependence can be
probed through the two-point correlation function of the
tracer on very large scales, allowing next-generation sur-
veys to significantly improve upon the CMB constraints
(see, e.g. Giannantonio et al. 2012; Camera et al. 2013;
Camera et al. 2015c).
At this level of sensitivity, neglecting GR horizon-scale

effects would bias results. Moreover, they might hint
at something new if GR breaks down on these scales.
They arise via lightcone observations of dark matter trac-
ers such as the number counts of galaxies (Yoo 2010;
Challinor & Lewis 2011; Bonvin & Durrer 2011) or maps
of intensity (e.g. the integrated 21cm signal from neu-

tral hydrogen (Hi) galaxies; Hall et al. 2013), includ-
ing Doppler, Sachs–Wolfe, integrated Sachs–Wolfe and
time-delay-type terms. The lensing contribution to the
clustering power, mediated by magnification bias, can
also be significant on horizon scales (Alonso et al. 2015b;
Montanari & Durrer 2015).
Cosmic variance becomes a serious obstacle for

horizon-scale measurements where PNG and GR sig-
nals are strongest. Forecasts for next-generation surveys
show that GR effects will not be detectable using a sin-
gle tracer and PNG detection is limited to σ(fNL) > 1
(Alonso et al. 2015b; Raccanelli et al. 2015). This calls
for the multi-tracer technique (MT) to beat down cosmic
variance (McDonald & Seljak 2009; Seljak 2009).
MT has been used to explore improvements in

the measurement of fNL (see e.g. McDonald & Seljak
2009; Hamaus et al. 2011; Abramo & Leonard 2013;
Ferramacho et al. 2014; Yamauchi et al. 2014). In these
works, the lensing and GR contributions to cluster-
ing power were ignored. While this may have little
effect on σ(fNL), it can significantly bias the best-fit
value extracted from the data (Namikawa et al. 2011;
Camera et al. 2015b). MT has also been used to fore-
cast detectability of GR effects by Yoo et al. (2012), but
neglecting the lensing contribution and the integrated
GR effects. Here we include all lensing and GR effects
without making any flat-sky approximation.
The MT technique opens a new observational window

into probing large-scale signatures in the Universe. In
addition to reducing cosmic variance, it also cancels the
individual systematics of the two experiments and re-
moves foreground residuals. We show here that MT is
a game-changer in the way we design surveys to probe
these scales, as volume is no longer the ultimate goal and
noise reduction becomes a priority again.
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Recall a few basics a=(1+z)-1 expansion factor  
δ = density fluctuation 
P(k) = power spectrum of δ(x,z) 
w = p/ρ, γ=growth index

  

The BAO probe

• What method is better suited: configuration space or Fourier 
space?

• Comparison observations-theory (simulations)

• Future surveys: sample variance limited

• Error determination -> simulations 

Final Considerations

to get a small 
uncertainty on 
power spectrum 
need:

large volumes to 
accomodate 
several Fourier 
modes 

accurate/adequate 
sampling in 
number of objects

w(z)=w0 +wa (1-a) 
Λ:  w0= -1 , wa =0 , γ~0.55

Ellipses: uncertainty in parameters via 
Fisher matrix. An useful approximation 
(curse of dimensionality; also different 
definitions). Importance of Priors 
Usually use Figure of Merit= 1/Area 
FoM= 1/(∆w0 x ∆wa)
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Combination

Technique #2

Technique #1

 
Illustration of the power of combining techniques.  Technique #1 and Technique #2 have roughly 
equal DETF figure of merit.  When results are combined, the DETF figure of merit is 
substantially improved. 
 

7. Results on structure growth, obtainable from weak lensing or cluster observations, 
provide additional information not obtainable from other techniques.  In 
particular, they allow for a consistency test of the basic paradigm: spatially 
constant dark energy plus general relativity. 

 
8. In our modeling we assume constraints on H� from current data and constraints on 

other cosmological parameters expected to come from further measurement of 
CMB temperature and polarization anisotropies.   

a. These data, though insensitive to w(a) on their own, contribute to our 
knowledge of w(a) when combined with any of the dark energy techniques 
we have considered. 

b. Increased precision in a particular cosmological parameter may improve 
dark-energy constraints from a single technique.  Increased precision is 
valuable for the important task of comparing dark energy results from 
different techniques. 

 
9. Increased precision in cosmological parameters tends not to improve significantly 

the overall DETF figure of merit obtained from a multi-technique program.  
Indeed, a multi-technique program would itself provide powerful new constraints 
on cosmological parameters within the context of our parametric dark-energy 
model. 

 

 

 28

 
For non-relativistic matter, we define  
 

:m  
8SGNUm0

3H0
2 , 

 
and we define analogously :r for the density of relativistic matter (and radiation), for 
which P/U  ����.  To obtain an attractive equation we introduce 

 

2
0

k
k

H
:  � , 

 
Now we can write 
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2

2 2 3 4 2 3(1 )
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m r k X

aH a H a a a a
a
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�
, 

 
The term :X represents the cosmological constant if w  ���.  Otherwise, it represents 
dark energy with constant w.  This generalizes easily for non-constant w with the 
replacement 
 

> @
1

3(1 ) exp 3 1 ( )w

a

daa w a
a

� � § ·c
co �¨ ¸c© ¹

³  . 

 
The quantity :k describes the current curvature of the universe.  For :k < 0, the Universe 
is closed and finite; for :k > 0 the Universe is open and potentially infinite; while for :k 
= 0 the geometry of the Universe is Euclidean (flat).   
 
The cosmic microwave background radiation (CMB) gives very good constraints on the 
matter and radiation densities :mH0

2 and :rH0
2, so it appears one could determine the 

time history of the dark-energy density, modulo some uncertainty due to curvature,  if 
one could accurately measure the expansion history H(a).  When a distant astronomical 
source is observed, it is straightforward to determine the scale factor a at the time of 
emission of the light, since all photon wavelengths stretch during the expansion; this is 
quantified by the redshift z, with (1+z) = a��.  The derivative a�  is more difficult, 
however, since time is not directly observable.  Most cosmological observations instead 
quantify the distance to a given source at redshift z, which is closely related to the 
expansion history since a photon on a radial path must satisfy 
 

2
2 2 2

2
0.

1

drds dt a
kr

 �  
�

 

 
This implies that the distance to a source at redshift z, defined as D(z), is given by 

 

Evolution governed by components: H(z) ⇔ ΩX, w
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Findings of the
Joint Dark Energy Mission

Figure of Merit Science Working Group

Andreas Albrecht, Luca Amendola, Gary Bernstein, Douglas Clowe, Daniel Eisenstein,
Luigi Guzzo, Christopher Hirata, Dragan Huterer, Robert Kirshner, Edward Kolb, Robert Nichol

(Dated: Dec 7, 2008)

These are the findings of the Joint Dark Energy Mission (JDEM) Figure of Merit (FoM) Science
Working Group (SWG), the FoMSWG. JDEM is a space mission planned by NASA and the DOE
for launch in the 2016 time frame. The primary mission is to explore the nature of dark energy. In
planning such a mission, it is necessary to have some idea of knowledge of dark energy in 2016, and
a way to quantify the performance of the mission. In this paper we discuss these issues.

