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Plan for remaining sessions

5) Introduction to General Relativity
6) GR, Black-Holes and Cosmology

7) Hot topics in Cosmology . |

-

8) The Search for Gravitational Waves J

T +
9) Einstein and the Quantum Revolution -

>

10) The post-Einstein Universe




The Pole in the Barn Paradox
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A 20 meater pole and a 10 mater barn
in their perspective when in the same
rast frame.

If the pole 1as speed 0.2¢, then it is
langth-coniracted by a factor of 2.29
and short enough to fit momeantarily
within the barn, at least as seen by

an observer in the barn.

But from the point of view of the pole,
the barn is conifracted and the pole
will never ft inside it.
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Einstein's Relativity

How does gravity
fit into this?

General Relativity: 1916
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theorin dureh Minkowski gegoben wurde, weleher Mothe-
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A group of some of the honorary graduates taken after the ceremony in the Bute Hall of Glasgow University yesterday. Left to right—The Right Hon. Sir
Robert S. Horne; Emeritus Professor William Blair-Bell, University of Liverpool; Professor Albert Einstein; Principal Sir Robert S. Rait; the Archbishop of Armagh and
Primate of All Ireland; and M. Edouard Herriot, former Prime Minister of France.









How do things move?....

Newton built on Galileo’s work
and proposed 3 laws of motion:

1. A body moves In a straight line
unless acted on by some force
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How do things move?....

Newton built on Galileo’s work
and proposed 3 laws of motion:

1. A body moves In a straight line
unless acted on by some force

2. The acceleration of a body Is
proportional to the force on it

F = ma

3. To every action there Is an
equal and opposite reaction
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Law of Universal Gravitation

Every object in the Universe attracts
every other object with a force directed
along the line of centers for the two
objects that is proportional to the
product of their masses and inversely
proportional to the square of the
separation between the two objects.

M4 My

G

Isaac Newton:
1642 -1727 AD

The Principia: 1684 - 1686







Schiehallion, from Loch Rannoch

Maskelyne's 1774 experiment to measure G

Neville Maskelyne






Moon’s orbit

But how does the
Moon know to
orbit the Earth?

How does gravity
act at a distance
across space?

Earth
L/
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Aristotle’s Theory:

Galileo’s Experiment:
1. Objects move only as

1. Objects keep moving

long as we apply a after we stop applying a
force to them force (if no friction)

2. Falling bodies fall at 2. Falling bodies
a constant rate accelerate as they fall

3. Heavy bodies fall 3. Heavy bodies fall at the

faster than light ones same rate as light ones






Newton’s Laws of Motion and Gravitation
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Aristotle’s Theory:
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Newton’s Laws of Motion and Gravitation

Aristotle’s Theory: Galileo’s Experiment:

1. Objects move only as
long as we apply a
force to them

2. Falling bodies fall at ’)
a constant rate

3. Heavy bodies fall 3
faster than light ones

1. Objects keep moving
after we stop applying a
force (if no friction)

. Falling bodies
accelerate as they fall

. Heavy bodies fall at the
same rate as light ones



The Equivalence Principle  Einstein (1907)

Acceleration due to motion and due to gravity are equivalent



The Equivalence Principle

KA object freely-falling m

a uniform gravitational
field inhabits an
Inertial frame in which
all gravitational forces
have disappeared, and
Newton’s laws of

\ motion apply. /

S82E5279 1997:02:14 10:52:42



The Equivalence Principle

KA object freely-falling m

a uniform gravitational
field inhabits an
Inertial frame in which
all gravitational forces
have disappeared, and
Newton’s laws of

\ motion apply. /

But only local over region for
which gravitational field is uniform.

S82E5279 1997:02:14 10:52:42



The Equivalence principle also predicts the bending of

light by a gravitational field... (Einstein 1911)
at time t=0
Light enters lift horizontally at X, at Uniform gravitational
. : : field, g
instant when lift begins to free-fall. Light path A . l
LA A
Observer Ais in an inertial frame.
Must see light reach opposite wall L
at Y (same height as X), in
agreement with Special Relativity. J after time t=L/c
To be consistent, observer B 5
outside lift must see light path as Jﬁ

curved, interpreting this as due to
the gravitational field
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ensed galaxy at z = 5.58

. i .
Distant Object Gravitationally Lensed by Galaxy Cluster Abell 2218
Hubble Space Telescope « WFPC2

NASA, ESA, R. Ellis (Caltech) and J.-P. Kneib (Observatoire Midi-Pyrenees) ® STScl-PRC01-32




The Equivalence principle
also predicts gravitational
redshift...

Light enters lift vertically at F, at
instant when lift begins to free-fall.

Observer A is in LIF. Must see light
reach ceiling at Z with unchanged
frequency, in agreement with SR.

To be consistent, observer B
outside lift must see light as
redshifted, interpreting this as due
to gravitational field.

at time t=0

Uniform gravitational

field, g

|

I Light path

after time t=h/c




The Equivalence principle also predicts gravitational
redshift...

Tiny effect, but measured at Harvard in the 1960s:
Pound-Rebka experiment



The Equivalence principle
also predicts gravitational
redshift...

Light enters lift vertically at F, at
instant when lift begins to free-fall.

Observer Ais in LIF. Must see light
reach ceiling at Z with unchanged
frequency, in agreement with SR.

If the frequency of light were
used as a clock, this implies that
clocks run more slowly in a
stronger gravitation field.

Einstein (1907)

at time t=0

Uniform gravitational

field, g

|

I Light path

after time t=h/c




WWW.QgPS.goV

I The Global Positioning System (GPS) is a
U.S. space-based radionavigation system
that provides reliable positioning,

navigation, and timing services to civilian users on a

continuous worldwide basis -- freely available to all.

For anyone with a GPS receiver, the system will

provide location and time. GPS provides accurate

location and time information for an unlimited

GLOBAL POSITIONING SYSTEM niciitewen o e
Serving the World

Relativity

According to the theory of relativity, due to their constant movement and height relative to the Earth-centered
inertial reference frame, the clocks on the satellites are affected by their speed (special relativity) as well as
their gravitational potential (general relativity). For the GPS satellites, general relativity predicts that the atomic
clocks at GPS orbital altitudes will tick more rapidly, by about 45.9 microseconds (us) per day, because they
are in a weaker gravitational field than atomic clocks on Earth's surface. Special relativity predicts that atomic
clocks moving at GPS orbital speeds will tick more slowly than stationary ground clocks by about 7.2 ps per
day. When combined, the discrepancy is about 38 microseconds per day; a difference of 4.465 parts in
1010.[23]. To account for this, the frequency standard onboard each satellite is given a rate offset prior to
launch, making it run slightly slower than the desired frequency on Earth; specifically, at 10.22999999543
MHz instead of 10.23 MHz.[24] Since the atomic clocks on board the GPS satellites are precisely tuned, it

makes the system a practical engineering application of the scientific theory of relativity in a real-world
environment.




WWW.QgPS.goV

GLOBAL POSITIONING SYSTEM
Serving the World

There is no better illustration of the unpredictable payback of fundamental
science than the story of Albert Einstein and the Global Positioning
System [GPS] . . . the next time your plane approaches an airport in bad
weather, and you just happen to be wondering "what good is basic
science, " think about Einstein and the GPS tracker in the cockpit, guiding
youi to a safe landing.

—Clifford Will



