The twin paradox
One twin remains on Earth while the other twin goes
on a high-velocity time trip to visit a distant planet.
– According to the earthling, the returning astronaut
has aged less because she traveled at high velocity,
which slowed her clock.
– The ‘paradox’ arises when we take the astronaut’s
point of view. Looking back onto Earth she sees the
earthling moving away at high speed. During her
return trip, the Earth seems to be approaching at
high speed. Therefore, the astronaut concludes
that the earthling’s clock must have slowed down.
– Both think the other is younger. Who is right ?

Resolution of the twin paradox
• The earthling did not experience any acceleration. Therefore, he can
use special relativity to determine time. The astronaut aged less.
• The astronaut felt acceleration forces during takeoff, turn-around, and
landing. She cannot use special relativity and needs general relativity.
• After reading Einstein’s papers on general relativity, the astronaut finds
out that acceleration cannot be distinguished from gravity and that
gravity slows down clocks. Her clock lost time during the acceleration
and deceleration periods, and that kept her younger.
• This is similar to the experiment where an atomic clock is flown around
the Earth and compared to a stationary clock (Lect. 14, Slide 7). Like the
earthling, the stationary clock is able to use special relativity (as we did
in Lecture 14).

Time dilation in special and general relativity
(optional)
There is a subtle difference between the time dilation in special relativity (constant velocity) and in general relativity (acceleration) :
• Two observers moving with constant velocity are equivalent. Thus,
both have to come to the same conclusion (the other’s clock is slow).
That causes the perplexing contradiction of their time measurements.
• If one observer is accelerated (such as the astronaut), the extra time
dilation from general relativity affects only the accelerated clock.
Both observers agree on that.

Travel at constant speed (optional)
• Suppose that the astronaut adds a long section to the trip where she
coasts at constant speed (dotted line). During that time she can use
special relativity.

• The situation resembles the muon traveling trough the atmosphere
(Lect 14, Slide 10), where length contraction reduced the height of
the atmosphere for the muon. Likewise, the distance from Earth to
the other planet shrinks for the astronaut. She needs less of her time
to travel the reduced distance. This reduction in flight time matches
the slowing of the astronaut’s clock observed by the Earthling (like
for the muon).

Human time travel ?
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• To reduce aging by time dilation, one needs to travel close to of the
light velocity, for example 94% of c for a factor of 3 (Lect 14, Slide 6).
• How long would a human have to sit in a space ship accelerating at
1g  10 m/s2 to achieve such a velocity ?
velocity
time =
acceleration

=

0.94 · 3 108 m/s
10 m/s2

= 2.8 107 s  1 year

• Not bad. It takes another year to slow down to zero velocity for
turning around. Same for the return trip. Coasting at 94% of c, a
trip to the nearest star (4 light-years out) takes about a decade.
And time dilation will shorten the trip further for the astronaut.
• The catch: The time traveler experiences a force 27 times larger
than gravity on Earth to reach peak velocity. Humans can survive
27 g only for a few seconds. It’s like being in a violent car crash.
(The force is obtained from the relativistic force law F = p/t .)

Interstellar travel
• Although the nearest star is only 4 light-years away, the closest star
with a potentially habitable planet is at least 20 light-years away.
• Voyager 1, the fastest outward-bound spacecraft, will cover the distance of 4 light-years in 72,000 years.
• To speed up space probes, one can take advantage of today’s microtechnology and use miniature robots and detectors. They withstand
high acceleration. Their small mass requires less acceleration force.
• Rocket technology has not changed much in decades, but new ideas
are now being tested, such as ion engines. Ions are charged atoms,
which can be accelerated by an electric field to very high speed .
They are more effective than chemical rockets (per pound of fuel),
and can even be run on solar energy. They create much less thrust,
but for a much longer time.

An ion engine
Ion engine used for the Dawn mission to the asteroids Vesta and Ceres.
http://dawn.jpl.nasa.gov

Image of asteroid
Vesta by Dawn

Diameter
330 miles

Cosmology: The Big Bang

• Edwin Hubble discovered that
galaxies move apart from each
other, just as if there had been
an explosion 14 billion years ago.
• This is the Big Bang .

Edwin Hubble

Redshift of galaxies
To determine the movement of remote galaxies,Hubble observed their color.
Light waves from galaxies that are moving away from us are stretched out.
Their wavelength becomes longer, shifted towards the red (Doppler effect).

Galaxy moving to the left

Earth

Galaxy moving to the right

The Horizon
Horizon:
Velocity=c

Earth

Next slide

Distant objects (galaxies) move away from us faster and faster, turning redder and
dimmer. When they reach the speed of light c , they turn black. That is the horizon.
By looking farther out , we are also looking back in time. The horizon corresponds
to the Big Bang. How close can we look back towards the Big Bang ? Very close !

The earliest snapshot of the universe,
380 000 years after the Big Bang

Looking at the temperature of the sky in all directions, using microwaves.

The afterglow of the Big Bang
• A faint remnant of the Big Bang can be detected as
cosmic microwaves.
• These microwaves started out as thermal radiation
when the universe had a temperature of 3000 K .
• The expansion of the universe stretched their wavelength by a factor of 1000 . According to Planck’s
radiation law (Lect. 10, Slide 2), that corresponds
to a 1000 times colder temperature: 3K
• This happened only 380 000 years after the Big Bang,
very short compared to the age of the universe:
380 000 years
 3 ·10-5
14 billion years

What do we see?
• The image shows tiny temperature changes (red = warmer,
blue = colder), as determined from Planck’s radiation law.
• This is a look at the full sky (both hemispheres), plotted like
a map of the Earth ( 3600 horizontally and 1800 vertically ).
• It was taken by microwave detectors of the WMAP satellite.
• This is the earliest and farthest image of the universe.
• It comes closest to the horizon, the edge of the observable
universe.

What happened at that time ?
Before:
A plasma of hot protons and electrons
The plasma scatters light and thereby scrambles
all information from the earlier universe.
Plasma lamp with filaments, which resemble
the temperature fluctuations in the early universe.

After:
Hydrogen atoms
Hydrogen atoms are transparent to infrared light
and microwaves. The last glow from the plasma
can propagate unimpeded through the universe.

Quantifying the microwave data

Temperature Fluctuations

This is the size distribution of the cooler and warmer regions.
The largest size regions are about 1o wide (arrow).

The shape of the universe

Three types of
space curvature

Bending of
microwaves in
curved space

The expanding universe: Old model
• General relativity requires a homogeneous universe to
expand or contract. It cannot be static. Ours expands.
• For many years the universe was
thought to be curved, like the
surface of an expanding balloon
(closed geometry).
• All galaxies move apart from
each other ( little black dots ).
The farther they are separated,
the faster they move apart.
• There is no center. The center
of the balloon lies outside the
surface in an extra dimension.

The expanding universe: New model
• The microwave satellite data suggest a flat universe .
• The expanding balloon is replaced by a rubber sheet
being stretched. Galaxies move away from each other.
• The sheet is infinite. But we can see only a finite circle
(up to the horizon where we look back to the Big Bang).