I. THE UNKNOWN NATURE OF DARK ENERGY

The discovery that the universe is expanding with an ever-increasing velocity is now a decade old, yet there is
no compelling theoretical explanation. We have a cosmological standard model, called ΛCDM, that seems capable
of accounting for (at least in principle) all cosmological observations, including the apparent acceleration. But it is
sobering to note that in ΛCDM as much as 95% of the present mass-energy of the universe is not understood, with
only 5% of the present mass-energy in the form of “stuff” we understand (baryons, radiation, neutrinos). The rest of
the present mass-energy of the universe is assumed to be dark: about 30% in the form of dark matter providing the
bulk of the gravitational binding energy of galaxies, galaxy clusters, and other large-scale structure, and about 70%
in the form of dark energy driving the present expansion of the universe. Both dark matter and dark energy point to
physics beyond the standard models of gravity or particle physics.

This paper is concerned with dark energy [1], the primum mobile for the present accelerated expansion of the
universe.

While ΛCDM seems capable of accounting for all observations, the aim of cosmology is not simply to find a model
that describes the observations, but rather to find one that agrees with observations and is also grounded in physical
reality.1 The most important task ahead is to discover the nature of the dark universe, in particular, dark energy.

To date, all indications of dark energy come from measuring the time evolution of the expansion history of the
universe. In the standard Friedmann-Lemâıtre-Robertson-Walker (FLRW) cosmology, the expansion rate as a function
of the scale factor a is given by the Friedmann equation2

H2(a) = H2
0

[
ΩRa−4 + ΩMa−3 + Ωka−2 + ΩDE exp

{
3

∫ 1

a

da′

a′
[1 + w(a′)]

}]
. (1)

In this expression Ωi is the present fraction of the critical density, ρC = 3H2
0/8πG, in the form of component i;

e.g., radiation (R), matter (M), curvature (k) and dark energy (DE). The parameter H0 is the present value of the
expansion rate of the universe (Hubble’s constant). Finally, w(a) is the ratio of the pressure to the energy density for
dark energy, w(a) = p(a)/ρ(a). If dark energy is Einstein’s cosmological constant, w(a) = −1.

In framing the question of the nature of dark energy, it is useful to start with something that doesn’t work: It
is clear from the observations that the Einstein–de Sitter cosmological model (a spatially flat, matter-dominated,
FLRW model) does not describe the recent expansion history of the universe. In FLRW models the Friedmann
equation follows directly from the 0− 0 component of the Einstein equations, so the fact that the Einstein–de Sitter
model fails can be expressed as

G00(spatially flat FLRW) "= 8πGT00(matter). (2)

There are two generally orthogonal directions in explaining the observations. The first direction is to assume there
is, in addition to matter and radiation, a new type of “negative pressure” component to the energy density of the
universe that would be added to the right-hand-side of Eq. (2). The other direction is modify the left-hand side of

1 Cosmological models that describe observations but are not grounded in physical reality have been found in the past, but have been
rejected in favor of models based on the laws of nature (see, e.g., [2]).

2 The scale factor a is normalized to unity at present. It is related to the redshift z by 1 + z = 1/a.

where ti is an arbitrarily chosen initial time, the linear growth function G(t) obeys the differential
equation

G̈GR + 2H(z)ĠGR −
3

2
ΩmH2

0 (1 + z)3GGR = 0 , (14)

and the GR subscript denotes the fact that this equation applies in standard GR.13 The solution to
this equation can only be written in integral form for specific forms of H(z), and thus for specific
dark energy models specifying uφ(z). However, to a very good approximation the logarithmic
growth rate of linear perturbations in GR is

fGR(z) ≡
d lnGGR

d ln a
≈ [Ωm(z)]γ , (15)

where γ ≈ 0.55−0.6 depends only weakly on cosmological parameters (Peebles, 1980; Lightman and Schechter,
1990). Integrating this equation yields

GGR(z)

GGR(z = 0)
≈ exp

[

−
∫ z

0

dz′

1 + z′
[Ωm(z′)]γ

]

, (16)

where Ωm(z) is given by equation (5). Linder (2005) shows that equation (16) is accurate to better
than 0.5% for a wide variety of dark energy models if one adopts

γ = 0.55 + 0.05[1 + w(z = 1)] (17)

(see also Wang and Steinhardt 1998; Weinberg 2005; Amendola et al. 2005). While the full solution
of equation (14) should be used for high accuracy calculations, equation (16) is useful for intuition
and for approximate calculations. Note in particular that if uφ(z) > uφ,0 then, relative to a
cosmological constant model, Ωm(z) ∝ H−2(z) is lower (eq. 5), so GGR(z)/GGR(z = 0) is higher —
i.e., there has been less growth of structure between redshift z and the present day because matter
has been a smaller fraction of the total density over that time. It is often useful to refer the growth
factor not to its z = 0 value but to the value at some high redshift when, in typical models, dark
energy is dynamically negligible and Ωm(z) ≈ 1. We will frequently use z = 9 as a reference epoch,
in which case equation (16) becomes

GGR(z)

GGR(z = 9)
≈ exp

[
∫ 9

z

dz′

1 + z′
[Ωm(z′)]γ

]

. (18)

In the limit Ωm(z) → 1, GGR(z) ∝ (1+z)−1, i.e., the amplitude of linear fluctuations is proportional
to a(t).

2.2. Model Parameterizations
The properties of dark energy influence the observables — H(z), D(z), and G(z) — through

the history of uφ(z)/uφ,0 in the Friedmann equation (3). This history is usually framed in terms of
the value and evolution of the equation-of-state parameter w(z) = pφ(z)/uφ(z). Provided that the
field φ is not transferring energy directly to or from other components (e.g., by decaying into dark
matter), applying the first law of thermodynamics dU = −p dV to a comoving volume implies

d(uφa
3) = −pφd(a

3) (19)

=⇒ a3duφ + 3uφa
2da = −3w(z)uφa

2da (20)

=⇒ d ln uφ = −3[1 + w(z)]d ln a = 3[1 + w(z)]d ln(1 + z) , (21)

13This equation applies on scales much smaller than the horizon. On scales close to the horizon one must pay careful
attention to gauge definitions. Yoo (2009) and Yoo et al. (2009) provide a unified and comprehensive discussion of
the multiple GR effects that influence observable large scale structure on scales approaching the horizon.
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Euclid will challenge all sectors of the cosmological model:

• Dark Energy: wp and wa with an error of 2% and 13% 
respectively (no prior)

• Dark Matter: test of CDM paradigm, precision of 0.04eV 
on sum of neutrino masses (with Planck)

• Initial Conditions: constrain shape of primordial power 
spectrum, primordial non-gaussianity

• Gravity: test GR by reaching a precision of 2% on the 
growth exponent γ (dlnδm/dlna∝Ωmγ)

Uncover new physics and map LSS at 0<z<2: Low redshift 
counterpart to CMB surveys

EIC & ENIS consortia:: All sky low-z cosmology

2. Theory and quest for observable, discriminating
parameters

In the last decade from new measurements of Supernovæ

and of the anisotropies in the cosmic microwave back-

ground (CMB), a coherent picture started to emerge: even

though the Universe appears to be spatially flat, matter

only makes up 25% of the critical energy today, and the

rest is something else, for which the best-known candi-

date is the cosmological constant ⇥. But it is not only

the 75% dark energy that is puzzling. Both big-bang nu-

cleosynthesis (BBN) and the CMB indicate that baryons

(the “normal” matter) only make up about 4% of the en-

ergy density today. The remaining 21% are an unknown

substance called dark matter because it is apparently in-

visible but clusters at least on large scales like pressureless

matter.

