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Lensing Basics

from Wikipedia, http://en.wikipedia.org/wiki/Einstein_radius

• microlensing:
M ~ M☉  d ~ kpc
θE ~ milliarcsec

• galaxy lensing:
M ~ 1012 M☉

d ~ Gpc
θE ~ arcsec

• cluster lensing:
M ~ 1015 M☉

d ~ Gpc
θE ~ 30 arcsec

http://en.wikipedia.org/wiki/Einstein_radius
http://en.wikipedia.org/wiki/Einstein_radius


Lensing Regimes

from Bhuvnesh Jain, http://www.hep.upenn.edu/~bjain/lensing.html

http://www.hep.upenn.edu/~bjain/lensing.html
http://www.hep.upenn.edu/~bjain/lensing.html


Strong Lensing



Cluster Lensing Arcs



CL 0024+1654

• rich cluster at z = 0.39

• one background galaxy 
multiply imaged

• complicated parametric 
model of the source and 
the lens

• ray trace model to 
match observed images 
and find best-fit 
parameters



Mass model
• blue points: 

visible galaxies

• orange: 
mass (dark matter), 
smooth, elliptical 
distribution

• contour: 
multiples of critical 
lensing surface density

• dark matter does not 
show massive infalling 
clumps



Mass versus Light

• dark matter contours 
superimposed on HST 
image

• on scales larger than 
10 kpc, DM is smoothly 
distributed

• M/L ~ 300 for mass to 
stellar light ratio (gas not 
included)



Model versus Observation

• + DM center
x total light center
o diffuse light center

• blue arcs: reconstructed 
from model

• orange: diffuse light

• blue: observed arcs

• good agreement 
between model and 
observations



Core Concern?
No. 2, 1998 DETAILED MASS MAP OF CL 0024!1654 L109

Fig. 4.—A radial plot of the mass density and light density. Total (thick line) and galaxy-only (thin line) components of the mass are shown. The dotted line
is the best NFW fit discussed in the text, and the dashed line is the best-fit single PL model. The 35 kpc soft core in the mass is evident. A singular mass"1h

distribution is ruled out. The total rest-frame V light profile (solid line) and galaxy V light profile (dashed line), smoothed with a 5 kpc Gaussian, are also"1h

shown.

slightly shallower than an isothermal sphere (g # 0.57!
). Outside the core, the model is indistinguishable from an0.02

NFW model mass distribution with kpc and"1r # 2500 h200

concentration parameter . However, the presence of ac # 8.05
soft core is in disagreement with the results from recent CDM
simulations. For the NFW model that matches the mass dis-
tribution outside the core, the required meanmass density inside
the inner (E) arc’s radius is 40% ( ) higher"23500 h M pc,

than observed (see Fig. 4). This corresponds to an extra interior
mass of , which we can rule out at greater12 "12# 10 h M,

than 10 j: the position of arc E would be perturbed by over
20 pixels. Trading mass with the central galaxies also fails.
The total mass enclosed inside the 107 h"1 kpc radius of the

arcs is

14 "1 "1( )M # 1.662! 0.002 #10 h d M , (2)107 0.57 ,

where the dimensionless distance ratio d #0.57

contains the uncertainty in the(D /D ) /0.57 # 1! 0.15ls s

source redshift. The source’s featureless spectrum, star-forming
morphology and color, and presumed [O ii] and Lya emission
lines suggest a redshift in the range . Measures of1.2 ! z ! 1.8
mass segregation and clumpiness and the morphology are in-
dependent of .d0.57
To allow a quantitative comparison of our results with future

simulations, we have calculated a clumpiness measure for the
projected mass density :S(r)

2S(r)" S("r)
2 "1 2C # A d r, (3)! [ ]S(r)! S("r)

A

as an average of the normalized density asymmetry over the

lens-plane area A, with r measured from the centroid that pro-

duces the smallest C. This measure is zero for twofold sym-

metric mass distributions, measures the deviation from smooth-

ness, and is unaffected by ellipticity.

