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Euclid vs. SKA

Competition or Synergy? 

Both
Lots of material credited to Euclid Consortium, ESA, ECSURV etc



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-SKAITA-3 Dec 2018

Today
• some reminiscences 
• Brief, (mostly cosmological) highlights

Recall Euclid in a nutshell:
•  Visible imaging (PSF ~2 x HST), AB=24.5 @ 10σ
•  NIR Photometry (y, J, H), AB=24 @ 10σ
•  slitless spectra (Hα z=0.-1.8)
•  wide survey 15,000 sq legs
•  deep survey 40 sq degs 2 mags deeper
•  6 yr mission
•  ~1300 members
•  costs up to 1G€ (ESA+NASA+Nat lSpace Ag+Institutes)



R. Scaramella - SKAItaly June 2012

R. Scaramella
INAF Osservatorio di Roma

-SKAItaly June 2012-

Old timer...  

Interested since long in two fascinating projects:

- Italian involvement in SKA  (SKADS,  prepSKA, SKA day 2006, etc)

- Italian involvement in Euclid 
  (since the beginning from the imaging side,  currently Mission Survey Scientist;                 

     Euclid material from/thanks the Euclid Consortium)

some Jurassic memories from previous meetings
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some Jurassic memories from previous meetings
2006

Mantovani:
frottole: tell tales, balderdash, boloney, guff
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2006

some Jurassic memories from previous meetings
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Luckily we did not have to wait for 30 years!!

2006

Salvati: “where are the coconuts? At least give some: we haven’t seen them!
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ERTRC report: 
Final version – June 2015 

 
 
 
 
 
 

Global landscape & nominal timescales (@~2015)
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Appendix B - ERTRC Membership 
 
 
The membership of the ERTRC was established by the ASTRONET Board as follows: 
 
 
Aalto, Susanne   S 
Alberdi, Antxon  ES 
Corbel, Stéphane  F 
Dettmar, Ralf-Jürgen  D 
Fender, Rob   UK 
Gabuzda, Denise  EI 
Grewing, Michael  D (co-chair) 
Hessels, Jason   NL 
Scaramella, Roberto  I 
Wijers, Ralph   NL (chair) 
Zdziarski, Andrzej  PL 
 
The executive secretary to the committee was initially Frank Molster (NWO), who was later 
succeeded by Saskia Matheussen (NWO). The work of the committee took longer than expected, 
and over the course of the work Aalto, Gabuzda, and Zdziarski could no longer participate in the 
committee’s work due to personal circumstances and conflicts with other duties. 
 
 
 

 

 
82 

 

 

 
Figure 12: Design, construction, and operation timeline for the Square Kilometre Array and 
other current and upcoming major multi-wavelength facilities.  This is not an exhaustive list, and 
timelines are continuously in flux. 
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SKA1 vs SKA: All HUGE projects have in common: 
delays.. delays.. delays.. delays.. delays.. 

R. Scaramella SKADS Limelette Nov 2009
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Expected  
timeschedule

2018

Problems:  
• competition from ground (and space too!) 
• technical aspects (imaging + spectroscopy)  
• costs 
• huge data flow and complex analysis 
• USA ?

2009

Now launch   2021≥

ESA UNCLASSIFIED - For Official Use Mike Healy | Presentation to SPC (ESAC) | 14-15/11/2018 | Slide  16

Euclid - Schedule Delay and Cost Changes on ESA Science Projects

M. Healy — ESA
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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) 

Publications of the Astronomical Society of Australia (PASA)
doi: 10.1017/pas.2018.xxx.

Cosmology with Phase 1 of the Square Kilometre Array
Red Book 2018: Technical specifications and performance forecasts

Square Kilometre Array Cosmology Science Working Group: David J. Bacon1, Richard A. Battye2,§, Philip
Bull3, Stefano Camera4,5,6,2, Pedro G. Ferreira7, Ian Harrison2,7, David Parkinson8, Alkistis Pourtsidou3,
Mário G. Santos9,10,11, Laura Wolz12,§, Filipe Abdalla13,14, Yashar Akrami15,16, David Alonso7, Sambatra
Andrianomena9,10,17, Mario Ballardini9, José Luis Bernal18,19, Daniele Bertacca20,36, Carlos A.P. Bengaly9,
Anna Bonaldi21, Camille Bonvin22, Michael L. Brown2, Emma Chapman23, Song Chen9, Xuelei Chen24,
Steven Cunnington1, Tamara M. Davis26, Clive Dickinson2, José Fonseca9,36, Keith Grainge2, Stuart
Harper2, Matt J. Jarvis7,9, Roy Maartens1,9, Natasha Maddox27, Hamsa Padmanabhan28, Jonathan R.
Pritchard23, Alvise Raccanelli18, Marzia Rivi13,29, Sambit Roychowdhury2, Martin Sahlén30, Dominik J.
Schwarz31, Thilo M. Siewert31, Matteo Viel32, Francisco Villaescusa-Navarro33, Yidong Xu24, Daisuke
Yamauchi34, Joe Zuntz35

