The Uses of Gravitational Lenses

Gravitational lenses are extremely interesting for three reasons.

Because the magnification properties of lenses depend on the
mass of the lensing object, microlensing experiments, such as the
MACHO experiment of monitoring millions of stars in the Large
Magellanic Cloud, can probe the properties of halo stars (and
other objects) that are two faint to see. In fact, by studying the
light curve of a gravitational microlens, one can deduce not only
the mass of the intervening lens (with some assumption about
the lens’ distance), but also whether the lens is a single star or
something else. Microlensing experiments have measured light
curves that must be due to binary-star lenses, and, in theory, it
is even possible to deduce the presence of an earth-mass planet
circling a lens.

Because of their high magnification, gravitational lenses can be
used to observe high-redshift galaxies that would normally be
much too faint to observe otherwise. There is a slight problem
with this, in that the image of the galaxy is usually distorted
(spread out) over many pixels (into an arc). However, if the light
can be collected, you can use it to study a representative sample
of normal (not exceptionally bright) high-redshift galaxies.



3) Because the time delay of a gravitational lens depends on dis-
tance, these objects can be used to measure the Hubble Con-
stant. Unfortunately, there are two problems with this. First,
the time delay depends not only on the distance to the lens, but
its mass as well. This mass is not known a priori: for a typical
elliptical galaxy lens, one must try to infer the lens mass from the
velocity dispersion of its stars. Second, the geometry of the lens
is usually complicated. Elliptical galaxies are in clusters, and the
cluster’s mass will also contribute to the time delay. One must
therefore measure the velocity dispersion of the galaxies in the
cluster in order to determine the cluster’s mass (while, of course,
hoping that the cluster is virialized, and that none of the objects
you are measuring are foreground or background objects). More-
over, for distant sources, it is likely that the calculations will be
further complicated by the presence of multiple lenses along the
line-of-sight.



General Comments on Real Lenses

As we have seen, the bending angle for a lens is
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This implies that as £ — 0, the bending angle (and magnifica-
tion) becomes infinite. This doesn’t happen with cosmological
lenses, because the lenses are never point masses. Instead, the
mass is distributed, i.e., M(§), which goes to zero as & goes to
zero. So the equations do not diverge.

In practice, the gravitational deflection due to a galaxy’s cluster
is almost as important as that of the galaxy itself. Consequently,
one must model the lens with a galaxy plus cluster potential, and
this breaks the symmetry of the problem. Hence, the equation

to solve is o
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In other words, the bending angle is the vector sum of the gravi-

tational deflections caused by all the mass in the two-dimensional
cluster.




The best lenses are massive and compact objects. For cosmo-
logical lenses, this means elliptical galaxies. (They are the most
compact of all galaxies.) Consequently, even though the majority
of galaxies are spirals, it is generally reasonable to assume that
all gravitatational lenses are caused by ellipticals. Ideally, to use
a gravitational lens as a cosmological probe, you would like

Optical identifications for both the lens and the source. (Occa-
sionally, the lens is too faint to be studied.)

A measured velocity dispersion for the lens (to estimate its mass).
A variable source (to measure the time delay for the two images).

An angular separation between the two images of 1”7 < Af < 2",
If the separation is any smaller, it is hard to resolve the images;
if the separation is any larger, then the cluster’s mass begins to
dominate the problem. Also, recall that from (11.39)
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hence the gravitational time delay AT o A#?. Small separa-
tions keep the time delay manageable. (For instance, the lens
09574561 has a separation of 6”, and a time delay of between 1
and 2 years.)
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VLBI radio structure, so that the shape of the images can be
used to constrain the mass distribution of the lens.

Multiple images to constrain the geometry. Four images are bet-
ter than two, and an Einstein ring is best.



Statistical Microlensing

Consider a Schwartzschild (point source) lens at redshift z in
front of a source at redshift z,. The magnification of the two
images is given by
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If the two images are unresolved (i.e., the case of microlensing),
then the total magnification is
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With a little bit of math, this equation can be inverted to give
the angle 3, which yields a total magnification of up
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The cross-sectional area for a magnification of greater than urp
to occur is therefore

o(pur, 2, z5) = w3 (12.04)

This means that at redshift z,, any object located in an area of
o(pr, z,2) = nD?*3? (12.05)

will be microlensed.



Now, let’s calculate the probability that a source at redshift z
will be microlensed. To begin, let’s assume that the density of
lenses is given by 7. (Since the best lenses are elliptical galax-
ies, you can consider 1 to be the density of elliptical galaxies.)
For simplicity, let’s also assume that n does not evolve with time
(there are as many elliptical galaxies today as there were at red-
shift z), and that each lens has identical lensing properties (same
mass, same mass concentration, etc.)

If ng is the density of lenses today, then the density of lenses at
redshift z is given by

n(z) = no(1 + 2)° (12.06)
and the total number of lenses between z and z + dz is
dN(2) = ndV = no(1 + 2)*dV (12.07)

where dV is the cosmological volume element. (For Euclidean
space, this would normally just be 4mwr?dr, but because of the
universal expansion and the possible non-flat geometry of space,
the actual expression is a complicated function of z, gy, and A.)

Now if the density of lenses is small enough so that the proba-
bility of two lenses overlapping each other is negligible, then the
total area at redshift z, that is microlensed up to at least a mag-
nification of up is just the sum of the cross-sections of all the
lenses, 1.e.,
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The probability of a microlens is then just this area, normalized
to the total surface area of the universe at redshift z;

Ay = 4nD? (12.09)
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where D?mg is the angular-size distance of redshift z.
This “statistical microlensing” is extremely important. In fact,
with typical numbers for the space density of elliptical galaxy
lenses, you find that by z = 2, half the objects in the sky are
magnified by at least 10%!



