DARK ENERCGY
WITH CLUSTER STRONG LENSING

This is the Hubble,Space Telescope image of the inner region of Abell 4689, an
immense cluster of galaxies located.2.2 hillion light-years away. Image credit:
NASAKESA/JPL-Caltech/Yale/CNRS»
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OUTLINE

A few words about Dark Energy
Looking for galaxy clusters

How gravitational lensing helps mapping dark

matter in galaxy clusters?

Cosmography with SL in galaxy clusters

Future prospects



THE BROAD PICTURE
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Big Bang Expansion

13.7 billion years

Dark energy

€ Explains the recent acceleration of Universe expansion

€ Slows down the formation of cosmological structures




Scale factor a(t)

BIG CRUNCH, BIG RIP OKR BIG FREEZE?
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DARK ENERGY MOTIVATIONS

Dark energy ensues from the Equivalence Principe
Gravity = Curvature = Acceleration

£ e

Einstein (1916) ¢ _Ag -3C7  BE - %

Dark energy is either:

Vacuum energy = 1020 discrepancy (fine-tuning!)
Cosmological constant =»no underlying physics
Scalar field =2 w(z), clustering DE? DE-matter inter.
New gravitational physics=»beyond GR



TODAY'S RESULTS ON D€
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THE BEST De PROBE: WEAK LENSING

Map the 3D distribution of Dark Matter in the Universe
Measures the mass without assumptions in relation between mass and light
Most sensitive probe to Dark Energy, provided systematic errors are corrected

Need measurements of galaxy shape and photometric redshifts

COSMOS Dark Matter Map over 2 deg?
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GRAVITATIONAL LENSING
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MASSIVEX-RAY §€LeCTED CLUSTER
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HST MACS SURVEY

~130 MACS clusters (z>0.3), HST, Subaru, Chandra, ground-based spectroscopy
follow-up

— Find many strong lensing clusters (>50% show SL)

— Constrain cluster masses individually and in a statistical way with ultimately possible
cosmological implications

MACSJ1206.2-0847 MACSJ1149.5+2233 Smith et al 2009
Ly [011] @ 2=1.48
o o e _ T .
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Ebeling et al 2009



OPTICALLY SELECTED STRONG LENSING CLUSTERS

RCS-1 (Rz survey ~90 ' - £ d
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THE §DSS GIANT-ARC SURVEeY

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




NMASS DISTRIBUTION MEASUREMENT

How do we measure mass ?

Central mass profile ? => learn about DM and
baryon interactions

Large scale mass profile and substructures ? =>
structure formation paradigm, halo models

Case of mergers => probe nature of DM

Comparison of the distribution of the different
components => scaling relations, cluster
thermodynamics



GALAXY CLUSTERS

What is a cluster made of Observable
e 80% dark matter SL/WL

* 15% hot gas (-107 K) Xray/SZ
* 50 stars Kinematic

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




STRONG LENSES MODELS

Sroblem ... Abell 1689
- *  Limousin, Richard
g . p) i ; rn| Ll s ¥k
How to reproduce the observed multiple images- +.“Julloetal, 2007

| develop a public lensing code called LENSTOOL!

Observational models Grid-based models

Decomposition into halos Decomposition into pixels

+ MocL® for the galaxies + MocL® for the galaxies

Simple clusters Complex clusters

Few contraints Lots of constraints 100 ™ R
Good fit with few constraints  Better fit with lots of 501 ,

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




STRONG LENSING FIT

Multiple images of a single source
Multiple images identification with

- Same color

- Same redshift

- Same features (bright knots)
- Be symetric to each others

The model is validated when
predicted and observed images fall
at the same location



BAYESIAN INFERENCE

Phil Marshall’s PhD, 2003
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SOME CLUSTERS MODeLED WITH LENSTOOL
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WHERE I§ THE MATTER IN A2213?

BAD FIT

- &
Mass scales with stellar mass

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



NMASS PROFILE OF CLUSTERS (SL+DYNAMICS)

DM simulation predicts a
universal profile; what is
observed in the inner core?

*Combination of strong lensing
(radial and tangential arcs) +

dynamical estimates fromthe .. ° B s 4 6
cD galaxies New detailed modeling o

; . oy
*Some degeneracies, but B L7 iy E_J" b Moore |
indication of a flatter profile o e U
than canonical NFW: LN -l MR "
-0.5<beta<-1 s N 7 Y P o
-“Flat” core found in other o :.._‘_"’?J,\"”E & % :
clusters (RCS0224, CI0024) = « = i - :

*Possibly probe DM & Baryon Sand, et al. 2007

coupling?



CLUSTER LENS MODEL ACCURACY ?

— Mass model accuracy depends
on the number of multiple
images.

— Mass accuracy limitations:
 multiple images
identification
 redshift of multiple images

e priors on the mass models
(hence on the software
used)

e galaxy halos scaling
relations

* line of sight structures (can
be modeled)

Rel. Err. M <250 kpc
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GRAVITATIONAL LENSING

- Cluster of Galaxies
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SCALING WITH COSMOLOGY ORL MASS?




Efficiency ratio E=Dy (/D¢
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IT CAN BE SOLVED WITH
SEVERAL REDSHIFTS
ISOTHERMAL SPHERE LENS lens at z = z;; sources at zg, & zg,

_ 4‘77;0'2 DLSI R = 47[(72 DL52

¢ DOS1 ¢™ Dy,

D, =Hf(z;,2;,82,,2,,w,)

R

D
=[]

oS, D,

iR

Obtained from data Solve for cosmological parameters

Requirements :

» spec-z & simple cluster & multiple images of several galaxies



A22138 RESULTS
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COSMOGRAPHY WITH ABELL 638

Mass model with 7 multiple image systems (5 with known
redshifts).

Optimizing cosmography (€2,, , wy ) for a flat Universe

Mldrizigel ge zi] 22007

B EHIDRZ005



COSMOGRAPHY WITH ABELL 1689

* 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

KECK/LRIS
X VLT/FORS
X CFHT/MOS
MAGELLAN
/LDSS2

X Litterature




RESULTS WITH ALL IDENTIFIED
MULTIPLE IMAGES IN A1689

* All Images

— potential
misidentification

— badly modeled
images: locally
complex mass
distribution




ERRORS DUE TO GALAXIES MODELING
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ERRORS DUE TO DeEFLECTIONS
BY LOS STRUCTURES

Cosmography with cluster strong lenses 7
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* 17 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) - 33



NO BIAS DUE TO CHOICE OF DENSITY
PROFILE, CLUSTER BIMODALITY
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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

34




COSMOGRAPHY WITH Al1689

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=Q,, =0.58;-1.57=<w, =-0.85
e e

Jullo+ (Science, August 2010, 329, 924)



CURRENT CONSTRAINTS INCLUDING CSL |
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COMBINATION OF MANY CLUSTERS
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HIGH AND LOW-Z CLUSTERS
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PROBING W(Z)

10 clusters, 20 families! Flat prior, input w = -1; evolving wa
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FUTURE PROSPECTS

e Cluster cosmography is a promising new (geometrical)
cosmological probe - Simple and likely Competitive

* Requirements:

— HST multiband imaging (some progress: CLASH project
& others) => dedicated large proposal proposed in Cycle
19 (PI: Kneib)

— Ground based spectroscopy on 8-10m telescope (with
current facilities & soon with ESO/VLT/MUSE)

 JWST may become a key player (deeper images &
spectroscopy)

e Complementary output: Mass distribution to the % level =>
unique way to characterize DM properties.



The END
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