Affiliations listed after references

§ Corresponding Authors: richard.battye@manchester.ac.uk and laura.wolz@unimelb.edu.au

Abstract
We present a detailed overview of the cosmological surveys that will be carried out with Phase 1 of the Square
Kilometre Array (SKA1), and the science that they will enable. We highlight three main surveys: a medium-deep
continuum weak lensing and low-redshift spectroscopic HI galaxy survey over 5,000 deg2; a wide and deep
continuum galaxy and HI intensity mapping survey over 20,000 deg2 from z = 0.35°3; and a deep, high-redshift
HI intensity mapping survey over 100 deg2 from z = 3°6. Taken together, these surveys will achieve an array
of important scientific goals: measuring the equation of state of dark energy out to z ª 3 with percent-level
precision measurements of the cosmic expansion rate; constraining possible deviations from General Relativity
on cosmological scales by measuring the growth rate of structure through multiple independent methods;
mapping the structure of the Universe on the largest accessible scales, thus constraining fundamental properties
such as isotropy, homogeneity, and non-Gaussianity; and measuring the HI density and bias out to z = 6.
These surveys will also provide highly complementary clustering and weak lensing measurements that have
independent systematic uncertainties to those of optical surveys like LSST and Euclid, leading to a multitude of
synergies that can improve constraints significantly beyond what optical or radio surveys can achieve on their
own. This document, the 2018 Red Book, provides reference technical specifications, cosmological parameter
forecasts, and an overview of relevant systematic effects for the three key surveys, and will be regularly updated
by the Cosmology Science Working Group in the run up to start of operations and the Key Science Programme of
SKA1.

Keywords: Radio Telescopes, Cosmology, Galaxy Redshift Surveys, Weak Lensing, Intensity Mapping.

CONTENTS

1 Introduction and rationale 2

2 Cosmological surveys with SKA1 3
2.1 SKA1-MID . . . . . . . . . . . . . . . . . . . . . 3
2.2 SKA1-LOW . . . . . . . . . . . . . . . . . . . . . 4
2.3 Proposed cosmology surveys . . . . . . . . . . 4
2.4 Survey Processing Requirements . . . . . . . . 4
2.5 Synergies with other surveys . . . . . . . . . . 5
2.6 Fiducial cosmological model and extensions . 5

3 Continuum galaxy surveys 6
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3.2 Weak lensing . . . . . . . . . . . . . . . . . . . . 7

3.2.1 Cosmic shear simulations for SKA . . . 8
3.2.2 Results from autocorrelation . . . . . . 8
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3.3.1 Forecasting . . . . . . . . . . . . . . . . 11
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1

Vey recent and comprehensive work 
(e.g. ask Stefano Camera or Matteo Viel) 

Here highlight just a few items, mostly 
related to Euclid (i.e. no EOR)
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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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Many parameters, 
lots of Physics

ΛCDM model

Planck
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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 ℓ0 = 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
ℓ ≥ 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 ℓ > 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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At the linear perturbation level and sub-horizon scales
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Modified Gravity at the linear level
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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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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. 
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For non-relativistic matter, we define  
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and we define analogously :r for the density of relativistic matter (and radiation), for 
which P/U  ����.  To obtain an attractive equation we introduce 
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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 
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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 
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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.

16

Cosmic Variance ⇔ Volume 

Poisson ⇔ Number of  galaxies
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Some among the possible AREAS of 
interest to you (incomplete list)

 Data contamination pbs
 Photoz
 Removal/model of instrument signatures 
 Simulations & replicas
 Measurements (noisy, incomplete)
 Interpretation  cosmic rays 

 Point Spread Function
 redshift, ellipticity (methods  & biases) 
 shear fields, power spectra
 Figure of Merit, Fisher and beyond

A few examples .... (FOOD FOR THOUGHT)

Systematics is the new frontier !!

