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Abstract: How has the most celebrated scientific theory of the 20th century held up under the exacting scrutiny of planetary probes, radio telescopes
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This day and age we're living in
Give cause for apprehension
With speed and new invention
And things like fourth dimension

Yet we get a trifle weary

With Mr. Einstein’s theory

So we must get down to earth at times
Relax, relieve the tension

And no matter what the progress
Or what may yet be proved

The simple facts of life are such
They cannot be removed

Herman Hupfield © 1931 Warner Bros



This day and age we're living in
Give cause for apprehension
With speed and new invention
And things like fourth dimension

Yet we get a trifle weary

With Mr. Einstein’s theory

So we must get down to earth at times
Relax, relieve the tension

And no matter what the progress
Or what may yet be proved

The simple facts of life are such
They cannot be removed

You must remember this

A kississtillakiss . . ..

Herman Hupfield © 1931 Warner Bros
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Was Einstein Right?

*INTRODUCTION
*PUTTING GENERAL RELATIVITY TO THE TEST
* Light's Departure from the Straight and Narrow
* Mercury's Perihelion: From Trouble to Triumph
* Does Spacetime do the Twist?
* The Search for Gravity Waves
* Effect of Gravity on Time:
Einstein and Daily Life
* EPILOGUE
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Light’s Departure from the Straight and Narrow
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Light’s Departure from the Straight and Narrow
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Light’s Departure from the Straight and Narrow




The 1919 Eclipse Expedition: Principe
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Gravitational Lenses: Einstein's 6ift to Astronomy
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Distant Object Gravitationally Lensed by Galaxy Cluster Abell 2218 HST » WFPC2

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




Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum -:U’

- 1900 A turn-of-the century crisis
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of -the century crisis

Cause Rate (per century)
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of -the century crisis

Cause Rate (per century)
Venus 278 *
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of-the century crisis

Cause Rate (per century)
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of-the century crisis

Cause Rate (per century)
Venus 278 ”
Earth 90 *

Jupiter 154 *
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of -the century crisis
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Cause

Venus
Earth
Jupiter
Others

Rate (per century)
278

90 *
154

10°
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of-the century crisis
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Cause Rate (per century)
Venus 278
Earth 90 *
Jupiter 154
Others 10"
Total 532 "
Discrepancy 43 "
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of -the century crisis
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Cause Rate (per century)
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Jupiter 154 *
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph
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- 1900 A turn-of -the century crisis
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of-the century crisis
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Cause Rate (per century)
Venus 278

Earth 90 *

Jupiter 154

Others 10"

Total a3

Discrepancy 43 "

Modern value 42.98 + 0.04 "
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Mercury's Perihelion: from Trouble to Triumph

- 1687 Newtonian triumph

- 1859 Leverrier's conundrum

- 1900 A turn-of-the century crisis
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Cause Rate (per century)
Venus 278

Earth o0

Jupiter 154

Others 10"

Total a3

Discrepancy 43 "

Modern value 4298 + 004"
GR Prediction 42 98
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Gravity Probe B: The Experiment -- Gyroscopes
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The Search For Gr'avitaﬂonal Waves
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The Search For Gravitational Waves

SN o
Go Maple ™

Electro- ;Eﬂfs!f’

Magnetic

Waves

(light)

Gravita-

tional 3

Waves

irsa: 05100012 Page 51/74



The Search For Gravitational Waves

e

= S -
ﬁ 2 ~ Go Maple
: E
Electro- ;i“
Magnetic ' ﬂ
Waves -2
(ligh e
(light) Hertz 1887; practical uses
A_\ ®
Gravita-
tional ® ®
Waves &

—»‘4— o

irsa: 05100012 Page 52/74



The Search For Gravitational Waves

Leafs!
Electro- IR i

Magnetic
Waves
(light)

.___

Hertz 1887; pr'ﬂchcai uses

Gravita-
tional
Waves

Pirsa: 05100012 Page 53/74




The Search For Gravitaﬂonal Waves

ff.‘:}n Mﬂp};x“l
. i
Electro- ;E
Magnetic ' !ﬂ
Waves s
(ligh S
(light) Hertz 1887; practical uses
Gravita-
tional ® ®
Waves

irsa: 05100012 Page 54/74




Pirsa: 05100012 ' Page 55/74



The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16¢cps)
Orbit period: 8 hours N

