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Abstract.

The typical black hole demonstration — a heavy ball warping an elastic fabric — is

lacking in several ways. In particular, it cannot demonstrate the amazing phenomenon

of light bending around a black hole. In this essay, Einstein’s theory of general relativity

and Fermat’s principle for refractive optics are used to construct a novel visualization

that reproduces the trajectory of light into a black hole almost exactly. All you need

are sugar, water, and glass.
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The typical black hole demo

If you have ever visited a science museum or attended a planetarium show, you have

probably seen the iconic demonstration of general relativity: First, an elastic fabric

is stretched over an open ring, like a big hula hoop. Then, a baseball is thrown in

the middle. The material stretches and sinks under the ball’s weight, simulating how

massive objects warp both space and time (i.e. space-time). A marble is rolled from

the edge, and you watch as its path is deflected by the baseball’s mass before rolling up

the other side. Then, the baseball is replaced with a bowling ball, and the fabric sags

even farther under the increased weight. The marble now has no chance of escaping

the bowling ball; it orbits faster and closer until finally succumbing to the incredible

“gravity” of the “black hole.”

Figure 1. A cartoon [1] of Earth warping space-time, an idea on which the typical

black hole demonstration is based.

There are many merits of this physics demonstration: The materials are easily

accessible, and the entrapment of a marble by a bowling ball is strangely satisfying.

Conceptually, more massive objects — like a bowling ball — do distort space-time more

than less massive ones — like a baseball. However, this good ol’ black hole demo is

lacking in several ways. Most egregiously, it attempts to demonstrate gravity by using

Earth’s gravity itself; that is, the bowling ball only warps the “space-time” fabric because

it is being pulled down by Earth’s own gravity. Moreover, this demonstration does not

even try to replicate the true trajectories of objects near a black hole; i.e., the path

of a marble around a bowling ball does not accurately represent that followed by a

mass around a black hole. Finally, one of the most interesting phenomena of general

relativity is not captured here: the bending of light by gravity! With these in mind, we

are motivated to build a better black hole demonstration with the following features:

(1) The materials are readily available, (2) the construction is feasible, and (3) light

bends in (almost) the exact way it would near a black hole.
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Bending light with a black hole

We are very familiar with curved trajectories due to Earth’s gravity, like the arc of a

ball tossed to a friend or the orbit of the moon around our planet. Even the light from

a laser pointer bends in Earth’s gravitational field, but the deviation from a straight

line is so small that it is practically imperceptible. When Albert Einstein presented his

theory of general relativity in 1915, he calculated that the sun’s gravity — the same

gravity keeping us and the earth in orbit — deflects light by less than 0.001 degrees!

It is difficult to imagine the immense gravity needed to significantly bend the path of

light. Could such objects even exist? Later that same year, physicist Karl Schwarzschild

discovered the answer; he solved Einstein’s equations for an object so dense that even

light could not escape its gravitational pull. This is, of course, a black hole. To give

you an idea of the incredible requirements for an object to be a black hole, picture a

sphere the size of the sun, with a whopping diameter of over 864,000 miles (110 Earth

diameters). Its mass would need to be over 200,000 times greater than that of our sun

in order to become a black hole. Then everything — even light — that passed closer

than 432,000 miles to its center would be trapped by its gravity, never to escape.

Figure 2. In flat space (no black hole), red and green lasers pointed at 33◦ and

70◦, respectively, would follow the dotted paths. However, in the presence of a black

hole, the red and green photons will follow the solid paths before disappearing inside.

(to scale)

Using Schwarzschild’s and Einstein’s equations, we can calculate the exact path

that any particle would take as it passes, orbits, or spirals into a black hole. Imagine

that you are on a spaceship, staring into a black hole, exactly one radius away from its

edge, as shown in figure 2. You take your red laser pointer and point it 33◦ to the right

of your spacecraft. If light did not feel gravity, the laser would just pass the “horizon”

of the black hole, as shown by the dotted line. However, general relativity tells us that

light will bend into the black hole and disappear forever. You press the laser pointer

button, and the red photons follow the solid line. What happens if we point our laser
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farther away? Now you direct your green laser pointer 70◦ to the left. If there were

no black hole, the green photons would follow the dotted trajectory; in the presence

of a black hole, though, they amazingly spiral all the way to the opposite side before

being lost! This phenomenon may seem too incredible to be true, but the deflection

of light around stars and galaxies — called gravitational lensing — has been confirmed

experimentally numerous times.