Fig. 1. E�ect of dark energy on the evolution of the Universe.

Fraction of the density of the Universe in the form of dark en-

ergy as a function of redshift z., for a model with a cosmological

constant (w=-1, black solid line), dark energy with a di�erent

equation of state (w=-0.7, red dotted line), and a modified

gravity model (blue dashed line). In all cases, dark energy be-

comes dominant in the low redshift Universe era probed by

Euclid, while the early Universe is probed by the CMB.

In general, given the plethora of possible theoreti-

cal models, it is useful to adopt a phenomenological ap-

proach and therefore some parametrisations. In the dark

energy context tne main parameter is the one for equa-

tion of state of the dark energy component, w ⇤ p/⇥.

If we can consider the Universe as evolving like a ho-

mogeneous and isotropic Friedmann-Lemâıtre-Robertson-

Walker (FLRW) universe, then the only observationally

accessible quantity is the expansion rate of the universe

H, given by the Friedmann equation, H(a)
2

= (ȧ/a)
2

=

(8�G/3) [⇥m(a) + ⇥DE(a)]. This equation governs the ex-

pansion law of the Universe as whole and can be studied

with geometrical tests: luminosity and angular diameter

distances are determined by integrals of 1/H, and H it-

self can be directly measured by a number of methods.

The dark energy is described by its homogeneous en-

ergy density ⇥DE and the isotropic pressure pDE, diagonal

elements of the energy momentum tensor. Any other non-

zero component of the latter would require us to go beyond

the FLRW description of the Universe. The evolution of ⇥
is then governed by the covariant conservation equations

which in this case reduce simply to

⇥̇DE = �3H(⇥DE + pDE) = �3H(1 + w)⇥DE. (1)

Conclusions can be drawn from the phenomenolog-

ical w(a): if the observed w ever deviates significantly

from �1 then a cosmological constant is ruled out, and

if w < �1 then canonical scalar field models of the dark

energy are in trouble. Once H(a) has been measured with

the needed accuracy, then w(a) can be extracted. For an

evolving w(a) a number of models can be described by

the parametrization (Chevallier & Polarski 2001, Linder

2003) w(a) = wp + (ap � a)wa obtained by Taylor ex-

pansion around a pivot expansion factor, ap, which ren-

ders errors on wp and wa uncorrelated (often one normal-

izes at present where a = 1 and the parameters plane is

w0 �wa). Then the ability of a given experiment to mea-

sure the DE equation of state can be expressed (Albrecht

et al. 2005) in terms of a ”Figure-of-Merit” [FoM], given

by FoM= 1/(�wp ⇥�wa).

Fig. 2. Growth factor of cosmic structures for the same three

models in Fig. 1. Only by measuring the geometry and the

growth of structure at low redshifts can a modification of dark

energy be distinguished from that of gravity.

The latter � are obtained by marginaliziation in the

Fisher Matrix over the many other typical parameters of

the models, such as f.i. details of the power spectrum (am-

plitude, ⇤8, primordial spectral index, n). The discriminat-

ing power of a given experiment then can immediately be

expressed graphically by ellipses in the wa�wp plane and

confronted with models predictions in the same plane (in

the w0�wa plane the ellipses are tilted, since the param-

eters are correlated). The FoM is inversely proportional

to the ellipse area. By combining present experiments this

is ⌅ O(10) (Komatsu et al. 2009), while Euclid will yield

⌅ 500 by itself and will reach ⌅ 1500 by adding the infor-

mation which will be provided by Planck (EYB).

However, there is an ambiguity present since it is pos-

sible, for instance, to ascribe the expansion history to a

scalar field potential or equivalently to construct a func-

tion f so that a f(R) type (in the Lagrangian) modified

Improve ~ 
× 10 on w 
× 20 on γ

Goals

6000

500

Current Best 
Estimate

CBE
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R. Scaramella - Ischia 29-8-11

EMA
level 1 a,b

External 
Data

Instrument 
Model Data

non-SGS 
Simulation 

Data

EMA
level S

EMA
level 1 
a,b,c

OU-1/VIS

OU-2/NIR

OU-3/SIR

OU-4/EXT

OU-5/SIM

EMA
level 2

OU-6/MER

OU-7/SPE

OU-11/SHE

OU-12/PHZ

EMA
level 3

OU-9+10/
LE3

11

OU flow

provides input for
generates output to

Complex relation...

EMA= Euclid Mission Archive

A few Petabytes...

instruments	costs	
≈	GS	costs

Ground Segment

Payload Module (Astrium) 

Two instruments: 
 VIS: optical imager  
NISP: NIR imager +      

grisms
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Euclid – Payload Module - hardware 

FoM 1, M2 and FoM 3 

M1 

Confidential 

Th
is

 d
oc

um
en

t a
nd

 it
s 

co
nt

en
t i

s 
th

e 
pr

op
er

ty
 o

f A
st

riu
m

 [L
td

/S
AS

/G
m

bH
] a

nd
 is

 s
tri

ct
ly

 c
on

fid
en

tia
l. 

It 
sh

al
l n

ot
 b

e 
co

m
m

un
ic

at
ed

 to
 a

ny
 th

ird
 p

ar
ty

 w
ith

ou
t t

he
 w

rit
te

n 
co

ns
en

t o
f A

st
riu

m
 [L

td
/S

AS
/G

m
bH

]. SiC parts procurement status  

September 23rd, 2014 

• M1 :  
– Tool checks in July. Maintenance with CNC machine supplier in August.  
– FM : CNC machine made an error during back face machining. Investigations/corrective actions in progress at Boostec 

with CNC manufacturer. 
– PFM : Blanck pressed, ready for machining on S43. 
– Polishing tool sintered, under control. On line with M1 DRB. 
 

• M2 : 
– FM : sintered, dimensional checks OK, 

expected to be P-Ted on W39, then CVD S40. 
– Spare : sintered, will be proof tested on W42 with CVD S44. 

 

• M3 : see next page 
 

• FoM1-3 :  
– FoM1 FM expected P-T W39, CVD S40. Difficulties met on planetary I/Fs requirements. 
– FoM3 FM under grinding, P-T W42,  CVD W44. 
– FoM13 spare sintered, control to follow. 
– 1 PFM to be machined. 

• FOM2 : 
– MRR scheduled on week 40. This is the last MRR for the mirrors 
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]. SiC parts procurement status  

September 23rd, 2014 

 
 
 
 

 
 
 

 
 

M3 :  FM : sintered and compliant with design definition. 
PFM : model sintered, under control 
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M3 
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Dichroic plate 
Phase B2 resumed. Optimization of the coating design performed by OBJ 

and Schott based on new spectral requirements. 
Successful design and performance reviews  by the 2 teams . Held on  

• OBJ : 03/09/14 
• SCH : 10/09/14 

 
Design Reviews closed the study phase in the frame of the spectral change 

request. 
 
Coating is expected to be deposited on the beginning of October by both 

teams 
 
Then campaign for WFE controls for coating effect, particularly the 

compensated residual bending of the plate (coating stress) will take place. 
 
Validation test - Sodern cryostat : difficulty on the thermal stability.  