Pp = 0.059029997929883 + 7 sec
, = 27906.9807804 + 6 sec

irsa: 05100012 Page 56/74



The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16cps) ,
Orbit period: 8 hours NG
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P, = 0.059029997929883 + 7 sec
. = 27906.9807804 + 6 sec

-Binary systems emit gravitational waves
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The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16¢cps)
Orbit period: 8 hours NG

- =t 2 P, = 0.059029997929883 + 7 sec
g 39 P, = 27906.9807804 + 6 sec

-Binary systems emit gravitational waves
-Gravitational waves carry energy
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The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974 e =
Pulse period: 59 ms (16cps) { =~
Orbit period: 8 hours ‘ ~ ‘

P, = 0.059029997929883 + 7 sec
P, = 27906.9807804 + 6 sec

-Binary systems emit gravitational waves
-Gravitational waves carry energy
-System loses energy, spirals inward
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The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16¢cps)
Orbit period: 8 hours
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P, = 0.059029997929883 + 7 sec
P, = 27906.9807804 + 6 sec

-Binary systems emit gravitational waves

-Gravitational waves carry energy

-System loses energy, spirals inward

Orbit period decreases at a predicted rate
0.0000758 seconds/year
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The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
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-Binary systems emit gravitational waves

-Gravitational waves carry energy

-System loses energy, spirals inward

-Orbit period decreases at a predicted rate
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The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16¢ps)
Orbit period: 8 hours
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P, = 0.059029997929883 + 7 sec
P, = 27906.9807804 + 6 sec

-Binary systems emit gravitational waves
-Gravitational waves carry energy
-System loses energy, spirals inward
-Orbit period decreases at a predicted rate
0.0000758 seconds/year
‘Observed rate
irsa: 05100012 0.0000759 - 2 SECDndS/ year Page 62/74




The Binary Pulsar: Gravitational Waves Exist!

Discovery: 1974
Pulse period: 59 ms (16cps)
Orbit period: 8 hours
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-Binary systems emit gravitational waves
-Gravitational waves carry energy

-System loses energy, spirals inward

Orbit period decreases at a predicted rate
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Interferometers Around The World

LIGO Hanford 4&2 km

GEO Hannover 600 m

TAMA Tokyo
3m m Page 64/74

| TGO | ivinactan 4 km Virgo Cascina 3 km



LISA: a space
interferometer
for 2013




Gravity's Effect on Time =

NASA smithsonian 10.000 km
Gravity Probe A (1976) -~

7 ~
 General Relativity: "

Clocks at altitude tick faster than
Clocks on the ground

Special relativity:

Moving clock ticks slower than

\__ stationary” clocks . 66/74//




General Relativity and Daily Life

The Global Positioning System (6PS)

u_imﬁ__ Navigation Requirement: 15 m © 50ns

13 satellites im & Orbitai Planes
4 satellites im each Plame

20200 km Alimedes. 5 Degree Inclination
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Gravity's Effect on Time )

'*. \JL,/J
NAS.A smithsonian £ 10,000 km
Gravity Probe A (1976) o
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General Relativity:

Clocks at altitude tick faster than
Clocks on the ground

Special relativity:

Moving clock ticks slower than
\__stationary” clocks -/
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General Relativity and Daily Life

The Global Positioning System (6PS) ‘ ’

\ >
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(: PS “aminal Constellation
13 satellites im & Orbitzi Plapes
4 Satellites in each Plane
20200 km Altitedes, 35 Degree Inclinaton
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General Relativity and Daily Life

The Global Positioning System (6PS)

csduz NEES -

um,.m(_m” Navigation Requirement: 15 m © 50ns

14 satellites im & Orbitl Planes
4 satellites im each Plame

20,200 km Altimades, 5 Dezree Inclinaten

Relativistic effects: 39,000 ns per day!

AR N

GR = 46,000 SR = -7,000
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General Relativity and Daily Life

The Global Positioning System (GPS) 0 .

Navigation Requirement: 15 m © 50ns

G PS Sominal C onstellation
14 Satellites im & Orbital Planes
4 satellites in each Plame
20200 km Altitedes. 55 Degree Inclination

Relativity must
be taken into

account, for GPS
to function
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Was Einstein Right?

*INTRODUCTION
*PUTTING GENERAL RELATIVITY TO THE TEST
* Light's Departure from the Straight and Narrow
* Mercury's Perihelion: From Trouble to Triumph
* Does Spacetime do the Twist?
* The Search for Gravity Waves
* Effect of Gravity on Time:
Einstein and Daily Life
* EPILOGUE
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