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The quest for dark energy
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The expansion of the Universe is 

accelerating

Age of the universe in billion years  from today                 

Conley et al 2011: 472 SNIa

The Universe is accelerating  

at >99.999% confidence level



The content of the accelerating Universe is 

dominated by its dark components

The acceleration of 

the Universe is 

produced by a new 

component called 

« Dark Energy »                

W x

W m

W b
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Origin of the observed acceleration of the 

Universe?
• Poses some of the most important and debated

questions today in cosmology and fundamental physics

• Three hypotheses:
• A new  component, dark energy, of unknown nature ?

• A modification to gravity:  Einstein’s General Relativity

needs to be revised on cosmological scales?

• Some principles of standard FLRW cosmology (like the 

Cosmological Principle)  need to be revised?

• The answer:
• Not known yet, 

• How can observations help to answer?
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Effects of dark energy in the universe

• Modifications:

• of the expansion rate H(z)

• of the growth rate of structure g(z)

• But very weak differences between popular models

rm=0.35

w = -0.8

ρ m=0.35 ,

w = -0.8

ρ m =0.30 ,

w = -1.0

ρ m =0.25 ,

w = -1.2

Linder 2003

P = w ρ

w = -1.0

w = -0.8

w = -0.6

w0 = -0.8 ;

w1 = 0.2

w0 = -0.8 ;

w1 = 0.3

Benabed, Bernardeau 2001

Expansion                                                                           Growth rate

P = w ρ

P = (w0+w1z) ρ
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Structure formation with/without dark energy

Ho = 70
Ωm = 0.3 , ΩX = 0.7
W = -1 (Λ)  ,

σ8 = 0.9

Gamm==0.21

Ho = 70
Ωm = 1.0 , ΩX = 0.0
W = 0 ,
σ8 = 0.51
Gamma=0.21

Ho = 50
Ωm = 1.0 , ΩX = 0.0
W = 0 ,
σ8 = 0.51
Gamma=0.51

Ho = 70
Ωm = 0.3 , ΩX = 0.7
W = 0 ,
σ8 = 0.85
Gamma=0.21

(Today)

Differences can be
detected by
observing how
dark matter
clustering changes
with time
(redshift):

Tomography of
dark matter
clustering

Millenium simulations



Describing the properties of dark energy

• Description of the dark fluid:   P = [w0+w1(z)] . r

w(z) characterises effective properties of the dark fluid

● Shape and amplitude of w(z):  derived from observation of 

cosmological probes :

● the expansion rate of the Universe H(z)

● the growth rate of structure in the Univers g(z)

● Nature: by comparing probes to theoretical predictions

● Visibility:

● Dark energy dominates at low-z. Focus on the low-z universe

● The differences beween w(z)’s are tiny.  Probing w(z) is an 

observational challenge



Chosing the best cosmological probes of 

w(z) and dark energy

• « Primary probes »
• Supernovae SNIa : Measure DL(z). Well understood,  almost

direct probe of  expansion.  

Precision photometric calibration. Physics of SNIa explosion.



Hubble diagram SNIa

Conley et al 2011

472 SNIa

• 123 low-z

• 93 SDSS

• 242 SNLS-3rd year

• 14 HST



Chosing the best cosmological probes of 

w(z) and dark energy

• « Primary probes »
• Supernovae SNIa : Measure DL(z). Well understood,  almost

direct probe of expansion.  

Precision photometric calibration. Physics of SNIa explosion.

• Baryon Acoustic Oscillations BAO: Measure DA(z) and H(z). 

Systematics not critical, technically easy . Bias and non-linear

physics of  structure formation.