• Important axial gradient on the reference plate introduces large 
defocus when cooling down 

• Need date for DM plate cool down test is mid November for both 
 

Objective is to select one of the 2 suppliers for phase CD before the end of 
the year 
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Dichroic plate 
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]. SiC parts procurement status 
� M1 :  
o FM : Flight model sintered, visual inspection after furnace opening detects no anomaly. Dye penetrant results 

expected end of week 47 Æ will enable to fully validate the blank as compliant for grinding.  
CVD end of February. 
 

o PFM : Ready for green machining. 
 

o Polishing tool grinded, ready  
for CVD on week 49. 
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Euclid: small (1m) but 
powerful telescope

Built and almost 
assembled, launch in ~18 
months, 6y mission

October 2021 at 
Thales—Alenia in 
Turin

Flight model 
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A370 ACS
w.r.t. HST will lose a factor 
of ~2 in resolution, but get 
all xgal sky!
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For stability need to 
always observe almost 
orthogonally to the sun
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EUCLID Definition Phase Study, MDR, ESTEC, 18.11.2010

3 Sky Survey Geometry
� Wide survey

� Sky area of 20.000deg2

� Galactic latitudes |b|�30deg
� 90% coverage required
� Deep survey embedded

� Deep survey
� Shall not impair wide survey
� Sky area of 40deg2

� �20deg2 near ecliptic poles
� Each field observed 40 times

ecliptic coordinates

Hammer projection
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EUCLID Definition Phase Study, MDR, ESTEC, 18.11.2010

3 Sky Survey Geometry
� Step & stare observation

� Observation in strips of consecutive fields
� 4 dither frames per field
� 2.5% overlap at each side of the field
� Instantaneous FoV = 0.704�0.787 deg2

patch

strip

field

10deg

10deg

0.787deg

0.704deg

xs

yssun spacecraft
rotation

step 1

step 2

step 3

spacecraft
tilt
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Advanced Studies and Technology 
Preparation Division

23

EUCLID Mission 

$ Launcher: Soyuz ST2-1B from Kourou

$ Direct injection into tranfer orbit
- Transfer time: 30 days
- Transfer orbit inclination: 5.3 deg

$ Launch vehicle capacity: 
- 2160 kg (incl. adapter)
- 3.86 m diameter fairing

$ Launch � 2018

$ Mission duration: 5 years

Advanced Studies and Technology 
Preparation Division

24

EUCLID Ground Segment 
$ Mission Operation Centre 

at ESOC (Darmstadt, Germany)

$ Science Operation Center 
at ESAC (Villafranca, Spain)

$ Ground Stations:
- Cebreros antenna
- Daily science communication: 

~ 850 Gbits in K band (26 GHz)
- Command and control in X band

6

2023

Minimal target 
visibility every 

six months 

STEP & 
STARE

R. Scaramella et al.: The Euclid Wide Survey

YSCXSC

ZSC

YOPT

ZOPT

XOPT
0.47

ZSC

YSCXSC

Fig. 2: Left panel: Euclid Spacecraft Reference Frame. XSC
points toward the Sun disk center. The edge and center of the
joint FoV are o↵set by 0.°47 and 0.°82, respectively. The longer
side of the FoV is typically aligned with ecliptic meridians dur-
ing observations. Right panel: Euclid Optical Reference Frame.
Notice that for the latter the Xopt Yopt plane is defined as look-
ing onto the sky with ẑ towards the spacecraft. There are four
additional CCDs used for Fine Guidance Sensors (FGS) placed
on each side of the VIS FoV (for each pointing the two opposite
bests in terms of guiding stars are selected).

2.2. The telescope

Euclid’s PLM (Racca et al. 2016) is designed around a three-
mirror anastigmat Korsch design telescope with silicon carbide
(SiC) mirrors and truss (Korsch 1972; Pamplona et al. 2016).
The sizes of the telescope components are: primary pupil R1 =
0.6 m, M1 stopper R2 = 0.1975 m, spider arm mean length R3 =
0.44 m, spider arm thickness L = 0.012 m. This provides a total
collecting area of A = ⇡(R2

1 �R2
2) � 3R3L = 0.99 m2. Euclid has

two instruments onboard, the visible imager (VIS; Sect. 3.1) and
the near-infrared spectrometer and photometer (NISP; Sect. 3.2).
The wavelength separation at ⇠ 920 nm between the two instru-
ments is performed by a dichroic plate located at the exit pupil
of the telescope. The two focal planes image the same part of the
sky, allowing multiple data acquisition with a single telescope
pointing (see Sect. 4.1). The coordinates of the focal plane as
projected on the sky are shown in Fig. 2.

2.3. Pointing angles

The main reference frames are shown in Fig. 2. The following
angles (see Fig. 3) have operational ranges that constrain a point-
ing and therefore target visibility:

– solar aspect angle (SAA): the angle between the spacecraft’s
+ZSC axis (telescope pointing direction) and the direction to
the centre of the Solar disk;

– alpha angle (AA): the angle between the Sun vector pro-
jected onto the XSC–YSC plane and the +XSC axis. It increases
as the spacecraft rotates clockwise about its +ZSC axis;

– solar panel solar aspect angle (SPSAA): The angle between
the spacecraft +XSC axis and the direction to the centre of the
Solar disk.
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4. AOCS DESIGN DRIVERS AND REQUIREMENTS 

4.1 Mission requirements 
The Euclid spacecraft shall operate nominally inside an attitude domain defined in terms of Sun 
Aspect Angle (SAA) and Alpha Angle (AA) as depicted in Figure 4. The nominal domain is 
defined as: 

x SAA comprised between 87 and 121 degrees (EUCL-SYS-MIS-REQ-050); 
x AA comprised between -8 and +8 degrees (EUCL-SYS-MIS-REQ-060); 

 
The previous attitude domain will be used for the survey of the sky, but two different domains 
have been introduced for non-scientific objectives, in particular: 

x Slightly increasing the maximum achievable SAA (from 121 to 136 deg) would make 
possible to increase significantly the geometrical efficiency for the execution of ǻV 
maneuver, in particular for the Transfer Correction Maneuver #1 (TCM#1, see [RD-2] for 
details); 

x Allowing the S/C to arrive at a SAA of 45 deg, it would be possible to illuminate the upper 
side of the telescope baffle, with the objective to heat up that zone for decontamination 
purposes (i.e. ice removal). 

 

 
Figure 4 ± Euclid Sun Aspect Angle (SAA) and Alpha Angle (AA) definition. 

 
A fundamental feature requested by the mission is that the Sun shall never enter in the 
telescope field of view: the latter has been translated into the following exclusion zones (EUCL-
SYS-OPS-REQ-232) where the Sun shall not enter at any stage of the mission: 

sun vector 

XSC

ZSC

SAA = 87°

SAA = 121°

XSC

YSC

AA = +8°AA = -8°

projection of sun
vector in XSCYSC

SVM

PLM

ZSC

XSC

YSC

SAA

AAprojection of sun
vector in XSCYSC

sun vector 

Fig. 3: Illustration of the relevant pointing angles defined in the
text. Notice in the top right plot the minimal SAA (pointing to-
wards the Sun). The maximum SAA (pointing away from the
Sun) adopted in the survey is 110�. Similarly in the lower right
plot AA is shown; the maximum range allowed for the survey is
±5�, with a large margin with respect the spacecraft capabilities.

