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Lensing of Extended Sources
+  Image has same surface brightness
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Caustics & Catastrophes

Lensing by a Transparent Mass Distribution

2

(ds)? = (cdu/l » 2GM,zrc2)2 2 (dir) — (rd6)? — (rsin0 dg)?

1 —2GM/rc*
Wavefront retarded by ;. 2GM
gravitational field: E=C(1_ ) )

For a transparent
mass distribution:  (ds)* = (c diN1+20/ ¢ )z - (\/1 —2d /¢ )z (a’x2 +dy’ + dz2)
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Lensing by a Transparent Mass Distribution
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Conjugate Caustic Surfaces

Building blocks are o
“elementary catastrophes” If source object is on one of these surfaces,

/ observer is on a caustic.
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Figure 6 Multiple imaging of point sources at fixed redshifl by a generic “elliptical lens.”

i The solid lines in the left panels are caustics that separate regions in the source plane

Fep T carresponding to different image multiplicities (1, 3, and 5 as indicated). The inner caustic,

x 0 & 9, ‘* sometimes referred to as the tangential caustic, has four cusps connected by fold lines. The
Y

/ outer radial caustic is a pure fold. The outer dashed lines in the right panels are tangential
e — critical curves and the inner ones are radial critical curves. The symbols show representative

. source positions and th ponding image locations. When the source is close to a caustic,
some of the images are strongly magnified, indicated by large symbols in the image panels.
Ome of the multiple images usually occurs near the center of the lens and is strongly
© demagnified if the core radius of the lens is small. Among the “secure” multiple quasars,
Q1413+ 117 and Q22374031 correspond to the source position = and Q0142100 1o O
in the upper panels. 0414+ 053 and Q1115+ 080 correspond to the triangle and Q0957 + 561
is midway between O and + in the lower panels. The weak central image has not been scen
in any of the observed cases.
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from Blandford & Narayan




Conjugate Caustic Surfaces

Pointy nodes are

“elementary catastrophes” If source object is on one of these surfaces,

/ observer is on a caustic.
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Figure 7 Representative arc and ring images of resolved sources produced by an elliptical

o . lens. In each set, the source planes are on the left and the corresponding images are on the

- right. The long luminous arcs in Abell 370, Cl 224402, Abell 963 and other clusters are

Ve A { similar to the case displayed at top right. (The counter-image shown here will not be present

‘ for certain choices of the lens parameters; see Narayan & Grossman 1989, Marayan &

il Wallington 1992a.) The radio rings correspond to the case shown at bottom right, and the
incomplete ring in MG1131 +0456 at 15 GHz is similar 1o the example at bottom left.

from Blandford & Narayan

Observations of lensed objects
+ Extended background source (e.g. a galaxy)
==> arcs or rings
*  Weak lensing: 0 >> 0,
— images slightly extended

- currently being exploited to look for cluster halos, dark galaxies,
etc.

* Strong lensing: 6 < 0, 1938+666
— multiple images formed

-

— weak cenfral image usually not seen

-
o

\ radio

The “Einstein Cross”




Weak (and not-so-weak) Lensing
Abell 2218

» Foreground cluster distorts images of numerous background galaxies.
* Use to determine total mass of foreground cluster.
» Shows that 85% of mass is Dark Matter.

Using caustics to search for high-redshift
background galaxies

Figure 1: WFPC2F606W, WFPC2F814W, ACSF850LP and NICMOS-F160W images
of Abell 2218 of the new faint pair in the lensing cluster Abell 2218 (2=0.175). The signals
redward of the WFPC2 F814W observation suggests a marked break occurs in the continuum

signal at around 9600A . Red lines correspond to the predicted location of the critical lines
at z,=5,6.5 and 7 (from bottom to top, the latter two being almost coincident). The scale
bar at the top left of each image represents 2”. The predicted shear direction (thin blue
lines) closely matches the orientation of the lensed images.




Andromeda
Calaxy (M31)

The Milky Way’s
Dark Matter
“Halo”

M31

770 kpc

10 kpc

Ballpark guesstimate
based on weak-lensing
surveys of field galaxies

Milky Way

The Remarkable Case of
CL0024+1654

Single distant blue galaxy
z~12-1.8

* Lensed by foreground cluster
z=0.39

« 8 different grav. images of blue galaxy.

« Allows detailed analysis of mass distribution in cluster.

*  83% of mass is non-luminous Dark Matter.

e M/L = 270h (390h after allowing for stellar evolution to z = 0)




The Remarkable Case of
CL0024+1654

Single distant blue galaxy
e z~12-18
* Lensed by foreground cluster
« z=0.39

« 8different grav. images of blue galaxy.
* Allows detailed analysis of mass distribution in cluster.

*  83% of mass is non-luminous Dark Matter.

o M/L =270h (390h after allowing for stellar evolution to z = 0)

The Remarkable Case of
CL0024+1654

Orange = D.M. “mascons”:
1 or more for each of 118 galaxies
25 for diffuse matter

Blue = stars
58 smooth disks of light.

512 free parameters

+ Single distant blue galaxy
¢ z~12-18

* Lensed by foreground cluster
« z=039

« 8 different grav. images of blue galaxy.

« Allows detailed analysis of mass distribution in cluster.

*  83% of mass is non-luminous Dark Matter.

e M/L = 270h (390h after allowing for stellar evolution to z = 0)