Need different probes and different experiments
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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 + δt ( (a) 

After one extra (forward) readout I + 2δt + δt2 ( (b) 
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For gravitational lensing need to know very well the
Point Spread Function (blurring of images):
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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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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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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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Figure 4.2.2 A picture of the main component s affecting the Euclid Survey: galaxy plane, dust 

and zodiacal background light (a model is discussed in Appendix C) 
 

 
 
Figure 4.2.3 We show the distribution of bright stars on the sky together with areas of interest for 
Euclid 

Galaxy diffuse effects on 
the sky [dust, MW plane, 
zodiacal]

Straylight and very bright 
stars

Plots by J.C. Cuillandre
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Figure 4.2.4 a picture of the local universe on the Euclid sky 

Figure 4.2.5 a picture of the nearby universe on the Euclid sky 
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Figure 4.2.4 a picture of the local universe on the Euclid sky 

Figure 4.2.5 a picture of the nearby universe on the Euclid sky 

Lots of stuff on the sky

quite local 
z<0.01

0.01 < z < 0.06

Euclid survey
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SPV2

• FoM and accuracy on ! 
are derived 
independently on the 
GCs side and WL side 
using a Fisher matrix 
formalism 
• GCs: 

• GCs 
• RSD 

• WL:  
• WL 
• GCp 
• XC 

• They are combined 
assuming independence.  

• Biases were also derived 
on the WL side.

Euclid Science Performance Verification
 HUGE effort (H. Aussel & C)

EST Nov 15 2018F. Bernardeau - ECL Interim - SPV

SPV2 NISP Spectroscopy: Number Counts

• GC bypass derives the number counts 
of sources with measured redshift

• Updated number counts compared to 
v 2.0

v 2.0 number counts

Detailed simulations of data & 
instrument chars starting from 

large N—Body 
MCDR @ ESTEC, Oct 19, 2018H. Aussel - SPV

Biases

• PSF and CTI impact the WL (WL + XC terms) FoM at the 
20% level 

• This introduces bias in the derivation of the DE equation of 
state that remains close the specifications.

PSF biases

measured redshift biases
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—From SPV2—
Euclid FoM at end of the mission: ~ 220 —> 450 
(different combinations of probes, assumptions 

and high k cutoff)
EST Nov 15 2018F. Bernardeau - ECL Interim - SPV

Euclid top science requirements 

• All requirements on the Euclid Mission (survey, instrument, 
satellites, data processing) are derived from these two 
requirements.

• SPV are exercises where the mission is simulated using 
CBE to check these two top level requirements are met.

Euclid Mission
Performance
Document

Ref.: EUCL-IAP-EUC-DP-00244

Issue: 2.0
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Page: 21/127

6 Introduction: Euclid goals and top level requirements

The present–day coherent picture of the formation of the Universe and its cosmic structures relies
on the Cold Dark Matter (CDM) paradigm and on CDM reference cosmological scenarios. These
models are based on a Universe that is isotropic and homogeneous on large scales, with a flat
geometry. Furthermore the process of cosmic structure formation is hierarchical. The structures
we observe today were generated from tiny quantum fluctuations that reached macroscopic
scales after an early period of inflation that produced the primordial power spectrum of density
fluctuations. These fluctuations then grew by gravitational instability, primarily regulated by
the combined e↵ects of the dominant (cold) dark–matter and only recently, the dark energy,
both of unknown nature. These e↵ects, together with complex physical processes at small scales
involving baryons, have produced the distributions and power spectra of dark and luminous
matters that astronomers observe today

Dark energy, that represents 76% of the matter–energy content of the Universe, is causing the
expansion of the Universe to accelerate. It represents one of the biggest puzzles in modern physics
because our current theories cannot explain its magnitude or its origin. In General Relativity
(GR), the cosmological constant, a simple additive term to the Einstein field equations, appears
as a natural candidate that could cause the accelerated expansion⇤. Current observations are
consistent with this explanation of dark energy. The cosmological constant, however, could be
interpreted as the ‘vacuum energy of empty space’ and if this is the case its observed value is not
consistent with current theories: within the context of a quantum–field theory, the value of a
cosmological constant should be set by an upper cut–o↵ in the vacuum energy which, considering
current experimental bounds from particle physics, would imply a cosmological constant at least
1060 times larger than observed. This is the largest discrepancy between theory and observation
ever encountered in physics. It implies that either the cosmological constant is not the correct
description of dark energy, leaving the possibility open for more exotic models, like a dynamical
dark energy component, or that a radical change in our most fundamental theories of physics, in
particular or current gravitation theory, the General Relativity, is in order. To set the objectives
of a space experiment that questions the origin of the accelerating expansion of the Universe
in the current paradigms of physics and cosmology, one first needs to define quantities that
can characterise the properties of dark energy and gravitation theories and translate them into
quantitative requirements related to physical and astronomical measurements.

