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5.1.1 Spherically-symmetric spacetimes

In spherical symmetry this algorithm works well and has been used by a number of researchers.
For example, Shapiro and Teukolsky [141, 142, 143, 144] used it to study event horizons in a variety
of dynamical evolutions of spherically symmetric collapse systems. Figure 2 shows an example of
the event and apparent horizons in one of these simulations.

Figure 2: This figure shows part of a simulation of the spherically symmetric collapse of a model
stellar core (a Γ = 5

3 polytrope) to a black hole. The event horizon (shown by the dashed line) was
computed using the “integrate null geodesics forwards” algorithm described in Section 5.1; solid
lines show outgoing null geodesics. The apparent horizon (the boundary of the trapped region, shown
shaded) was computed using the zero-finding algorithm discussed in Section 8.1. The dotted lines
show the world lines of Lagrangian matter tracers and are labeled by the fraction of baryons interior
to them. Figure reprinted with permission from [142]. c� 1980 by the American Astronomical
Society.

5.1.2 Non-spherically-symmetric spacetimes

In a non-spherically-symmetric spacetime, several factors make this algorithm very inefficient:

• Many trial events must be tried to accurately resolve the event horizon’s shape. (Hughes et al.
[88] describe a 2-stage adaptive numerical algorithm for choosing the trial events so as to
accurately locate the event horizon as efficiently as possible.)
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2.2 Gravitational wave polarizations

Because of the equivalence principle, single isolated particles cannot be used to measure gravita-
tional waves: they fall freely in any gravitational field and experience no effects from the passage
of the wave. Instead, one must look for inhomogeneities in the gravitational field, which are the
tidal forces carried by the waves, and which can be measured only by comparing the positions or
interactions of two or more particles.

In general relativity, gravitational radiation is represented by a second rank, symmetric trace-
free tensor. In a general coordinate system, and in an arbitrary gauge (coordinate choice), this
tensor has ten independent components. However, as in the electromagnetic case, gravitational
radiation has only two independent states of polarization in Einstein’s theory: the plus polarization
and the cross polarization (the names being derived from the shape of the equivalent force fields
that they produce). In contrast to electromagnetic waves, the angle between the two polarization
states is π/4 rather than π/2. This is illustrated in Figure 1, where the response of a ring of free
particles in the (x, y) plane to plus-polarized and cross-polarized gravitational waves traveling in
the z-direction is shown. The effect of the waves is to cause a tidal deformation of the circular ring
into an elliptical ring with the same area. This tidal deformation caused by passing gravitational
waves is the basic principle behind the construction of gravitational wave antennas.

Figure 1: In Einstein’s theory, gravitational waves have two independent polarizations. The effect on
proper separations of particles in a circular ring in the (x, y)-plane due to a plus-polarized wave traveling
in the z-direction is shown in (a) and due to a cross-polarized wave is shown in (b). The ring continuously
gets deformed into one of the ellipses and back during the first half of a gravitational wave period and gets
deformed into the other ellipse and back during the next half.

The two independent polarizations of gravitational waves are denoted h+ and h×. These are the
two primary time-dependent observables of a gravitational wave. The polarization of gravitational
waves from a source, such as a binary system, depends on the orientation of the dynamics inside
the source relative to the observer. Therefore, measuring the polarization provides information
about, for example, the orientation of the binary system.

2.3 Direction to a source

Gravitational wave antennas are linearly-polarized quadrupolar detectors and do not have good
directional sensitivity. As a result we cannot deduce the direction to a source using a single
antenna. One normally needs simultaneous observation using three or more detectors so that the
source can be triangulated in the sky by measuring the time differences in signal arrival times
at various detectors in a network. Ground-based detectors have typical separation baselines of
L ∼ 3 × 106 m, so that at a wavelength of λ = 3 × 105 m = 1 ms (a frequency of 1 kHz) the
network has a resolution of δθ = λ/L = 0.1 rad. If the amplitude SNR is high, then one can
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