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Why clusters of galaxies?

• Uniquely offer constraints on dark matter 
and dark energy simultaneously

• Originally the objects that provided evidence 
for the existence of dark matter

• Two independent and compelling lines of  
evidence – dynamically (classical Newtonian 
view) and gravitational lensing (GR)



Understanding cluster-lenses

Lensing tests of dark matter

Mass profiles of clusters: concentration
Substructure: abundance, profiles, spatial distribution
Density profiles - inner and outer slopes
Shapes of dark matter halos
Higher order statistics: flexion, correlation function of 
substructure – pencil beam surveys, P(k) 
Science by stacking

Lensing constraints on dark energy 

Cosmography with strong lensing (CSL)
Triplet statistics

Lensing tests of the standard world model
Primordial Non-Gaussianity (Arc-statistics)
Growth of Structure and Structure Formation



Composition of the Cosmos

Riess+ 98 Perlmutter +99; 
Tegmark+ 03; Spergel+ 03; 06; 

WMAP, SDSS, 2dF

Compelling cosmological evidence for non-baryonic DM

WIMPS: Weakly Interacting Mass�ive
Particles - the lightest neutralino, 
motivated by SUSY,  mean scattering 
time-scale longer than Hubble time
AXIONS & WISPS: new mass windows being explored
for axions and axion-like particles



Clusters: summary

Composition
~1 % of mass is in galaxies

~10 % of mass is hot gas
the rest is dark matter

• Understanding clusters
how much mass?

does light trace mass?
how is the dark matter distributed?

how granular is the dark matter?

Geller+; Rines+; Postman+ CLASH; Treu+; Starikova+; Newman+; Sand+; 
Bradac+; Williams+; de Lucia+; Hennawi+; Gladders+; Oguri+; Broadhurst+; 
for details see review Kneib & PN 11



Measuring lensing signals

The deflection is proportional to the mass
Blandford & Narayan 92;  Schneider Ehlers & Falco 92; Bartelmann & 

Narayan 97;  Kneib & PN 10



CFHT 1990
Z_cluster=0.375
Z_arc=0.725 (Soucail et al 1988)

Observer Source
Lens



Einstein radii at multiple source redshifts

Ratio of the position of multiple images,depends on mass  distribution and cosmological 
parameters



Broadhurst+ 05, Benitez+ 06; Halkola+ 06; Limousin, PN+ 07; Jullo+ 2010 

34 multiply imaged systems, 24 with measured redshifts

Cluster arcs and dark energy: Abell 1689



How does this work?

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

• EXTENDING TO MORE COMPLICATED MASS PROFILES 
AND MORE MULTIPLY IMAGED SOURCES

Obtained from data Solve for cosmological parameters



Measuring lensing signals

The deflection is proportional to the mass
Blandford & Narayan 92;  Schneider Ehlers & Falco 92; Bartelmann & 

Narayan 97;  Kneib & PN 10



Strong lensing
multiple image geometries for an elliptical lens

Source plane
caustics

Image plane
critical curves



Observing shapes of galaxies

in the weak lensing regime



Lens Mapping

source image
Amplification matrix

convergence

shear

Reduced shear: measured quantity







Isotropic effect of lensing: magnification
multiple images, highly distorted and magnified arcs, dilution/depletion of 

background galaxy number counts

Projected surface mass density within the beam

Mass enclosed within the arc is tightly constrained

Mass enclosed within the Einstein radius



Strong lensing
multiple images, highly distorted and magnified arcs, depletion of 

background number counts
• Projected surface mass density within the beam
• Mass enclosed within the arc is tightly constrained

Weak lensing
coherent distortion in the shapes of background galaxies

Kaiser & Squires 93• Shear field used to construct mass map



Mass modeling

Mapping DM in clusters
DM potential = ‘smooth’ component + clumps







The power of substructure mapping

Gao & Theuns 2007; PN & Kuhlen 2013

dependence on the nature of DM
Very weak dependence on halo mass



MAPPING SUBSTRUCTURE IN CLUSTERS

PN & Kneib 1997; PN+ 2005; 2009; 2011 



Sub-halo properties
• cut radii; mass, velocity dispersion; M/L ratios; mass function; radial     

distribution



PN+ 04; 05; 06

The detailed dark matter distribution in A2218



Cl0024+16 extending analysis to 5 Mpc
HST wide field sparse mosaic
76 orbits, 38 pointings

Treu+ 03, Kneib+ 03, Diaferio, Geller & Rines 05; PN+ 09





Granularity of DM - substructure

Springel+ 05; PN, De Lucia & Springel 07; Gao & Theuns 2007; PN+09,12, 17

dependence on the nature of DM



Comparison with LCDM clusters in the 
Millenium Run

Springel+ 05; PN, De Lucia & 
Springel 07; PN+ 09, 12, 17

The subhalo mass function



HST Frontier Fields
P.I. Matt Mountain, Jen Lotz

http://www.stsci.edu/hst/campaigns/frontier-fields



HUBBLE FRONTIER FIELDS



Mapping substructure with the HST 
Frontier Fields

BEST FIT MODEL: d.o.f – 139, chi2=2.04 and RMS = 0.69”

51 image families, 159 images, 2 large scale PIEMDs + 733 cluster galaxies 





ILLUSTRIS

AREPO MOVING 
MESH CODE

DM ONLY RUN
FULL PHYSICS 
RUN



Comparison with Illustris zoom LCDM clusters

The subhalo mass function PN+  2017



Comparison with Illustris LCDM clusters

The subhalo mass function
PN+ 17



Comparison with Illustris LCDM clusters
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The subhalo mass function PN+ 17
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The subhalo mass function PN+ 17



Comparison with Illustris LCDM clusters

The subhalo mass function
PN+ 17



THE SUBHALO MASS FUNCTION

PN+ 17



Comparison with Illustris LCDM clusters
only tension with LCDM

PN+ 17Radial distribution of subhalos



Testing the LCDM paradigm

• Disk galaxy rotation curves show clear and marked deviation from 
the Newtonian predictions only in this regime 

LOW ACCELERATION REGIME a < a0 ~ 10-10 m s-2

gtot (r) = V2
circ (r) /r   ;  gbar (r) 

gtot  ~ gbar when gtot > a0



Testing the LCDM paradigm

Arises naturally in LCDM

(i)Due to inside-out formation of galaxies
(ii) Acceleration profiles in LCDM self-similar
(iii) Disk size & halo mass scale with baryonic mass 



An optimist’s tally of lensing tests of cold 
dark matter

Substructure: mass function of DM halos, spatial distribution  
of DM halos agree well

Density profiles of DM halos: profile outer slopes consistent 
with NFW ( < rvir), inner slopes unclear but appear to be 

consistent with no cores, some dispersion
Tidal stripping: galaxy orbits and dynamics - reasonable 

agreement complicated by baryons; collisionless DM favored 
over fluid models

Lensing cross-sections and arc statistics: good
agreement at low z, hints of excess at z > 0.6
super-lenses, structure along the line of sight

Concentration-Mass relation: in agreement within
errors of the relation seen in LCDM simulations