6.1 Dark Energy Equation of State and Figure of Merit

The physical nature of the dark energy can be characterised at the most basic level by the
relation between its average pressure p(a) and energy density ⇢(a)c2, i.e. the equation of state
w(a) = p(a)/⇢(a)c2, where a = 1/(1 + z) is the scale factor of the Universe. In this formulation,
the cosmological constant corresponds to w(a) = �1 at all redshifts, and any deviation from
this would imply a dynamical dark energy. A key goal is to place tight observational bounds
on any such deviation. The functional form of w(a) is unknown, but to first order it can be
approximated by a constant term and one that captures the dynamical nature of the dark energy.

w(a) = wp + wa(ap � a) (1)

⇤It would however introduces a second fundamental constant - together with G - in the theory of gravitation
whose amplitude would be many orders of amplitude smaller than G. This is an uncomfortable situation for a
fundamental theory.
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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.
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Weak lensing Asky n zm ∞ fspec-z zspec-max æphoto-z zphoto-max æno-z

experiment [deg2] [arcmin°2]
SKA1 Medium-Deep 5,000 2.7 1.1 1.25 0.15 0.6 0.05 2.0 0.3
DES 5,000 12 0.6 1.5 0.0 N/A 0.05 2.0 0.3

Table 4 Parameters used in the creation of simulated weak lensing data sets for SKA1 Medium-Deep Band 2 Survey and DES 5-year
survey considered in this section.

Figure 3. Forecast constraints for weak lensing with the SKA1 Medium-
Deep Band 2 Survey as specified in the text, compared to the Stage III
optical weak lensing DES and including cross-correlation constraints.

Figure 4. The effect of including a prior from the Planck satellite (Planck
2015 CMB + BAO + lensing as described in section 2.6) on the forecast
Dark Energy constraints for the specified cross-correlation weak lensing
experiment (note that constraints in the other two parameter spaces on
not significantly affected).

on these parameters in Table 5.

3.2.3 Results from radio-optical cosmic shear
cross-correlations

A key consideration in weak lensing surveys are the sys-
tematics induced by the instrument on galaxy shape mea-
surements, which must be controlled to high levels in order
to ensure unbiased constraints on cosmological parame-
ters. In contrast with the optical weak lensing surveys con-
ducted to date, radio weak lensing surveys will measure
galaxy shapes from uv-data, allowing for direct Fourier
plane measurement, as well as measurement in images
reconstructed by deconvolving the interferometer PSF. The
systematics from these shape measurements will be very
different, and uncorrelated with, those from measuring
shapes from CCD images. In Rivi & Miller (2018), the au-
thors adapted the optical method lensfit to shape measure-
ment on Fourier-domain interferometer data which is ca-
pable of satisfying the requirements for the SKA1 Medium-
Deep Band 2 Survey on sources with SNR > 18. Residual
systematics are typically modelled as linear in the shear and
shear power spectrum, with an additive and multiplicative
component. In Fig. 3 (and Harrison et al., 2016) the unfilled
black contours show the constraints from cross-correlating
radio and optical weak lensing experiments, demonstrat-
ing that nearly all of the statistical constraining power re-

Euclid                  15,000       30

10

Experiment æ(≠m)/≠m, æ(æ8)/æ8 æ(w0), æ(wa) æ(µ0), æ(∞0) DETF FoM
SKA1-Medium-deep 0.083 0.040 0.52 1.6 0.77 0.63 1.6
SKA1-Medium-deep + Planck 0.084 0.040 0.28 0.43 - - 77
DES 0.056 0.032 0.43 1.4 0.64 0.52 3.5
DES + Planck 0.058 0.033 0.22 0.33 - - 89
SKA1-Medium-deep£DES 0.046 0.024 0.45 1.3 0.59 0.48 3.3
SKA1-Medium-deep£DES + Planck 0.046 0.024 0.23 0.36 - - 106

Table 5 One dimensional marginalised constraints, from weak lensing alone and in combination with Planck CMB (PlanckCMB2015 +
BAO + lensing as described in section 2.6), on the parameters considered, where all pairs (indicated by brackets) are also marginalised
over the base§CDM parameter set.

