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The broad picture



BIG crunch, big rip or big Freeze?

(z) = (1+ z)3(wX+1)k + m + =1 33(( 11))

DE Equation of state parameter   wX = PX / X



Dark energy motivations

Dark energy ensues from the Equivalence Principe 

Gravity = Curvature = Acceleration 

 
Gμ gμ =

8 G

c4
TμEinstein (1916) 

Dark energy is either: 

Vacuum energy  10120 discrepancy (fine-tuning!) 

Cosmological constant no underlying physics  

Scalar field  w(z), clustering DE? DE-matter inter. 

New gravitational physics beyond GR 

 



Today’s results on DE

Sullivan+ 2011
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The best DE probe: Weak lensing

Dark matter power spectrum in 2 redshift bins 

Massey et al. 2007 

COSMOS Dark Matter Map over 2 deg2 





Gravitational lensing
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Massive X-ray selected Cluster

LoCuss 



Ebeling et al 2009 
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HST  MACS survey

MACSJ1149.5+2233

A 

B 

C 

[OII] @ Z=1.48 

MACSJ1206.2-0847
Smith et al 2009 



NORDITA 

Optically Selected Strong lensing Clusters

RCS-1 (Rz survey ~90 

deg2), 5 arcs (Gladders et al 

2003) found by visual 

inspection 

CFHT-LS wide (150 deg2 

provides a few arcs in 

clusters): Cabanac et al 

2007 

RCS-2 ~830 deg2 provide 

better stat a few tens 

SDSS Altogether more than 

200 clusters identified with 

bright arcs (Gladders et al 

2009, Oguri et al 2009) 



The SDSS Giant-Arc Survey 

Hennawi+ 07, 08; Oguri+ 09; Gladders+ 10



Mass Distribution Measurement
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What is a cluster made of Observable
• 80  dark matter SL/WL
• 15  hot gas ~107 K Xray/SZ
• 5  stars Kinematic

Galaxy clusters

Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al. 
 Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al; Movie: KIPAC/J. White/M. Bradac 



Strong lenses models

Jullo & Kneib 2009
1  http://www.oamp.fr/cosmology/lenstool 



Strong lensing fit
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2  definition for a system of images

Assuming Gaussian errors

Prior knowledge
- Light map

- Xray map

- Velocity field of galaxies 

Bayes theorem

Optimisation Algorithms: Annealing, Mixing 
distribution

Bayesian Evidence to rank models

Phil Marshall’s PhD, 2003

Bayesian inference

i =
obs pred

ij

P(d | s,M) =
1

2
exp

2

2

 

 
 

 

 
 

P(s | d,M) =
P(d | s,M)P(s |M)

P(d |M)



Some Clusters modeled with lenstool

Abell 2667  Abell 1689  Abell 2218 

Abell 1703 Abell 68 MACS 1206 

(Covone,2006) (Limousin, 2007) (Eliasdottir, 2007) 

(Limousin, 2008) 

(Richard, 2007) (Ebeling, 2008) (Richard, 2009) 
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Where is the Matter in A2218?

BAD FIT GOOD FIT 

MATTER vs GAL. LIGHT MATTER vs. X-Ray Gas 

Strong Lensing 

constraints in Abell 

2218: 

 Mass distribution 

proportional to the stellar 

mass produce a BAD FIT 

to the lensing data 

Require large scale 

mass distribution (cluster 

DM) 

Important difference 

between DM , Galaxy 

distribution and X-ray gas 

(different physics) 

But, scaling relation 

should exists 

Eliasdottir et al. 2009

Mass scales with stellar mass 



Mass Profile of Clusters (SL+Dynamics)

Sand, et al.  2007 

•DM simulation predicts a 

universal profile; what is 

observed in the inner core? 

•Combination of strong lensing 

(radial and tangential arcs) + 

dynamical estimates from the 

cD galaxies 

•Some degeneracies, but 

indication of a flatter profile 

than canonical NFW: 

-0.5<beta<-1

• Flat  core found in other 

clusters (RCS0224, Cl0024) 

•Possibly probe DM & Baryon 

coupling? 

Abell 383 

MS2137 

New detailed modeling 



Cluster lens model accuracy ?
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Cosmography



Gravitational lensing



Scaling with cosmology or mass?



E ciency ratio E=DLS/DOS

wX effect m effect

zL=0.2 zL=0.2 



It can be solved with 

several redshifts

 ISOTHERMAL SPHERE LENS lens at z = zL; sources at zS1  & zS2

Requirements : 
 spec z & simple cluster & multiple images of several galaxies

RE1
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4 2

c 2
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DOS1

RE2
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c 2
DLS2
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Dij H0 f (zi,z j , M , x,wx )

Obtained from data Solve for cosmological parameters



A2218 Results

m < 0.7 , wX < 0.4 @ 1



Cosmography with Abell 68

EJ PhD 2008
Richard et al 2007
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X KECK/LRIS 

X VLT/FORS 

X CFHT/MOS 

X MAGELLAN 

   /LDSS2 

X Litterature 

• Mass models from different groups w. or w/o weak lensing 

• Massive spectroscopic surveys  (2003-2006) [Richard et al 2011] 

• 43 multiple image systems,  24 with spectro-z with  1.1 < z < 4.9 

Broadhurst et al 2005

Halkola et al 2007

Limousin, et al. 2007 

Richard et al. 2007

Frye et al 2007

Leonard et al 2007 

Jullo & Kneib 2009 

Coe et al 2010 

Cosmography with Abell 1689



Results with all identified 

multiple images in a1689
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Errors due to galaxies modeling

PIEMD
parameters
20  scatter

10% scatter 

20% scatter  

30% scatter 

Simulations: D Aloisio & Natarajan 10

Meneghetti+07

Jullo+07

1 arcsec = 4 kpc

For A1689  

• Scatter in the scaling relations ~ 1”

– > Scatter for each image

– > Images are weighted in 2 

INDIVIDUALLY



Errors due to deflections 

by LOS structures

Simulations: D Aloisio & Natarajan 10For A1689  

• 1” of scatter due to structures in the lens plane & along L.O.S.

Correlated LOS  infalling subclusters, filaments
Uncorrelated LOS  primary contribution to the errors   ~ 

1 arcsec = 4 kpc

Galaxies 
scatter 20

LOS 
scatter



No BIAS due to choice of density 

profile, cluster bimodality

Not particularly sensitive to the inner slope/outer slope of the density profile
           No bias  from choice of profile NFW vs. PIEMD or bi modality



Cosmography with A1689

Jullo+ Science, August 2010, 329, 924  

Mass model with 3 PIEMD potentials; 58 cluster galaxies
Bayesian optimization: 32 constraints, 21 free parameters;
RMS = 0.6 arcsec; 28 multiple images from 12 sources with 
spec z, flat Universe prior 

0.1 M 0.58; 1.57 wX 0.85



Current constraints including CSL

Combining X ray clusters, WMAP5, strong lensing 
competitive with WMAP5  +  SNe + BAO

Jullo, PN, Kneib + 10



Combination of many clusters



High and Low-z clusters



Probing w(z)

wx = w0 + wa

z

(1+ z)

Chevallier, Polarski & Linder 01 

D’Aloisio & Natarajan 2010 



•

•

–

–

•

•

Future Prospects
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