Relativity:
An Introduction to Space, Time, and
Gravity

Marc Favata
Department of Astronomy
Cornell University
Ithaca, NY 14853

2

Relativity: Crazy predictions
Relativity replaces our ideas about space and time with
something new: spacetime!
We will be forced to think about measurements and motion
more carefully.
Our notion of simultaneity will become relative
Mass and energy are no longer separate things.
Gravity is no longer a force! Instead, it arises from
the curvature of space and time.
black holes and their properties
Black holes really exist! Astronomical evidence
gravitational waves—ripples in the curvature of spacetime
wormholes and time travel.
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Special Relativity:
concerned about how concepts of length and time take on
different meanings when two observers move at different speeds
relative to each other.
based on two postulates:
1) Someone moving in a straight line at the same speed cannot
tell that they are moving.
2) Everyone measures the same value for the speed for light:
speed of light = c = 2.9979 X 108 meters/sec = 183,300
miles/sec = 669,600,000 miles/hour = 7.5 times around the earth
in 1 second
Our everyday experience seems to contradict these postulates:
Throw ball with speed Vball to
friend on the train.
Does light behave like the
baseball?
Our everyday experience is
wrong!
Why don’t we notice?
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Time Dilation:
Measure time with ideal clocks.

put a “mirror clock” in space ship.
One “tick” = 2D/c
How many “ticks” does someone on the ground see?

time dilation:. We see moving clocks run slower.
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Traveling to the future:
Time dilation let’s us travel to the future [but not back].

Travel in spaceship away from earth. Stop; turn around.
What happens??
To go 100 years into the future in 1 year of your time, need
to travel at 0.99995 times the speed of light.
Why don’t we notice this?
The effect is REAL! ï Can do experiments...
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Length Contraction
Moving objects appear to SHRINK!

What about the other dimensions of the car?
Even for things on earth that move fast, these effects are small:

Consider an F-16 moving at its maximum velocity of 1,345mph
[600 m/s]
For F-16 clock to differ from ground clock by 1 second,
would have to fly at maximum speed for 15,833 years.
At max speed the length appears to contract by 0.00000003 mm.
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Lack of Simultaneity
Different observers disagree on whether something is
simultaneous or not.
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The famous equation: E = mc2
Matter and energy are really the same thing but in different
forms
Can convert one into the other.
1 gram of material, if converted completely into energy, could
power a 100 Watt light bulb for 28,500 years.

NUCLEAR WEAPONS

[Nagasaki explosion]

[H-bomb explosion]

Atomic bomb powered by nuclear fission:
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General Relativity: A theory of Gravity:
Newtonian Gravity:
Fgrav
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Fgrav = GM1M2/r

M1

M2

r

What’s wrong with this formula??
ï action at a distance
ï how to define “distance”?
In 1915, no problems with Newton’s gravity...but Albert sez...
Newton, you
are WRONG!

1. gravity not a force.
2. world is actually a 4dimensional, curved spacetime.
3. matter and energy cause this
curvature.
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Curvature
A familiar curved surface:
sphere: a curved 2-dimensional surface. [why 2 dimensions?]

How do lines, triangles, circles behave on the sphere?
Einstein: our universe is a curved 4-dimensional surface. [why 4dimensions?]
How do we visualize this??

ï 2-D beings in a 2-D world.

They can’t perceive the “3rd” dimension...
...but they can figure out its there.
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Curved 3-D Space:
Heavy rock distorts “rubber sheet”

What about curved time?
Time ticks a slower rate when you are near a massive object.
Planets move on the “rubber-sheet”:
Actually move on a straight
line... but straight in the 4-D
spacetime!
Similarly, a straight line
around the earth looks like a
circle.
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General Relativity’s first test:
The precession of Mercury.
Perihelion of Mercurcy precesses:

Total precession: 0.32 degrees per century
Unexplained “extra” precession: 0.012 degrees per century
Einstein’s theory predicts the correct amount

ï a triumph over Newtonian gravity
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Gravitational Lensing
Light gets bent by gravity:

Einstein Cross
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Black Holes: Einstein’s craziest prediction.
What are they??
Event Horizon: surface where escape velocity = speed of light
ï inside is completely cut off from the rest of the universe.
How does a black hole form?
Stars: balance between pressure and gravity:

When pressure goes out ï gravitational collapse ïblack hole
Star keeps contracting...everything ends up at the singularity
What is a black hole made of?
Nothing!
It is made from the extreme warpage of space and time. A black
hole is a manifestation of gravity itself.
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Journey to a Black Hole
Explore a black hole with your spaceship:

ï send in a robot probe: what happens??
You think the probe takes forever to fall in...
...but the probe falls in normally and eventually gets
crushed by tidal forces.

Tidal forces:

Near a black hole, tidal forces can be intense!
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Descend to the just above the horizon: what do you see?

The whole sky has become squeezed into a small disk
directly overhead.
Why?
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Black holes exist!
Supermassive black holes at the centers of galaxies:

powerful jets ï get their energy from spinning black holes
quasars: most distant and brightest objects in the universe
ï powered by supermassive black holes.
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Also evidence for smaller black holes in our galaxy:

A picture of an X-ray binary.

How do we know that these objects are black holes?
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Gravitational Waves
Ripples in the curvature of space and time that propagate
throughout the universe.
ï like water ripples in a pond
Produced by the rapid motion of very massive objects,
ï colliding black holes

What happens when a gravitational wave passes by?
Gravitational wave passes through a ring of particles:

[Waves coming “out of the page”]
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Detecting Gravitational Waves
the LIGO project:
Laser Interferometer Gravitational wave Observatory.

Bounce laser beams off mirrors
ï measure change in mirror movement as
small as 1/1000 of proton diameter!
Also can use bar detectors:
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Wormholes and Time Travel:

Wormhole: a tunnel through hyperspace
ï connects different regions of space and time.
Could travel really far really fast...
...or even go back in time!
Do wormholes actually exist?
Einstein’s theory doesn’t forbid them...
...but they might not be stable.
Perhaps aliens can construct one??
Might lead to time-travel paradoxes.
Probably can’t make wormholes, but we don’t know for sure.
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Conclusion:
Einstein’s crazy predictions are real! No experiment has
yet contradicted his theory.
But...Einstein’s theory will fail...
...when quantum mechanics becomes important.
But that is a story for another day.

Further reading:
“Black Holes and Time Warps: Einstein’s Outrageous Legacy”
by Kip S. Thorne.
books by Stephen Hawking, such as “A Brief History of Time” or his
recently published “The Universe in a Nutshell” [which has lots of
really cool pictures].
The web is also a great place to look: simply type in keywords like
“black hole”, “relativity”, “time travel”, “gravitational wave” into
GOOGLE and explore.
[Figures in these slides were stolen from various sources. None of them
were created by the author. See my notes for references. ]