• H(z) (radial)  

• DA(z) (tangential)

• H(z) and DA(z) depend on w(z)

CMB

(z≈1000)

Galaxies 

(z ≈ 5-3)

galaxies 

(z≈0.6)

Baryon  Acoustic  Oscillations

Compare angular and radial sizes of 

accoustic pics at different redshift 

Galaxies 

(z ≈ 3-1)
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Imprint of BAO in the galaxy power 

spectrum
Physical scale ~ 148 Mpc

Baryons =  galaxies from SDSS

Radial extention
Δz . c/H(z)

DA. Δθ
Transverse extention

Eisenstein et al 2005



Chosing the best cosmological probes of 

w(z) and dark energy

• « Primary probes »
• Supernovae SNIa : Measure DL(z). Well understood,  almost

direct probe of expansion.  

Precision photometric calibration. Physics of SNIa explosion.

• Baryon Acoustic Oscillations BAO: Measure DA(z) and H(z). 

Systematics not critical, technically easy . Bias and non-linear

physics of  structure formation.

• Weak lensing WL tomography: Measure P(k,z) of dark matter

and g(z)

Promising probe of the origin of dark energy. Technically very

hard.  Morphometry and photometric redshifts of galaxies.



Weak lensing: 

Gravitational distortion (shear)



Cosmological distortion field projected 

on the sky



Cosmic shear tomography and P(k,z,w) 

Source plane z1

Source plane z2

Colombi, Mellier 2001



Cosmic shear tomography is feasible : 

done in the COSMOS field with HST 

0.0 < z < 4.0 

2.0 < z < 4.0

1.3 < z < 2.0

1.0 < z < 1.3

0.6 < z < 1.0

0.0 < z < 0.6

Schrabback et al 2010



Chosing the best cosmological probes of 

w(z) and dark energy

• « Secondary probes » 

• Galaxy clustering: the full power spectrum P(k)
• Depends on the expansion history and the growth factor: 

amplitude and shape of Pg(k)   Pm(k)

• Redshift-space distortions:
• Growth rate from the redshift distortions produced by 

peculiar motions.

• Number density of clusters
• Combines growth factor (from number of clusters) and 

expansion history (from volume evolution).

• Integrated Sachs-Wolfe Effect :

• Measures the expansion history and the growth



Finding the best probes of w(z)

Cooray, Huterer, Baumann 2004

• Sensitivity to dark energy: 
w(z) = w0+wa z/(1+z)

r(z)              =  comoving distance

r(z)  (1+z)    =  luminosity distance 

r(z)/ (1+z)    =  angular distance

r(z)2 H(z)    =  comoving volume 

D(z)  ; g(z)   =  growth and growth rate

 dg/dz is the best test

BUT: systematics… 



●Current status of Dark Energy

Astier et al. 2005, Conley et al 2011

Current : 10-20% error on constant w, assuming a flat universe

 Eisenstein et al 2005 (SDSS-BAO) 

 Fu et al 2008 (CFHTLS-WL),  

 Dunkley et al 2009 (WMAP+BAO+SNIa)

 Schrabback et al 2010 (COSMOS-WL tomography) 

 Conley et al 2011 (SNLS 3-yr only)  :w = -0.91+0.16
-0.20(stat)  +0.07 

-0.14(syst)

COSMOS 2 deg2

Weak Lensing

Schrabback et al 2010

Current status of w(z) and dark energy with 

primary probes

Dunkley et al 2009

w
a



Goals of the next decades

● Need to gain of factor of 10 on accuracy of w(z)

● None of the present-day probes outperforms the 

others.  Need several different probes.  

● All probes need spectrosopic and photometric  

redshifts in the range 0<z<3-5 : near infrared data 

● None of them can derive accurate information on 

dark energy without CMB data (Planck)

● Risks: select probes/surveys with high legacy value



Euclid



● High-precision survey space  mission to map the 
geometry of the Dark Universe. Measure w(z) with

w0 to 1%, and  wa= dw/da to 10%

● Optimized for two complementary H(z)+g(z) probes:

● Weak Gravitational Lensing

● Baryonic Acoustic Oscillations

● +4 secondary probes for free: galaxy clustering, clusters, 
redshift space distortions, ISW

● Full extragalactic sky survey:

● High precision visible Imaging

● Near infrared photometry/imaging

● Near Infrared Spectroscopy

● Legacy science for a wide range of areas in astronomy

The Euclid mission



Euclid: a combined BAO/WL mission

● Weak lensing will reconstruct, as function of redshift 

● the distribution of the dark matter and 

● the evolution of the growth rate of dark matter perturbations

● Baryon acoustic oscillations act as standard rods

● determine P(k) and 

● provide a measure of H(z) 

● also : map out the evolution of baryons of the Universe.