2.4. Orbit and operation mode

Euclid will operate at the Sun-Earth Lagrangian point L2, fol-
lowing a yearly orbit with a libration within ±0�.41 across the
ecliptic plane (Fig. 4). The Lissajous orbit is dynamically unsta-
ble and requires regular orbital maintenance, currently planned
to last one day every four weeks, i.e. ⇠ 3% of the total mission
time. This orbit o↵ers a very stable thermal environment and
maximises the visible sky at any time.

Fig. 4: Left panel: Euclid’s transfer orbit following launch at
time T0, and the subsequent Lissajous orbit at the Sun-Earth
Lagrangian point L2 (SEL2). Right panel: Euclid’s main step-
and-stare operating mode, showing the steps as rotations around
XS C .

Euclid employs a step-and-stare mode, acquiring data on a
fixed sky field and then slewing to the next pointing. Slews come
in two types, depending on the value of the eigenslew ✏ defined
as the angle between one field quaternion3 and the next, which

3 In 3-dimensional space, according to Euler’s rotation theorem, any
rotation or sequence of rotations of a rigid body or coordinate system
about a fixed point is equivalent to a single rotation by a given angle
✓ about a fixed axis (called the Euler axis) that runs through the fixed
point. Therefore the quaternion fully describes the spacecraft attitude
and a single rotation quaternion relates one pointing to another.

Article number, page 5 of 41
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6. Elementary Observation Baseline 
 
(Section EC, joint elementary observation definition of operation). 
(EC System) 
 
 

6.1. Survey Field Observation Sequence 

6.1.1. Definition and key Parameters 
 
The elementary block of observation of the Euclid Survey is a Survey Field (definition according to Euclid 
mission and payload definitions and associated methodology, SRE-PA/2010.099/TO) which is defined as the 
maximum Geometrical Field of View size common to both VIS and NISP instrument fields of view. 
 
The geometrical Field of View is the sky area limited by the contour of the focal plane array of a given 
instrument (VIS or NISP) projected onto the sky. The contour is defined by the first pixel line or columns of 
the detectors on the edge of the FPA as indicated on the next figure. 
 

Visible FPA: 36 VIS CCD 
NIR FPA: 16 H2RG

 
Figure 6-1: VIS (left red ensquared area) and NISP (right red ensquared area) Geometrical FoV. 

 
With the current definition of the instruments, the joint VIS/NISP Survey Geometrical Field of View is: 

• JOINT_FOV_x= 0.763° 
• JOINT_FOV_y= 0.709° 

 
The x and y field orientations are defined in the figure 6-2. 
 

36 16(0.1” pix) (0.3” pix)

VIS: 
 imaging

NISP:  
y, J, H 

photom 
+ slitless

~44’ side

cf  Planck: here ~ O(billion) of  pixels for field, plan ~ 30,000 fields 
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Euclid!
Consortium!Cosmic in IR detector  

We have done a full evaluation of 
expected cosmic rays and their effect 
on slitless images 

Main conclusions are: 

-small number (~3%) of primary 
strong cosmic ray (> 1000e) 

-secondaries ? 

-IR detector are very thin then small 
and controled diffusion 

-different from signal  

⇒ expected to be easy to detect  on 
ground  

⇒ Cosmic rays on board can be 
detected in the ramp :  

-  corrected (JWST method)  

-  flag by the χ2. 

 

 

 

Cosmic rays

Euclid!
Consortium!Anomaly detection and χ2 

perfect 

 
 
 
Detects all possible anomalies: 
•  Reset anomalies 
•  Non linearities 
•  Telegraph noise 
•  Cosmic rays 
 
 

χ2 distribution  is fixed only by 
the degree of freedom of the fit 
Can be computed on < 8 bits  

M. Cropper,  A. Ealet, K. Jahnke, S. NiemiNIR array

CCD
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Figure 35 Left: Real image from the Hubble Space Telescope, eight years after launch, showing charge 
trailing due to CTI. Right: The same image after correction using software like that planned for Euclid. The 
logarithmic colour scale in the images has been chosen to enhance the visibility of the charge trailing. Note 
that the cosmic ray event trails correctly remain in the right hand image. 

 

7.2.6 Current status of End-to-End Simulation and Processing Chain 
Most of the components for the end-end performance calculation are available now, and have been being 
assembled into a coherent structure. We have explained in detail how PSFs are generated using the Euclid 
model, and assembled into VIS images including radiation effects. Full mosaics can then be created, 
incorporating the CCD metrology (Figure 35). Currently most effects are included, the major exception being 
the inclusion of the astrometry (distortion) which requires further consideration in order to build the full 24k x 
24k image mosaic for each dither. In many cases the smaller images are adequate for evaluating many aspects. 

CCD woes

Moreover: Charge Transfer Inefficiency  
modifies shapes! need to reconstruct

R. Massey & VIS team

Trails
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Figure 34 The degradation due to CTI on measurements of flux, astrometry, size and ellipticity. The curves 
show the response to different trap species of a bright star (left panel) or a faint galaxy (right panels), if there 
were an (arbitrarily chosen) trap density of 1 trap per pixel. The x axis is the release time of the charge trap 
species, in multiples of the CCD readout clock speed such that a temporal delay of one clock cycle is 
equivalent to a spatial displacement of 1 pixel. The histograms in the bottom panels show the population of 
trap species in CCD204 detectors as a function of their characteristic release time in the same units, for 
parallel readout (left panel) and serial readout (right panel). 

We introduce now an algorithm with which the forward process of CCD readout and image trailing will be 
implemented. Ideally, one would invert this algorithm, to push the trailed electrons back to where they belong 
and thus correct CTI.  However, the inversion is not trivial. Fortunately, the trailing is typically a small 
perturbation around the true image, so an inverse operation can be achieved via a rapidly-converging iteration of 
the forward algorithm (Bristow & Alexov 2002, Bristow 2003, Bristow, Kerber & Rosa 2005). As shown in 
Figure 34, the endpoint of this iteration is a model image that, when passed through the forward model, 
reproduces the (trailed) data obtained from the telescope. By performing this iterative process as the first step in 
data reduction on the raw Euclid images, all subsequent science analyses ± of flux, astrometry or morphology ± 
are automatically and immediately corrected for CTI. It is thus a highly efficient correction method, separable 
from the rest of the data processing pipeline. 

This procedure uses heritage from HST, where excellent results have been demonstrated after only one or 
two iterations. Massey (2010) demonstrated a 20-fold reduction in CTI trails in HST data. Figure 35 shows the 
trailing readily apparent in HST/ACS imaging eight years after launch, with a corrected version alongside.  

 

True sky image I unavailable 

Image downloaded from Euclid I + įW ( (a) 

After one extra (forward) readout I + 2įW + įW2 ( (b) 
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Figure 39: VIS PSF eigenvectors and residuals as a function of number of eigenvectors used in the 
reconstruction of a given Euclid PSF 

 

 

 
Figure 40: VIS PSF eigenvectors and as a function of number of eigenvectors used in the reconstruction over 
the full FoV (cf. Figure 38). 

 

7.2.8 Implementation planning to date  
The VIS PSF verification pipeline can be increased in sophistication in a number of ways, all of which will act 
to increase the realism of the final images and data analysis leading to an increase in the understanding of the 
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Figure 39: VIS PSF eigenvectors and residuals as a function of number of eigenvectors used in the 
reconstruction of a given Euclid PSF 

 

 

 
Figure 40: VIS PSF eigenvectors and as a function of number of eigenvectors used in the reconstruction over 
the full FoV (cf. Figure 38). 

