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1 n I91 h Einstein proposed a theory 
01‘ gravity now known as general rela- 
tivity. This theory provides the frame- 
work for much of our current 
understanding of some of the most un- 
usual objects and events in our astro- 
physical universe, such as stellar 
collapse, black holes, neutron stars. 
quasars, gravitational radiation, and 
cosmology. 

The equations describing the gravita- 
tional field arc very complex. In thcil 
most general form they consist of a sys- 
tem of ten coupled hyperbolic-elliptic 
nonlinear partial differential equations, 
which would take many pages to write 
down. For this reason many implica- 
tions of the theory have remained 
largely unexplored. Most of our knowl- 
edge about general relativity comes 
cmly from a few exact solutions. pertur- 
hatlve expansions about those solu- 
tions. and some important but general 
mathematical theorems that provide 
litllc detail ahout specific gravitational 
interactions. 

Because ii is difficult to obtain exact 
coluiions for realistic situations with 
few or no symmetries. researchers 
more and more use high-performance 
computing hardware and software to 
construct accurate nonlinear timc- 
dcpcndcnt solutions to the gravita- 
lional field equalions for multiple spa- 
tial dimensions. 

Our research efforts concentrate on 
+llving the Einstein equations numeri- 

Figure 1. Embedding diagram and horizon his1 
time f - 2M. 

tally on supercomputers to study the in- 
tcractions of one or more dynamical 
black holes with gravitational waves. 
This work is complemented by the sci- 
entific visualization professionals at 
NCSA, who have developed tools cru- 
cial to our understanding of numeri- 
cally generated space-times. Through 
their efforts, we have produced scien- 
tific animations of gravitational wave 
and black hole space-times. 

:ory for the highly distorted single black hole at 

Black holes 

The theory of general relativity pre- 
dicts the existence of black holes. A 
black hole is a gravitational field so 
strong that nothing, not even light, can 
escape from its surface. All events tak- 
ing place inside the black hole’s two-di- 
mensional surface (referred to as the 
event horizon) are invisible to ob- 
servers outside the black hole. 

Figure 2. Same as Figure 1, except the embedding is shown at Figure 3. Embedding diagram and horirmn history fur the collision of 
I - hOM. two equal-mass black holes. 



In practice, it is difficult to locate 
event horizons from numerically gener- 
ated space-times. Similar in concept to 
the event horizon, but easier to compute 
numerically, is the apparent horizon. 
Surfaces inside this apparent horizon 
are trapped inside the black hole, and 
the apparent horizon surface, if it exists, 
always lies inside or is coincident with 
the event horizon. The apparent horizon 
can provide clues to the behavior of the 
black hole geometry and to the amount 
of radiation possibly generated. 

The standard textbook description of 
black hole space-times is usually limited 
to isolated “stationary” systems, such as 
the single spherically symmetric 
Schwarzschild black hole. This space- 
time is time independent. However, if 
the black hole is disturbed in some way, 
the system becomes dynamic and 
evolves according to the Einstein equa- 
tions. Researchers know from perturba- 
tion calculations that a black hole 
perturbed away from its equilibrium 
spherically symmetric state will oscillate 
at its normal mode frequency (with a 
characteristic wavelength of 8.4 times 
the radius of the hole), just as a bell or 
stretched string will oscillate at its nor- 
mal mode, or characteristic, frequencies 
when struck. Such systems slowly re- 
turn to their undisturbed state as en- 
ergy radiates away, by sound waves in 
the case of the bell or string, or by grav- 
itational waves in the case of the black 
hole. (Gravitational waves are distur- 
bances in the gravitational field that 
propagate with the speed of light 
through spacetime.) The detection of 
the very specific waveforms we expect 
to emit from dynamic black holes 
would provide unambiguous evidence 
of their existence. 

Visualizing black hole space-times 

In this section we explore two differ- 
ent physical systems in detail. First, we 
generate a highly distorted single black 
hole space-time by placing a large am- 
plitude gravitational wave in the vicinity 
of a black hole. Part of this wave gets 
swallowed up by the black hole, which 
causes the hole to oscillate at its normal 
mode frequency and emit radiation. 
Second, we investigate the head-on col- 
lision of two equal-mass black holes. 
The black holes are initially placed at a 
finite distance from each other, acceler- 
ate toward each other, and coalesce to 
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form a single distorted black hole that 
eventually emits gravitational waves at 
the normal mode frequency of the final 
black hole. 

Our discussion begins with the dy- 
namics of apparent horizons. We can 
visualize the 2D geometry of the appar- 
ent horizon’s surface by removing it 
from the curved 3D space and embed- 
ding it into a flat 3D space in a way that 
preserves the horizon’s geometry or 
curvature. This lets us see the surface 
more intuitively. 