● WL+BAO: control of many systematic effects

● Both act as independent dark energy probes. If they 
differ, we learn about modifications to GR.



Requirements for Weak Lensing: 

shape measurements and photo-z

  

Statistics: optimal survey geometry: wide rather than deep for a fixed 

survey time,    need 20,000 deg2 to reach ~1% precision on w

Redshift bins: good photo-z for redshift binning and intrinsic alignments   

 need deep  NIR photometry + Visible photometry

Systematics: must gain 2 orders of magnitude in systematic residual 

variance         need about 50 bright stars to calibrate PSF

Abdalla et al. 2007Amara & Refregier 2006,2007
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Why going to space?

• Need deep near infrared data over 

the whole extragalactic sky for : 

• NIR spectroscopy of faint sources in the 

visible redshift desert domain  [1.2-2.5] 

• Need very accurate and unbiased photo-

z sample for all sources used for WL:  

NIR photometry needed

● Image quality: excellent+stable PSF

● Very good sampling of small sources 

that dominate the faint/high-z 

galaxies at faint magnitude 

● PSF and photometric stability and 

homogeneity over the whole sky

space

shear

ground

space

 

Abdalla et al. 2007



Euclid mission baseline

Mission elements:

• L2 Orbit

• 4-5 year mission

• Telescope: three mirror astigmat (TMA) 
with 1.2 m primary

• Instruments:

– Imaging instrument:

• Visible imaging channel: 0.5 deg2, 

0.10’’ pixels, 0.16’’ PSF FWHM, 

broad band R+I+Z (0.55-0.92mu), 

CCD detectors, galaxy shapes

• NIR photometry channel: 0.5 deg2, 

0.3’’ pixels, 3 bands Y,J,H (1.0-

1.7mu), HgCdTe detectors, photo-

z’s

– NIR Spectroscopic channel: 0.5 deg2, 

R=200-600, 0.9-1.7mu, slitless, 

redshifts

Spectro

channel

NIR 

Photometric

channel

Vis. Imaging

channel

Euclid



Euclid: imaging instrument 

NIP VIS

Euclid ImagerImaging instrument: 

• optimised for weak lensing

• Visible imaging channel: 0.5 deg2, 0.10’’ pixels, 

0.16’’ PSF FWHM, broad band R+I+Z (0.55-

0.92mu), CCD detectors, galaxy shapes

• NIR photometry channel: 0.5 deg2, 0.3’’ pixels, 

3 bands Y,J,H (1.0-2.0mu), HgCdTe detectors, 

photo-z’s

Control of systematics:

• Tight requirements 

• on PSF ellipticity and stability, 

• thermo-elastic distortions, 

• attitude control, 

• detector performance

• Instrument performance simulations

• Integrated data handling and calibration chain



Euclid: redshifts with slitless spectroscopy

Primary targets : emission line galaxies 

• Star-forming galaxies

• 0.5<z<2 (Hα)

• Fline> 4x10-16 erg/s/cm2 (H<19.5)

• σz ≤ 0.001(1+z)