 

7.2.8 Implementation planning to date  
The VIS PSF verification pipeline can be increased in sophistication in a number of ways, all of which will act 
to increase the realism of the final images and data analysis leading to an increase in the understanding of the 
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Figure 37: VIS system PSF modeled in space and in time 

 

We show the main results in the figures below. 

 
Figure 38: Euclid system VIS PSF ellipticity vector (e1, e2) map over the reference system full FoV 
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VIS team

PSF is wavelength (energy) dependent, 
so is different for blue or red galaxies!! 
Also polarisation effects
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Figure 22: Euclid PSF (800 nm oversampled on 1.0 µm grid) centre of field of reference system. 

 

 
Figure 23: Reference System PSF for analysis, full FoV coverage and 50 arcmin² coverage. 

 

For 4 others Monte-Carlo realization of the stability tolerancing: 

x Over a 50 arcmin² FOV: 5x5 PSF scanning equally the CCD typical scale (@800 nm) 
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Figure 24: Toleranced System PSF for analysis (MC 74 / MC 91 / MC 166 / MC 193). 

 

For 60 others MC realization of the stability tolerancing: 

x Over the full FoV: 5 PSF scanning the full FoV (4 corners and centre) (@800 nm and 550 nm) 

x Over a 50 arcmin² FOV: 5 PSF scanning the CCD scale FoV (4 corners and centre) (@800 nm and 550 
nm) 

 
Figure 25: Toleranced System PSF for analysis (60 systems) over 50 arcmin² (left) and full FoV (right). 

 

It shall be noted that the range of variations of the main tolerancing parameter (M1-M2 distance) into those 

Full FoV 

Euclid consortium meeting                      Marseille               7 May 2014              18 

Euclid!
Consortium!Physical PSF modeling 

-  The observed PSF is complex and wavelength-dependent, with complex 
variation across the focal plane (>40 modes of variation are required). 

-  PSF variations are simple in the Fourier domain, determined by the shape and 
location of the entrance aperture, primary hole, secondary mirror, struts plus 
phase errors that arise from mirror configuration and manufacturing errors. 

 
-  Knowledge of optical path difference directly yields wavelength dependence! 

Image domain: complex Exit pupil amplitude & phase:  
low Zernike-order phase variations 
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Lance Miller Euclid calibration WG, Mar 2018

polarisation and object counts in deep fields

20

DES i<23

/arcmin2percent

smoothing

Predicted polarisation for 3 
deep fields smoothed with 
2 degree FWHM, plus DES 
object counts near SEP/
LMC
Polarisation noise <0.05 
percent on these maps
Need to avoid dust in all 
regions
Need to avoid too high 
object counts (yellow/
green regions on DES plot) 
< 40/arcmin2 (i<23)
May need careful field 
selection and more 
accurate in-field stellar 
polarisation observations

LMC

30o

Fornax NEP

SEP SEP

L. Miller

EDF-S “temp” & EDF-F & NEP seem OK (? TBD)
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DES: 
g,r,i,z

Y

J

H

STC #3 meeting Paris, May16, 2011

Euclid
Consortium

R. Scaramella

Image simulations: photoz from
Euclid + ground based data

SED fitting  
using the 

software BPZ 
(Benitez et al.)

z_input=1.3

z_phot=1.29
Meneghetti

Photoz are crucial, need ground based photometry
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Euclid Consortium Seminar, IAP          10-14 September 2012 

Weak Lensing Requirements 

PSF sizes and ellipticities 

errors in PSF sizes and ellipticities (knowledge) universe 

•  True two-point correlation function Cij will be affected by  
additive bias σ2

sys and multiplicative bias M 

 more simply: 

Model systematic 
effects (holes, boundaries, 
varying S/N etc)

Weak Lensing 
(VIS, WLSWG, OU-SHE)

Euclid Consortium Seminar, IAP          10-14 September 2012 

Accuracy of the Weak Lensing Survey 

•  The total number of galaxies available sets the maximum precision of 
the survey, simply through Poisson statistics in the 2-point 
correlation function Cij 

•  Next generation surveys such 
as Euclid require a lot of 
galaxies (>109) to reach the 
required precision 

•  And after that, the  
systematic effects (biases) 
have to be smaller than the 
errors arising from the Poisson 
statistics 

•  The main challenge in a weak 
lensing survey is to achieve a 
sufficiently detailed knowledge 
of the instrument PSF to 
control the systematic effects 

Slide%from%COSMOS%survey%

Shear field

Effects on 
the angular
power
spectrum
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Strategy

First Light

Additional

Surveys

Planet microlensing

How long

Cadence

When End of the mission

Dedicated time spans

during mission

Milky Way

Supernovae

Wide

Survey Goal

Minimum

required

Number of galaxies

(Poisson)

Global

[N(M,D,etc)]

Effective S

Spectra

Limiting line flux

Crowding

Halpha detected

Shear

Limiting magnitude

Useful size

Good photoz

Spatial sampling:

Area/Volume

(cosmic variance,

char scales)

Deep

Survey

When

Interleaved

End of the mission

Dedicated time spans

during mission

HowDepth

Size

Sequences

Commissioning

Calibrations
VIS

NIP

NIS

Number of

useful dithers,

Bright stars etc Need to fix
priorities !!!

A scheme of the complex inter-relationships of the Euclid Survey produced at 
the start of the study. After a Commissioning phase lasting one month, the First 
Light phase is now called the Performance Verification phase, lasting two 
months. Both those phases take place before the start of the core mission, lasting 
six years. The examples shown for additional surveys are now likely to take 
place during a possible extension of the mission. However, over the years the 
main items have kept stable as shown, with an additional arrow connecting VIS 
to the Deep Survey 

Highly complex since start

Lots of constraints 
(changed over time)

In 6 years need to do
• calibrations
• auxiliary fields
• deep fields
• wide survey~2011 A&A proofs: manuscript no. output

Euclid Mission and Data Releases

0 2 6 years after launch 8

End of Nominal
MissionLaunch

DR1
T1+1 yr

Nominal Survey Operations
6 years

Mission Extension
(optional)

4

T0
Start
Nominal
survey

DR2
T1+3 yrs

DR3
T1+6 yrs

Q1
T1=T0+14
months

Q2
T1+2 yrs

Q3
T1+4 yrs

Q4
T1+5 yrs

Early Survey
Operations
6 months

Commissioning &
Performance
Verification
3 months

Fig. 1: The Euclid timeline. The EWS has to be carried out
within the six year mission baseline and will start 3 months af-
ter the launch, following a commissioning (1 month) and a Per-
formance Verification period (2 months). A faster replanning is
allowed during the Early Operation Phase of six months. The
three main Data Releases (DR#) are shown. The plan is to have
2500 deg2 made public in DR1, to grow to 5000 in DR2 and be
complete at DR3 for 15 000 deg2. In addition, four Quick Data
Releases (Q#) are foreseen, each of ⇠ 50 deg2.

of 50 deg2 is planned at T1, and Q2, Q3 and Q4, will take place
two, four, and five years after Q1, respectively.

