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Bending of light
Bergstroem and Goobar, “Cosmology and Particle Astrophysics” (2nd ed., 2004)
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須藤靖（2005）
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Theory of gravitational lensing
http://www.nro.nao.ac.jp/%7Edeguchi/kagoshima/index.html
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Simulation of gravitational lensing (1)

Animated simulation of gravitational lensing caused by a Schwarzschild black hole going past a 
background galaxy. A secondary image of the galaxy can be seen within the black hole 
Einstein ring on the opposite direction of that of the galaxy. The secondary image grows 
(remaining within the Einstein ring) as the primary image approaches the black hole. The 
surface brightness of the two images remain constant, but their angular size vary, hence 
producing an amplification of the galaxy luminosity as seen from a distant observer. The 
maximum amplification occurs when the background galaxy (or in the present case a bright 
part of it) is exactly behind the black hole. 

Wikipedia.org



6

Simulation of gravitational lensing (2)
http://www.ascii.co.jp/pb/ascii/odyssey/index.html

http://www.ascii.co.jp/pb/ascii/odyssey/Program5/Odyssey5-1.html
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Simulation of gravitational lensing (3)
http://www.astro.ucla.edu/~wright/cluster-lensing.html

This animation shows the view we would have looking at the sky 
through a galaxy cluster with two mass concentrations (the pink 
shading indicates the projected mass density) which is lensing a 
background field of faint blue galaxies. 

Galaxy cluster
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Example of strong lensing: SDSS J1004+4112
Inada et al., Nature 426, 781 (2004)
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Examlple of weak lensing: Abell 2218
STSci archive
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Merger of galaxy clusters

• Zwicky 1937: gravitational potentials of clusters 
of galaxies are too deep to be caused by 
baryonic mass

• Oort 1932: Non-luminous “dark matter”
• On-going galaxy cluster merger: observed 

baryons and the inferred dark matter are 
spatially segregated, since
– dark matter are collisionless particles
– the fluid-like X-ray emitting intracluster plasma 

experiences ram pressure.

D. Clowe et al., astro-ph/0608407
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1E0657-558: optical image

Z=0.296

Chandra News Release

7.5 x 5.4 arcmin image by Magellan (Two 6.5m 
Telescopes at Las Campanas Observatory)
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Weak gravitational lensing

• Measure orientation and extension of 
galaxies

• Shear    : amount of anisotropic stretching of 
the galaxy image

• Corrected ellipiticity (or reduced shear, 
measured

• Map of κ
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(Including derivatives of (g1, g2): 

Kaiser 1995, Schneider 1995)

D. Clowe et al., astro-ph/0608407
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Clowe et al., AA 451, 395 (2006)



14

Clowe et al., AA 451, 395 (2006)
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Optical + dark matter

Color image from the Magellan images of the merging cluster 1E0657−558, 
with the white bar indicating 200 kpc at the distance of the cluster. Shown in 
green contours in both panels are the weak lensing κ reconstruction with the 
outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 
68.3%, 95.5%, and 99.7% confidence levels. The blue +s show the location 
of the centers used to measure the masses of the plasma clouds.

D. Clowe et al., astro-ph/0608407
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1E0657-558: dark matter
Chandra News Release
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X-ray + dark matter

500 ks Chandra image of the cluster. Shown in green contours in both 
panels are the weak lensing κ reconstruction with the outer contour level at κ
= 0.16 and increasing in steps of 0.07. The white contours show the errors 
on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% 
confidence levels. The blue +s show the location of the centers used to 
measure the masses of the plasma clouds.

D. Clowe et al., astro-ph/0608407
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1E0657-558: optical+X-ray
Chandra News Release
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Optical+darkmatter+X-ray
Chandra News Release
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1E0657-558: animation
http://chandra.harvard.edu/photo/2006/1e0657/animations.html
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1E0657-558: 3D animation
http://chandra.harvard.edu/photo/2006/1e0657/animations.html




22An 8σ significance spatial offset of the center of the total mass from the 
center of the baryonic mass peaks!

BCG: Brightest Cluster Galaxy

D. Clowe et al., astro-ph/0608407



23

Modified gravitational force law (1)

• Modified gravity (MOG) can describe lensing
without postulating dark matter.

• GN: Newton’ const, α(r): running coupling 
strength, λ(r): range of the vector “phion” field

• G∞→ GN (1+α) as r → ∞, G(r)→ GN as r →0
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Moffat, astro-ph/0608675
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Modified gravitational force law (2)

“We see that the MOG prediction for the gravitational convergence field κ(R) 
displays the peaking of the weak lensing in the outer regions of the interacting cluster 
relative to the peaking of the central off-set X-ray gas without dark matter.”

Moffat, astro-ph/0608675
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Summary

• Dark matter distribution of merging galaxy 
clusters, 1E0657-558, was reconstructed 
by use of weak lensing.

• It does not trace the plasma distribution 
which is the main baryonic component 
derived by X-rays, but traces galaxy 
distribution where dark matter is ruling.

• Majority of matter in the system is unseen!
• Or modified gravitational force law can 

explain?
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