Figure 5. Weak lensing marginal joint 1æ error contours in the dark energy
equation-of-state parameter plane with additive (left) and multiplicative
(right) systematics on the shear power spectrum measurement. The black
cross indicates the§CDM fiducial values for dark energy parameters. Blue,
red and green ellipses are for radio and optical/near-IR surveys and their
cross-correlation, respectively. (Details in the text.)

mains. In Fig. 5 (and Camera et al., 2017) we show explicitly
how multi-wavelength cosmic shear analyses measuring
the dark energy equation of state parameters {w0, wa} can
be made free of both additive and multiplicative system-
atics. The left panel shows how cross-correlation of radio
and optical (green) experiments directly removes additive
systematics in both radio-radio (blue) and optical-optical
(red) experiments. Solid, dashed, dash-dotted and dotted
ellipses represent increasing values for the residual system-
atics power spectrum. Also in the right panel of Fig. 5 we
show constraints for systematics which are multiplicative
on shear power spectrum measurements. Here the radio-
radio, optical-optical and radio-optical measurements are
all biased away from the input cosmology individually, but
may be used in self-calibration to recover it correctly. Miti-
gation of such multiplicative systematics is expected to be
extremely important even at the level of Stage III surveys
and represents a powerful argument for performing weak
lensing in the radio band.

3.3 Angular Correlation Function and Integrated
Sachs Wolfe Effect

The angular distribution of galaxies and the cross-
correlation of the galaxy positions with other tracers can
yield important cosmological tests. The two-point distri-
bution of radio galaxy positions in angle space can be rep-
resented by the angular correlation power spectrum C i , j

`
,

where ` is the multipole number and i , j label redshift bins
with the galaxies distributed across these bins defined by
window functions, Wi (z). This statistic encodes the den-
sity distribution projected on to the sphere of the sky, and
so smooths over structure along the line of sight. This can
dampen the effect of Redshift Space Distortions (RSDs) on
the angular power spectrum for broad redshift distribu-
tions, but these can become important as the distributions
narrow (Padmanabhan et al., 2007).

When two non-overlapping redshift bins are consid-
ered the cross-correlation of density perturbations between
these two bins measured through C i , j

`
will be negligible in

the absence of lensing. However, the observed galaxy dis-
tribution is also affected by gravitational lensing through

Planck prior boosts FoM 
because freezes several 
parameters. 
Here SKA1 CG FoM 1.6—
3.3 vs 17—27 for Euclid
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Figure 10. Forecast constraints on the cosmic expansion rate, H , (left panel) and angular diameter distance, D A(z), (right panel) for several different
experiments, following the forecasting methodology described in Bull (2016). The SKA1 Medium-Deep Band 2 Survey for HI galaxy redshifts is shown in
light blue, HI intensity mapping are shown in red/pink (see Sec. 5 for details), and optical/NIR spectroscopic galaxy surveys are shown in black/grey.

Figure 11. Forecast constraints on the linear growth rate of large-scale
structure, f æ8, for the same surveys as in Fig. 10. Open circles show a
compilation of current constraints on f æ8 from Macaulay et al. (2013).

(Yahya et al., 2015; Abdalla et al., 2015; Bull, 2016). This
measurement has already been performed by optical spec-
troscopic experiments, such as BOSS and WiggleZ (Alam
et al., 2017; Kazin et al., 2014), but over different redshift
ranges and patches of the sky. An SKA1 HI galaxy redshift
survey will add independent data points at low redshift,
z . 0.3, which will help to better constrain the time evo-
lution of the energy density of the various components
of the Universe – particularly dark energy. The expected
constraints on H(z) and D A(z) are shown in Fig. 10, and
are typically a few percent for the HI galaxy survey. While
this is not competitive with the precision of forthcoming
optical/near-IR spectroscopic surveys such as DESI and
Euclid, it will be at lower redshift than these experiments
can access, and so is complementary to them.