We calculate this statistic several ways: for mass not asso-

ciated with luminous galaxies and for the total mass distribu-

tion, smoothed on three scales. All the C measures are inte-

grated over a 107 h"1 kpc radius circle centered on the cluster

DM [(1950) R.A. # 00h23m56s.6, decl. # 16"53!15"]. Using
Gaussian smoothing with j # 10, 20, and 40 h kpc, we find"1

, , and , re-C # 0.071! 0.005 0.049! 0.002 0.036! 0.001

spectively, for the full mass distribution. If we exclude the

galaxies, , , andC # 0.025! 0.003 0.029! 0.003 0.022!
. The range of C includes uncertainties in the mass dis-0.002

tribution, correction factors due to undersampling of the mass

distribution, and a 10% variation in the radius of the circle of

integration. This is a very smooth and symmetric distribution,

even with the galaxies included, and the nongalaxy DM is

smoother still. When comparing the results of N-body simu-

lations with our data using equation (3), it is important that

the simulations have both sufficient resolution and enoughmass
elements to ensure that the simulation’s Poisson noise does not
bias the statistic.
Wilson, Cole, & Frenk (1996) propose a mass quadrupole

measure Q(A), which may also distinguish between clusters in
different cosmologies. For isodensity contours within 10% of
3820 pc (which has an area of arcmin ),"1 "2 2d h M A # 1.20.57 ,

we measure Q(A) # , for the total mass distri-0.028! 0.011
bution. The largest part of the range comes from the choice of
contour, because of the effect of cluster galaxies near the con-



A Direct, Empirical Proof of the 
Existence of Dark Matter

Rutgers Physics 690             February 21, 2008

Clowe et al. (2006)

slides based on presentation by Yue Zhao



Dark Matter or Modified Gravity?

• If you find a system where observed baryons and inferred dark matter 
are spatially separated, then modified gravity hypotheses (like MOND) 
could be ruled out.

• In this paper, such evidence is reported, based on observations of a 
cluster collision in the “Bullet” cluster at z = 0.296. Clusters passed 
through each other, primarily on the plane of the sky, ~100 Myr ago.

• Observations

• visible light (stars & galaxies)

• X-rays (gas heated in cluster potential, shocked by collision)

• total mass (reconstructed from weak lensing)



Lensing Regimes

from Bhuvnesh Jain, http://www.hep.upenn.edu/~bjain/lensing.html

http://www.hep.upenn.edu/~bjain/lensing.html
http://www.hep.upenn.edu/~bjain/lensing.html


Weak Lensing

• even when the lens is not strong enough to form multiple images, 
background sources appear distorted

• if source sizes and shapes were known, we could deduce lens properties 

• do this statistically by averaging many background sources, measure shear

• can be applied to clusters (this paper) and general large scale structure

from Bhuvnesh Jain, http://www.hep.upenn.edu/~bjain/lensing.html

http://www.hep.upenn.edu/~bjain/lensing.html
http://www.hep.upenn.edu/~bjain/lensing.html


Weak Lensing
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background sources appear distorted
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Results

image: optical    pink: X-ray gas    blue: lensing mass
images and animations from http://chandra.harvard.edu/photo/2006/1e0657/index.html

http://chandra.harvard.edu/photo/2006/1e0657/index.html
http://chandra.harvard.edu/photo/2006/1e0657/index.html


Results

image: optical    pink: X-ray gas    blue: lensing mass



What’s going on?

dark matter is collisionless while X-ray gas is not
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Dark and Light Offset

• total mass is concentrated like the galaxies are, not where the gas is, but 
Mtotal : Mgas : Mstars ~ 70 : 10 : 1

• spatial offset between gas peaks (+) and mass is very significant

• strongly favors DARK MATTER hypothesis over modified gravity