• Redshift success rate ≥ 50%

• N(gal) ≈ 4 x 107

• Sky coverage = 20,000 deg2

• Mission duration ≤ 5 years

λ/Δλ=500  1-2 μm  FoV=0.5 deg2

Simulated spectroscopic dataCimatti et al. 2009



Euclid mission baseline: surveys

• Wide survey :  20000 deg2 in patches of 100 deg2

• Deep survey : 40 deg2 in patches of 10deg2

• Instantaneous field: 0.586 x 0.787 deg2

• Each field observed in 4 dithers, with offsets of 115 arcsec and 60 

arcsec in latitude and longitude respectively

• One strip scanned per day: 0.787 deg2 in longitude x 21 deg2 in latitude



Euclid mission baseline: 

observation sequence

NIS                       VIS                      NIP

170s

200s

100s

~500s



Galactic Plane

Deep

~40 deg2

Wide Extragalactic

20,000 deg2

Euclid mission baseline: surveys
Wide Survey: 20,000 deg2:   Extragalactic sky. 

• Visible: Galaxy shape measurements for  2.109 galaxies to RIZAB ≤ 24.5 (AB, 10σ) at 
0.16” FWHM  30-40 resolved galaxies/amin2, with a median redshift z~ 0.9

• NIR photometry: Y, J, H ≤  24 (AB, 5σ PS) photo-z’s errors of 0.03-0.05(1+z) with 
ground based complement (PanStarrs-2, DES. etc)

• Spectroscopy: redshifts for 70.106 galaxies with emission line fluxes >4.10-16

ergs/cm2/s at 0<z<2 (slitless)

Deep Survey: 40 deg2 deg2 at ecliptic poles 

• Monitoring of PSF drift (40 repeats at different orientations over life of mission)

• +2 magnitude in depth for both visible
and NIR imaging data.

Possible additional Galactic 
surveys: 

• Short exposure Galactic plane
• High cadence microlensing 
extra-solar planet surveys

Euclid  sky coverage on the 

Mare-Nostrum simulation

Teyssier et al 2009



Ground-Space synergy and 

photometric redshifts

Photometric redshift precision : σ(z)/(1+z)=0.03(goal)-0.05(rq’t):

• Combine Euclid visible/NIR photometry with visible 

photometry from the ground

• DES+Pan-STARRS2+LSST provide necessary depth and 

combined sky coverage for photo-z’s  letters of support  

from DES and Pan-STARRSDES and PS projects

Bordoloi et al. 2009
Paulin-Henriksson et al. 2009

DES

Pan-STARRS



• Veff ≈ 19 h-3 Gpc3 ≈ 75x larger than SDSS

• Redshifts 0<z<2

• 50 106 redshifts: BAO, P(k) and redshift space distortion

Galaxy Clustering with Euclid:  

Expectations for BAO and redshift-distortion

BAO with 

20% of the 

Euclid survey



Cosmology with  Euclid:

expectation for dark energy

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

Dark Matter: test of CDM , precision of 0.04 eV 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  (dlnm/dlnaWm
)



Cosmology with the current Euclid 

mission baseline

Δwp ΔWa ΔΩm ΔΩΛ ΔΩb Δσ8 Δns Δh DE FoM

Current+WMAP 0.13 - 0.01 0.015 0.0015 0.026 0.013 0.013 ~10

Planck - - 0.008 - 0.0007 0.05 0.005 0.007 -

Weak Lensing 0.03 0.17 0.006 0.04 0.012 0.013 0.02 0.1 180

Imaging Probes 0.018 0.15 0.004 0.02 0.007 0.009 0.014 0.07 400

Euclid 0.016 0.13 0.003 0.012 0.005 0.003 0.006 0.020 500

Euclid +Planck 0.01 0.066 0.0008 0.003 0.0004 0.0015 0.003 0.002 1500

Factor Gain 13 >15 13 5 4 17 4 7 150



Euclid legacy science   
• Unique legacy survey: 2 billion galaxies imaged in optical/NIR to mag 24, 

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

sources

• Unique datase for astronomy: galaxy evolution, search for high-z objects, 

clusters, strong lensing, brown dwarfs, exo-planets, etc

• Synergies: JWST, Planck, Erosita, GAIA, DES, Pan-STARRS, LSST, etc

• All data publicly available through a legacy archive



Jupiter ~ 1 day

Earth~2 hours

Sun

Radial velocities & transits

Microlensing

Euclid-microlensing

and the detection of  planets



Ground-based confusion, 
space-based resolution

• Main Sequence stars are not resolved from the ground

• Systematic photometry errors for unresolved main sequence stars cannot be 

overcome with deeper exposures (i.e. a large ground-based telescope). 