Figures 1 through 3 display the em- 
bedding diagrams and the time-line his- 
tory of the apparent horizons (up to the 
time of the embedding) for the single 
distorted black hole and the colliding 
two black hole spacetimes. (These and 
all figures presented in this article were 
choreographed and rendered on a Sili- 
con Graphics Iris using Wavefront 
Technology’s Advanced Visualizer soft- 
ware package.) A color map helps visu- 
alize the curvature of these horizon 
surfaces. Blue represents regions of 
negative curvature (for example, the 
waist of a peanut has negative curva- 
ture), white is zero curvature (or a flat 
geometry), green is positive but less 
than 4x, red is exactly 47t (the normal- 
ized curvature of a perfect sphere), and 
transitions of pink to yellow denote 
curvatures greater than 47~. The shape 
and curvature of the current horizon is 
displayed at the bottom of each figure. 
At the top of each figure we present a 
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time line with the time axis increasing 
horizontally to the right. The initial 
configuration is given at t = OM, and the 
evolution runs to t = 90M, where M de- 
notes the unit of time relative to the 
black hole mass. We constructed a his- 
tory of events by piecing together polar 
slices of the embedding diagram at each 
time. 

Figure 1 is the prolate single black 
hole horizon shown early in its history 
(when t - 2M). Figure 2 shows the same 
case at t - 60M. A comparison of the 
two figures clearly shows that the initial 
prolate configuration evolves into a 
spherical state. Notice that the horizon 
history at the top of Figure 2 vanishes 
at t - 8M. This is due to the extreme 
distortion suffered by the surface geom- 
etry at this time. Under these condi- 
tions the 2D curved surface cannot be 
embedded into flat space of one higher 
dimension. 

Figure 3 shows a history of the head- 
on collision of two equal-mass black 
holes. The system starts off with two 
separated horizons surrounding each 
hole. As the holes move together, the 
horizons merge to form a single horizon 
surrounding the coalescing holes. The 
outer horizon then oscillates, but in a 
less violent manner compared to the 
highly distorted single black hole. 

We have produced animations of 
both evolving apparent horizon geome- 
tries. The essence of these animations is 
evident from the stills in Figures 1 
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Figure 5. Same as E’igure 4, enccpl here we 
display the radiation pattern at I - 2OM. 

These dynamical black hole spacc- 
times inevttably emit gravitational radi- 
ation as they decay to their spherical or 
stationary limit. To study this process. 
we can extract certain wave-like quanti- 
ties from the local space-time curva- 
turc. II? Figures 4 through 6 WC display 
the Newman-Penrose scalars w. and w,~% 
which arc suggestive of the inward and 
outward propagating gravitational 
waves. Although w,, and wJ arc not 
strictly physically invariant, they pro- 
vidc insightful information about gravi- 
ational waves. 

Figure 4 shows the initial data setup 
for the distorted single black hole at I = 
OM. The labels refer to the axis of sym- 
metry (analogous to the earth’s north- 
south polar axis) and the equatorial 
plane. \y., is outlined with equally 
spaced white contour lines, and w. is 
reprcscntcd by a color map that varies 
smoothly from blue to gray to yellow in 
a repetitive fashion. The black circular 
line at the ccntcr marks the location of 
the apparent horizon. 

As the system cvolvcs, the black hole 
both absorbs and emits gravitational ra- 
diation. We display the radiation pat- 
tern at f - XJM in Figure 5. Figure 6 
presents another representation of this 
same radiation pattern. Hcrc. \v,, is still 
displayed in color. hut wJ is now 
mapped to the surface height. 

WC arc continuing to invcstigatc new 
methods of data visualization. The im- 
ages presented here are prototypical at- 
tempts to analyze important properties 
of the space-times and extract the rele- 
vant physics from large data sets. The 
cxpericncc gained in thcsc 2D axisym- 
metric problems will be put to the test 
in fully .?D simulations of systems ex- 
pccted to occur with greater regularity 
in our universe. d 
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Figure 6. A different representation of the radiation pattern shown in Figure 5. Here, I+$, is 
Ml represented hy the same color map as Figures 4 and 5, hut yJ ih now mapped to a surface. 

1. 1%~: horizon oscillates at a Ire. 
qucncy that is pl-cdominanlly lhc 
normal mode frcuuencv of lhc L’i 

pl-Olilt~/Ol~l~lt~ configuration to 
bccornc spherical. 

7. 1‘1~ amplitude of oscillations 
damps awav in time ax ltic surface 
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