Another feature that is present in the clustering pattern
of galaxies are Redshift Space Distortions (RSDs), a charac-
teristic squashing of the 2D correlation function caused by
the peculiar motions of galaxies (Kaiser, 1987; Scoccimarro,
2004; Percival et al., 2011). Galaxies with a component of
motion in the radial direction have their spectral line emis-
sion Doppler shifted, making them appear closer or further
away than they actually are according to their observed
redshifts. This results in an anisotropic clustering pattern
as seen in redshift space. The degree of anisotropy is con-
trolled by several factors, including the linear growth rate of
structure, f (z), and the clustering bias of the galaxies with
respect to the underlying cold dark matter distribution,
b(z). The growth rate in particular is valuable for testing
alternative theories of gravity, which tend to enhance or
suppress galaxy peculiar velocities with respect to the GR
prediction (Jain & Zhang, 2008; Baker et al., 2014). RSDs
occur on smaller scales than the BAO feature, but can also
be detected by an HI galaxy redshift survey as long as the
shot noise level is sufficiently low. The SKA1 HI galaxy sur-
vey will be able to measure the normalised linear growth
rate, f æ8, to ª 3% at z º 0.3 (see Fig. 11). This is roughly in
line with what existing optical experiments can achieve at
similar redshifts (see Macaulay et al. (2013) for a summary).

Fig. 12 shows results for when the growth rate constraints
are mapped onto the phenomenological modified grav-
ity parametrisation defined in Eqs. (3) and (4).12 The con-
straints on both µ0 and ∞0 are improved by roughly a factor
of two over Planck - comparable to what can be achieved
with DES (galaxy clustering only). This is not competitive
with bigger spectroscopic galaxy surveys like Euclid or DESI,
but does provide an independent datapoint at low redshift.

12The results in Fig. 12 used the forecasting code and Planck prior de-
scribed in Raveri et al. (2016a,b).
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Figure 17. Upper panel: HI detection with the SKA1-MID Wide Band 1
Survey, showing the expected signal power spectrum (black solid) and
measurement errors (cyan) from the HI auto-correlation power spectrum.
The assumed k binning is ¢k = 0.01Mpc°1. Lower panel: HI detection
with the Deep SKA1-LOW Survey, signal power spectrum (solid black line)
and measurement errors (cyan band) at z = 4. We have used a k-binning
¢k = 0.01Mpc°1 and a redshift bin ¢z = 0.3.

Table 10 Forecasted fractional uncertainties on≠HIbHI, and≠HI
assuming the SKA1-MID Wide Band 1 Survey and following the
methodology in Pourtsidou et al. (2017). For the≠HI constraints
we utilize the full HI power spectrum with RSDs. Note that the
assumed redshift bin width is ¢z = 0.1, but we show the results
for half of the bins for brevity. The cosmological constraints are
reported in Fig. 10 and Fig. 11.

z æ(≠HIbHI)/(≠HIbHI) æ(≠HI)/≠HI

0.4 0.002 0.009
0.6 0.003 0.011
0.8 0.004 0.013
1.0 0.005 0.017
1.2 0.006 0.022
1.4 0.008 0.029
1.6 0.010 0.036
1.8 0.013 0.046
2.0 0.016 0.058
2.2 0.020 0.072
2.4 0.025 0.091
2.6 0.030 0.115
2.8 0.038 0.145
3.0 0.046 0.183

effects. Assessing these effects using simulations and ex-
ploring the possibility of performing BAO measurements
using this survey is the subject of ongoing work.
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Figure 18. Forecasts for the HI density,≠HI, using the Wide Band 1 Sur-
vey and Deep SKA1-LOW Survey (black points), and comparison with
measurements (see Crighton et al. (2015) and references therein), follow-
ing the methodology in Pourtsidou et al. (2017). Note that we have used a
very conservative non-linear kmax cutoff for these results.

5.2 Cosmological probes using HI Intensity Mapping

5.2.1 Baryon Acoustic Oscillations and Redshift Space
Distortions

As already mentioned in section 4.2.1, Baryon Acoustic Os-
cillations (BAOs) can provide robust measurements on the
angular diameter distance and Hubble rate as a function

Help to calibrate photoz

Fate of HI !!

Figure 1 The imaging filters from LSST (orange) and Euclid (blue) are shown.
Euclid will provide 0.1600 FWHM imaging in a visible filter and similar quality 1-
2µm near-infrared imaging that will complement LSST. Maximizing the overlap
between these two data sets will optimize the science return of both projects.