Bending light with water

While we cannot easily observe light curving due to gravity in our everyday experiences,

we often see light bending as it passes through different materials. This is called

refraction and occurs because light travels at different speeds in different substances.

The refractive index of a medium is therefore defined as the ratio of the speed of light in

a vacuum — the fastest speed in the universe — to the speed of light in that medium.

For example, the refractive index of pure water is 1.33, so the speed of light in water

is approximately 75% of that in air. Thus as light enters water, it slows down and its

path bends, depending on the angle at which it intersects the surface. To see this for

yourself, try the following demonstration. All you need is a clear cup, water, and a spoon

(or other submersible object). After filling the glass partly with water, dip your spoon

halfway underwater in the center of the cup, and view from the side. (See figure 3 for

reference.) You will notice that your spoon looks wider underwater than above water!

As light from the spoon leaves the water and enters air, it speeds up and bends toward

your nose. This change in angle tricks your mind into seeing the spoon as bigger than

it actually is.

Figure 3. Light bends as it passes from water into air, making the spoon appear

wider underwater than above water.

In the 17th century, mathematician Pierre de Fermat provided a useful formulation

describing how light moves as it passes through materials with different refractive indices.
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His principle states that light will travel in the path that minimizes travel time, not

necessarily distance. It is like light sometimes prefers winding backroads to congested

traffic (as do the authors). Counter-intuitively, this actually means that light will curve

toward regions of higher refractive index. This raises the question: Can we use materials

with different refractive indices to simulate a black hole? That is, can we configure

suitable materials such that light follows a path equal to that of light in the vicinity of

a black hole?

Building a better black hole demo

The answer is yes! Ideas for these so-called “optical black holes” have been suggested

before [2, 3, 4, 5, 6, 7, 8], and one was even built for the microwave frequency range

[9, 10]. Here we present — to our knowledge – the first design for visible light. Consider

first the red laser path near a black hole. Using Fermat’s principle, the refractive index

profile is calculated and shown in figure 4 at left. For this particular design, we have

chosen a black hole with a radius of 12 inches; it could be made as a disk of black acrylic.

From 12 to 24 inches, the refractive index smoothly decreases from 1.9 to 1.33. This is

by design: Water’s refractive index increases from 1.33 to 1.44 as sugar is added (up to

60% solution) [11], and different types of glass have refractive indices spanning 1.44 to

1.9 [12]. Thus, we can reproduce the path of light around a black hole with only sugar

water and glass! Our design has 24 strips of material, each 0.5 inches thick, wrapping

around the black hole. The first 14 are different types of glass, and the last 10 are

actually channels of water with different sugar concentrations, separated by very thin

strips of clear plastic. One-quarter of the resulting disk is shown in figure 4 at right.

Here the shading of glass (in grey) and water (in blue) indicates only the refractive

index, not the actual color of the material.

Figure 4. Left: A refractive index profile is required to bend the red laser from figure 2

in the same path as it would travel around a black hole. Right: A demonstration can

be constructed with layers of sugar water and glass. Here, the refractive index increases

as the water shading (blue) becomes lighter (i.e. higher sugar content) and the glass

shading (grey) becomes darker.



A better black hole demo 6

The green laser trajectory, from figure 2, is slightly more complicated to

demonstrate. Because the green path curves more than the red one, a wider range

of refractive indices are needed: from 1 to 2. While air (and other gases) have refractive

indices around 1, not many materials exist with values between 1 and 1.33. Therefore,

we would need to engineer a plastic with specially-drilled holes to bridge this gap [7].

In addition, more exotic materials, like zircon and diamond, are needed for refractive

indices above 1.9 [12]. Nevertheless, while humans might not be able to visit a black

hole in our lifetimes, we can still witness their amazing effects right here on Earth! Who

knows? Maybe you will even see this demonstration on your next science museum trip.
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