In addition to the main survey, a significant fraction of time
will be spent to calibrate the instruments and to characterise
the target galaxies. This results in some fields to be observed
to greater depth than the wide survey (typically 2 magnitudes
deeper). These deep fields have great legacy value beyond the
cosmological core science. While aspects of non-core science
did not influence the design of the spacecraft and instruments,
they are taken into account in the design of the EWS to max-
imise Euclid scientific return. In fact, it must be noticed that
the large decrease in the background with the wavelength dra-
matically increases the SNR in the NIR bands when compared
to Earth-based observations a↵ected by airglow, which instead
increases with wavelength. This makes even a small space tele-
scope competitive with a large ground telescope which su↵ers
from a background dominated by atmospheric emission in the
NIR bands. The relative gain is such that, in order to cover the
same areas planned for Euclid and at the same depths, a ground-
based NIR survey on existing facilities would need to observe
for several centuries. Regarding other space-based facilities, we
notice that the James Webb Space Telescope (JWST) will be in
orbit as well and with its diameter of 6.5 m will go much deeper
and faster than Euclid although only on very small areas (JWST
field of view is 75 time smaller than the Euclid one). Hence
the two facilities are complementary and, moreover, JWST will
likely benefit from targets selected from the Euclid Surveys.

The challenge is to fit all these observations into a finite time
allocation set by the limitation of the mission, which is six years,
whilst fulfilling a wide range of constraints, which are reviewed
in detail in this paper. Part of the survey optimisation involves
selecting the best areas of sky to use, which in turn relies on
a good model of the properties of the observable sky, such as
Galactic extinction and the zodiacal background. We also need to
model the distribution of (bright) stars, as their stray light lowers
the observed galaxy number density.

This paper focuses on the design of the EWS, while the deep
fields are described in a companion paper (Scaramella et al., in
prep., hereafter [Sc21]). The EWS design takes into account the
main backgrounds which impact any large area survey, the se-

quence of operations, the many limitations to the pointing of the
telescope. The EWS is at an advanced stage, fulfilling the key
survey requirements over the full mission. Survey scenarios at
this stage therefore show the detailed feasibility of the mission
and are subject to further optimisation. Results we present and
their discussion, however, are instructive and useful for any fu-
ture large area survey from space or ground which aims to com-
bines both imaging and spectroscopy.

The paper is organised as follows. The spacecraft is de-
scribed in Sect. 2, followed by a summary of Euclid’s instru-
ments in Sect. 3. In Sect. 4 the reference observation sequence
(ROS) is introduced, including a study of dithering scenarios.
Models of zodiacal light, stray-light e↵ects, and other environ-
mental properties, define the ‘region of interest’ (RoI) used as
input for the implementation of the Euclid Reference Survey
Definition (RSD). These e↵ects and the properties of the result-
ing RoI are presented in Sect. 5, where we also discuss com-
plementary ground-based observations. Sect. 6 describes the im-
plementation of the calibration program. Observations of sample
characterisation fields and the EDS are briefly mentioned in this
context. The construction of the EWS is presented in Sect. 7. We
present the most recent outcome of the survey optimisation (end
of 2020) in Sect. 8. This solution is a good proxy for the actual
survey. We conclude in Sect. 9.

2. The spacecraft and telescope

2.1. The spacecraft

The spacecraft comprises a service module (SVM) and a payload
module (PLM), connected by an interface structure designed to
maximise thermal decoupling. The PLM includes the main in-
struments, the folded beam optical components of the telescope,
the radiators, and the fine guidance system (FGS). The SVM
provides the main Spacecraft services: Power Generation, con-
ditioning and distribution, Sun shield and Solar Array, telecom-
munication with ground (Low and High Gain antenna), Attitude
and Orbit Control System (including FGS) and support the In-
struments Warm Electronics. Details are given in Laureijs et al.
(2011) and Racca et al. (2016).

Euclid has severe constrains in pointing to ensure maximal
thermal stability, which are described in this paper and limit the
standard operations. Therefore it is important to describe in de-
tail the attitude of the spacecraft. The Euclid Spacecraft Refer-
ence Frame (OSC, XSC,YSC,ZSC) is defined as follows (see Fig. 2
for a graphical representation):

• OSC: origin is at the point of intersection of the longitudinal
launcher axis with the launcher adapter interface plane (the
plane of separation of the spacecraft from the launcher);
• +ZSC is in the direction perpendicular to the launcher inter-

face plane, positive in the direction of the launch;
• +XSC is in the launcher interface plane, directed to a physical

mark on the interface ring nominally aligned with the solar
array such that the +Xsc vector is perpendicular to the solar
array and pointing towards the sun.
• +YSC is in the remaining direction of the right-handed or-

thogonal triad.

The orientation of the telescope optical reference frame, pro-
jected onto the sky, is also specified in Fig. 2. The FoV Reference
Frame is centred on the centre of the FoV itself and is such that
XFoV = �XOPT and YFoV = YOPT � 0�.82, taking into account the
shift of the edge of the FoV of 0�.47, and its half size of of 0�.35
(see Fig. 2 and Table 1).

Article number, page 4 of 41

3 kinds of data at once:
— VIS imaging
— Y, J, H photometry
— red grism slitless spectra

EUCLID Survey(s)
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The dust between the planets, that scatters sunlight our way, is
not from the asteroid belt (depicted here in green), but from
periodically disrupting comets that spend much of their time near
the orbit of Jupiter, a new study suggests.
CREDIT:

by Denise Chow, SPACE.com Staff Writer
Date: 19 April 2010 Time: 06:23 PM ET
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Source of Night Sky's Cosmic Zodiacal Glow Explained

0

Like

The origin of a mysterious glow that stretches across the nighttime sky has been identified by
scientists who examined the particles that make up the luminous dust cloud.

Called zodiacal light, the faint glow is caused by millions of tiny particles along the path
followed by the sun, moon and planets across our sky, also known as the ecliptic.

The faint, whitish glow, which can be seen best in the night sky just after sunset and before
sunrise in the spring and autumn, was first correctly identified by Joshua Childrey in 1661 as
sunlight that is scattered in our direction by dust particles in the solar system.
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Yet, the source of the thick cloud of dust has been a topic of debate.  

In a new study, David Nesvorny and Peter Jenniskens found that more than 85 percent of the zodiacal dust originated from Jupiter family comets (so-called because their
orbits are modified by their close passage to the gas giant Jupiter), rather than asteroids, as was previously thought.

"This is the first fully dynamical model of the zodiacal cloud," said Nesvorny, a planetary scientist at the Southwest Research Institute in Boulder, Colo. "We find that
the dust of asteroids is not stirred up enough over its lifetime to make the zodiacal dust cloud as thick as observed. Only the dust of short-period comets is scattered
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Zodiacal Light Vs. Milky Way 
Image Credit & Copyright: Daniel López

Explanation: Ghostly Zodiacal light, featured near the center of this remarkable panorama, is produced as sunlight is
scattered by dust in the Solar System's ecliptic plane. In the weeks surrounding the March equinox (today at 1732 UT)
Zodiacal light is more prominent after sunset in the northern hemisphere, and before sunrise in the south, when the
ecliptic makes a steep angle with the horizon. In the picture, the narrow triangle of Zodiacal light extends above the
western horizon and seems to end at the lovely Pleiades star cluster. Arcing above the Pleiades are stars and nebulae
along the plane of our Milky Way Galaxy. Recorded on March 10 from Teide National Park on the island of Tenerife,
the vista is composed of 4 separate pictures spanning over 180 degrees.
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Zodiacal Light

Drops rapidly redwards

Figure 7: The solar spectrum, adjusted to match the observed zodiacal background (solid green). Simplified
characterization - a 5800◦ K blackbody scaled by λ0.36 (dotted black). Broken power-law parameterization
(dashed black).
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DIRBE measures are at 1.25 and 2.2 µm (Gorjian et al. 2000; Wright et al. 2001). In all
cases the observed values have been rescaled to the North Ecliptic Pole (NEP) using the
relationship provided by Leinert et al. (1998). Table 1 lists both the raw measures and the
scaled NEP values. Aldering found an overall good agreement between the new (NEP-
rescaled) data, Leinert’s original V-band measure at the NEP, and Leinert’s reddened solar
spectrum. The agreement with the data could be further  improved by adopting a slightly
higher normalization (by 0.01 dex or 0.025 mag) of the spectrum and a slightly less overall
reddening correction at lambda>0.5 micron (by ~20%) than the Leinert et al. original pre-
scription. These differences are well within the overall uncertainties of the measures and
of the methodology adopted to model the spectrum and rescale the data at the NEP.