• High Resolution + large field  



Euclid: microlensing additional science

• Target field : 3 deg2 centered at galactic coordinates (l = 1.125, b = - 1.75)

● 3 months of observation  down to Mars at snow line 

● + 9 months legacy prog  habitable Earth? 

● 540 sec exp.  S/N ≈70 for mag 22 in visible,  S/N≈90 for mag 21 in H.

● Perfect  tool beyond Euclid: Euclid+WFIRST  Sensitivity down to mass of Mars



Euclid Consortium : organisation 



Euclid Consortium : organisation 

France:  
• APC, CPPM, IAP, IAS,

LAM + 

• LATT, OCA 

• CEA: IRFU/Sap, SPP ,

IPhT

• CNES

US :
contribution still debated



Euclid Consortium : 

Board (ECB) and Coordination Group (ECG)

= IAP staff



Euclid Consortium : 

EST (EC members) and ESG (EC)



Euclid Consortium : 

Project Office and instruments



Euclid Consortium : Ground Segment



… IAP and  Euclid



Euclid Consortium : non-ESA cost 

(+ ~350 M€ ESA contribution to M mission)



Project Status
• 2004: Dark Universe Mission proposed as a Theme to ESA’s Cosmic Vision programme

• 2005: DUNE Phase 0 (pre-study) phase by CNES

• 2006: Recommendation of ESO/ESA Working Group on Fundamental Cosmology

• Oct 2007: DUNE and SPACE jointly selected for an ESA Assessment Phase

• May 2008: Validation of the merged concept Euclid by the ESA AWG

• Sept 2008: Recommendation from Astronet Infrastructure Roadmap report

• Sept 2008-Sept 2009: Assessment study phase (incl. IDECS attempt)

• 2010-2011: Definition phase

• March-May 2010: Baseline optimisation with EOAT (+US members, merging of NIP and NIS)

• April 2010: Formation of single Euclid Consortium

• July 2010: Definition phase ESA AO (due Oct 2010)

• October 2010: Definition phase NASA AO (TBC)

• February 2011: Formation of Euclid Science Team

• June-Oct. 2011: M1/M2 Cosmic Vision Selection (Solar Orbiter, PLATO, Euclid : 2 selected)

• 2012-2017: Implementation phase (if selected)

• 2017-2018: ESA launch of the Cosmic Vision M1/M2 missions 



Euclid Ground Segment



Euclid Ground Segment – organisation ESA 

Mission

Data

Products

Raw TM

And

Level 1

`

dataSOC
EC
SGS

MOC

ESTObservation

Planning

Instrument

CommandingSatellite

Telemetry

Survey

Planning

Data Products

General

Community

Instrument Maintenance

and Operations

Euclid

Mission

Archive

ELA

Euclid SGS



SGS : processing task organisation



Euclid : pipeline



Euclid : organisation of the ground 

segment: OUs and SDCs



Euclid ground segment:

French lead/co-lead 



Conclusions
● Euclid is a high-precision wide-field survey mission to 

map the geometry of the Dark Universe

● Euclid concerns all sectors of the cosmological model: 
Dark Energy, Dark Matter, Initial Conditions, Gravity

● Euclid provides unique legacy science from its all sky 
legacy archive and additional surveys

● Complementary and analogous to CMB at matter-
radiation transition epoch: Euclid will provide high-
precision map of LSS at matter-DE transition epoch

● France strongly involved in Euclid , at all levels

● Still unclear : US contribution

● Final decision:  ~ October 2011 - Launch 2018-2020



Euclid:  10 galettes des rois before launch…

Happy New Year and enjoy the galette!