124

Figure 2 A comparison of spectroscopic and photometric redshifts for a representative set of
25,092 high-quality spectroscopic redshifts from the C3R2 survey [2] with real data compa-
rable to that which will be obtained with LSST in Wide-Fast-Deep (WFD) and Euclid wide
surveys. It is clear that combining Euclid and LSST data significantly improves the photo-
metric redshift performance. We show standard photometric redshift performance metrics
as well as those used by [6] for LSST. The optical imaging comes from CFHT-LS deep fields
in u,g,r,i,z that are deeper than those that will be obtained by the LSST WFD survey. The
CFHT-LS photometry were degraded to the expected WFD depth in consultation with the
LSST project. The near-infrared imaging comes from the Vista VIDEO and Ultra-Vista
surveys in Y,J,H,K bands that are comparable to what will be obtained by Euclid.

125
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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)
δKAC

n̄AV
+ ξAC(d− d

′)
δKBD

n̄BV
+ ξAD(d′ + d)

δKBC

n̄BV
+ ξBC(−d

′ − d)
δKAD

n̄AV

+ δD(d′ − d)
δKACδ

K
BD

n̄An̄BV
+ δD(d′ + d)

δKBCδ
K
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 ℓ = 1 Legendre polynomial. Using the result

∫

d2Ω
d̂

4π
w(d̂)e−ik·d =

∞
∑

ℓ=0

i−ℓLℓ(µ)wℓjℓ(kd), (15)

where wℓ 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)
∑

ℓ,ℓ′

iℓ
′−ℓLℓ(µ)Lℓ′(µ)wℓwℓ′jℓ(kd)jℓ′(kd

′)

+ PAD(k, µ)PBC(k,−µ)
∑

ℓ,ℓ′

iℓ
′+ℓLℓ(µ)Lℓ′(µ)wℓwℓ′jℓ(kd)jℓ′(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′) = δKd,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

∑

ℓ,ℓ′

iℓ
′−ℓwℓwℓ′jℓ(kd)jℓ(kd

′)
∑

L,L′

GL′L
ℓ′ℓ

[

PAC
L (k)PDB

L′ (k) + (−1)ℓ
′

PAD
L (k)PCB

L′ (k)
]

+

∫

k2dk

2π2

∑

ℓ,ℓ′

iℓ
′−ℓwℓwℓ′jℓ(kd)jℓ(kd

′)
∑

L

(

L ℓ ℓ′

0 0 0

)2 [ δKAC

n̄AV
PDB
L (k) +

δKBD

n̄BV
PCA
L (k)

+ (−1)ℓ
′ δKAD

n̄AV
PBC
L (k) + (−1)ℓ

′ δKBC

n̄BV
PDA
L (k)

]

+
δKACδ

K
BD

n̄An̄BV

δKd,d′

4πd2Lp

∑

ℓ

w2
ℓ

2ℓ+ 1
+

δKBCδ
K
AD

n̄An̄BV

δKd,d′

4πd2Lp

∑

ℓ

(−1)ℓ
w2

ℓ

2ℓ+ 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
ℓ′ℓ arising from the integral of four Legendre polynomials is expressible in terms

of Wigner 3j symbols as

GL′L
ℓ′ℓ ≡

!

L′′

(2L′′ + 1)

"

ℓ ℓ′ L′′

0 0 0

#2"
L L′ L′′

0 0 0

#2

, (18)

which obeys the symmetries GL′L
ℓ′ℓ = GL′L

ℓℓ′ = GLL′

ℓ′ℓ = Gℓ′ℓ
L′L and is only non-zero when the parity of ℓ+ ℓ′ equals that

of L+ L′. Note also that PAB
ℓ (k) = (−1)ℓPBA

ℓ (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 wℓ = 3δKℓ,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 wℓ = 5δKℓ,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

Multitracer techniques useful and informative 
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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.



Summary: Euclid is nice... 
but what about SKA?

Synergies, X-checks 
& competition on  

 BAO 
 LENSING 
 LSS 
 X-IDs 
 morphologies 
 NIR photom. 
 etc.

Highlight 
complementarity

Euclid: 
• Dark Matter 
•  Processed Baryons

 SKA:
• Unprocessed Baryons 

Both have many years to go (and to work on)...

R. Scaramella SKADS Limelette Nov 2009

But are among the best experiments !!