Figure 1. Upper panel. The spectrum of the zodiacal background light at the NEP compared to broad-band
observations from the ground and HST observations. The circles are data at 0.450, 0.606 and 0.814 µm,
respectively from the HDF; the square is Leinert et al. (1998) measure at 0.5 µm, and the triangles are mea-
sures from COBE/DIRBE at 1.25 and 2.2 µm. Lower panel. The comparison between the intensity of the
three adopted normalizations of the zodiacal backgroud light. The lowest normalization is the one relative to
the NEP, and it is shown together with the broad-band data points discussed above.
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Zodiacal update

Resonant$structures$in$Zodiacal$Cloud$
•  Smooth$cloud$traces$mean$orbital$elements$
– Node$randomized$by$Jupiter$in$106$yr$so$only$
secular$long\<me\averaged$perturba<ons$survive$

•  Resonant$effects$in$comoving$frame$with$
planet$

•  Spitzer!Earth!Ring!experiment!

•  Frame$comoving$with$Earth$

•  Contours$of$the$COBE/DIRBE$
zodiacal$cloud$model$

•  Trajectory$of$Spitzer$(thick)$with$
crosses$every$year$

•  Able$to$probe$azimuthal$structure$
of$zoiacal$cloud$

Observed$brightness$of$North$Pole$

Sinusoidal$varia<on$due$to$inclina<on$of$zodiacal$plane,$and$eccentricity$of$orbits$
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B.Reach 
(talk grabbed  
from the net)

The$Outer$Zodiacal$Light!

Bill$Reach$
Caltech!(now)!

USRA/SOFIA!(June!2010)!

Why$Study$the$Smaller$Bodies?$

� Tracer$of$gravita<onal$poten<al$

� Sample$of$material$from$solar$nebula$and$
major$bodies$

� Transport$of$material$and$construc<on$of$
major$bodies$

Tilted slab= sinusoid at NEP

J. Pyo et al.: Brightness map of the ZE from the AKARI IRC All-Sky Survey
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Fig. 4. Residual brightness maps in the leading a) and the trailing b)
directions, after the brightness due to the Kelsall et al. (1998) IPD cloud
model has been subtracted from the AKARI observation. The projection
and grid lines are the same as those in Fig. 3.

by about 20%. For the smooth component, the emissivities at all
the three wavelengths are comparable to each other, while for the
dusts localized in the bands and the resonance seem to change
noticeably over the wavelengths. Because it is the smooth cloud
that contributes most to the zodiacal light brightness, this result
is consistent with the assumption that the SED of the observed
sky brightness is blackbody-like.

We subtracted from the observed sky brightness (Figs. 3a
and b) the model ZE brightness calculated with emissivity mod-
ifications. The resulting images of the residual brightness are
shown in Figs. 4a and b for the leading and trailing directions,
respectively. Because the resolution of COBE/DIRBE was not
fine enough to split the innermost α and β dust bands (Sykes
1988), Kelsall et al. (1998) could not implement the two bands
separately in their model. This limitation left in Figs. 4a and b
a band of residual brightness close to the ecliptic. They are be-
tween the band pairs of Kelsall et al.’s dust band 2. In Fig. 4a, we
notice two partial bands that make a rather large angle with re-
spect to the ecliptic. The one visible in the northern hemisphere
is in the longitude range from about 100◦ to 200◦, and the other
in the southern hemisphere from 270◦ to 360◦. They are called
C and F bands by Sykes (1988). In a separate paper, we will
report more details of the additional bands AKARI brought us.
Compared with the leading-direction map (Fig. 4a), the trailing
one (Fig. 4b) shows less residual features than the former. This
is because the brightness contribution from the trailing blob has
properly been corrected for in Fig. 4b. This interpretation sug-
gests to us an existence of an MMR blob leading the Earth. The
leading blob was also anticipated from dynamical simulations
(Dermott et al. 1994).

Fig. 5. Schematic diagram for the seasonal variation of NEP and SEP
brightness due to tilt of the IPD cloud’s symmetry plane. The Earth’s
positions marked by A, B, C, and D on the top frame correspond to the
abscissas labeled by the same characters. In the top frame, the upward
arrows point to the NEP while the downward ones point to the SEP.
The NEP and SEP intensities are represented by a black, solid line and
a gray, broken line, respectively, in the bottom frame.

5. Seasonal variation of the pole brightness

In the survey mode, while cruising the ecliptic plane with the
Earth, AKARI has about 14 opportunities to observe both poles
per day. Although the survey was interrupted from time to time,
we could monitor the pole brightness through the whole mission
period. In Fig. 5 we illustrate how the tilt of the symmetry plane
with respect to the ecliptic would affect the pole brightness over
an one-year period (Deul & Wolstencroft 1988; Reach 1988;
Kelsall et al. 1998). The circle marked with ⊕ represents the
Earth’s orbit and the circular plane in gray the symmetry plane.
The arrows in solid and dashed lines represent the directions of
the north and south ecliptic poles at four positions A through D.
In the bottom frame of the figure, the expected brightnesses of
the NEP and SEP are shown as functions of the Earth’s position.
The solid and dashed lines correspond to the north and south
poles, respectively. When the Earth is at position A, the line-of-
sight towards the SEP passes through the symmetry plane, while
that towards the NEP does not. Because the dust number density
is maximum in the symmetry plane, we expect the NEP bright-
ness to be dimmer than the SEP. If the Earth is at position C,
the situation is reversed and the NEP becomes brighter than the
SEP. On the other hand, at positions B and D, the NEP and SEP
brightnesses may amount to almost the same number of dust par-
ticles. Hence, the two brightnesses are comparable to each other.

The Earth’s eccentric orbit also plays an important role in the
seasonal variation of the pole brightness. While moving along
the orbit, the Earth’s distance from the Sun changes and so do
the dust temperature and density around the Earth. The dust in
the Earth’s vicinity becomes hottest when the Earth passes the
perihelion, and consequently the pole brightnesses also become
brightest. The dust density has the same effect as the tempera-
ture, provided that the dust number density decreases with helio-
centric distance and its distribution is symmetric with respect to
the Sun. Note that the brightness variations of two poles caused
by the cloud’s symmetry plane are out of phase with each other
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M.	Maris:	time	dependence	of	zodiacal	background

minimum	not	centered	at	Ecl	poles


