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Ptolemy made a universe, which lasted 1400 years.
Newton also made a universe, which has lasted 300 years.
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George Bernard Shaw, 28 OctohE930



Aurora And Milky Way




Babylonian Astronomers Make
Careful Observations F@alendars,

Astrology, & Fearful Eclipses
c. 1580 BCE

570 BCE t800BCE 600 BCE to 200 CE
Pythagoras Plato, AnaximanderHeraclides
Euclid Aristarchus Eratosthemes
Pure Mathematics Hipparchus, Ptolemy

Underlies The Careful, Sophisticated
51 EOAOOAGC

Understand The Universe

1500 to present 1570 to present
Copernicus, Newton, Galileo, Cassini, Brah&gepler,
Einstein, Lemaitre, Herschel, MessieElipher
Weinberg, HawkingGuth Hubble, Penzias & Wilson




The Moon Passes Through
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Copernicus (1473.543) @

Reclusive Polish canon, who put thé&un back at the
center of the Universeusing mostly observational
data from Ptolemy and later Arab astronomers.

His Suncentered system improved predictive techniques for
planetary positions, but epicyclesand detentsremained.

He printed a few copies ofCommentariolusoutlining his new
heliocentric modelET OEA AAOI U XY®®d5O

His 1543 bookDerevolutionibusorbiumcoelestium is
packed with data, formulas, tables, and diagrams that
were only useful to skillful astronomers, yet it started

The Copernican Revolution.



TychoBrahe &
JohannesKepler

b B"fah’e"(15461601) developed a superbl
Instrumented observatory before telescopes.

. He discovered a bright new star, atella nova, on
11/11/1572. He showed that the Great Comet of
1577 was >6 times further away than the Moon.

_ Kepler(157tXa Qdgh " OAEAG6O AEC
observer, discovered that planets travel irelliptical
orbits (1609)with the Sun located at one focus of

the ellipse. [+ A B | 1& Bvd ddplanetary motion]

. Keplerpublished AstronomiaNovain 1609.



GalilleoGalilel (1564-1642)-
The First Truly Modern Scienti ™

_ He developed theexperimental data and e
the mathematical equationsthat describe
the motion of falling objects on Earth. e -

. He emphasizedexperimentation and mathematical
description of the results; although a pious Catholic,
he believed he could lead the Church into a new era of
natural philosophy.

L ~ ~ V4 — 4

that planets revolve around the Sunjhe insistedit was
a fact of nature.
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. First to point atelescopeat the heavens.

Discovered Venus haghases like our Moo an
Important proof against the Ptolemaic system.
$EOAT OAOAA * OPEOAOGO 111
Moon. The Starry Messenge( SidereusNuncius

1610 contains his telescopic observations.

. His 1638 masterpieceDialogues Concerning the Two
New Scienceswas published in Leyden.

. Hedeveloped the principle ofGalilean relativity: no
experiment inside a closed capsule can measure Its
velocity; only observablerelative to other objects.
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;i‘ . Newton (1643-1/727), Gravity,

f~ And Absolute Space & Time

.AxOI 1l OITE "AlIEI AT6O COAOEOU A
and extended them to the whole Universe.He showed

mathematically that an instantaneously acting 1/R gravity force
produces+ A B | elli@iéalorbits.

. AxOl 160 BOAI E OE Rilosdpla@natlirdliOpdikipi® E
mathematica, in July 1687
Newton believed inAbsolute Space and TimePositions and

movements are with respect to Absolute Spaceand behind our
measurements Is an Absolute Time that Gog@erceives.

He believed theUniverse is infinitesince God was infinite (and to
keep all masses fromagglomerating into one massat the center!).

Using relative luminosities, hemeasured the distance to stars. He
Invented the reflecting telescope, widely used to the present time.



4EA | AGAOOA @
Status In1900 |

The Universe was Newtonian and only 1000 lighgears in
radius. Friedrich Bessel, in 1838, measured th&stance (4-25
light years) to a few stars by parallax.

7EIT EAl ( OQU® bpedirosgopyrphiBivedhat stars
were made from thesame elements we observe on Earth

Charles Messier, on a roof in Paris, found 1X@n-star objects.

DiscoveredUranus and Neptung but telescopic observations
were limited by the size of lightgathering optics, poor
detector sensitivity, and increasing air and light pollution.

- AOAOOUG O | OARG OA B A Gibdin®exEddesd U
1859). Physicists could not find a medium dether) for light
waves; light did not obey Galilean relativity.



Relative Flux
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- Spectroscopy Of Stars
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Einsteind O 4 E A |
\«) General Relativity(1915)& ™
2 ADI ARAO . AxOii180 OEAI OF
Eliminates action at a distance

Agrees with all observationsfrom 1915 to present.

Key IdeasThe EquivalencePrinciple and local physics is the
same regardless of motion, even accelerating motion.

Uses anon-Euclidean(Riemannian), 4dimensional

spacetime geometry with non-linear field equations

and 4-dimensional tensors to describe the Universe.
Mass and energy distributionsdetermine the spacetime

geometry.
Objects move ongeodesics through the curved spacdéime.



General Relativity
Equation

1 '
R «C%2Rg ¥ C.B )\
¥ is the famous cosmological constant

On the left are the spacetime curvatures and
Riemann curvature tensor; on the right is the tensor
which contains the spacetime energy and momentum
densities. |.e., the curvature of spacetime equals the
distribution of matter plus energy.

The subscripts,t andd, represent sums over the 4
spacetime dimensions. The equation above expands
to 16 nontlinear differential equations.



4 Key Tests of General Relativity

N\ ~ (o d N\ N~ — Vd

. - AOA @bitaig@cession (Urbain Le
Verrieh XA YRnh O %EIT OOAEI
. Bending of light by masses such as Sun and
stars. (Arthur Eddington, 1919)

. Gravitational time dilation and gravitational
red shift. (Pound &Rebka 1959 & GPS)

. Orbital decaydue to emission of gravitational
waves. Hulse &Taylor, 1974)



Early Black Hole Calculations

. In 1915, the German astronomer Karl Schwarzschild
Ol | OAA %EI OOAEI 60 -ttnOAOE
around a single spherical mass. By varying its radius

AT A | AOOAO AAlT OEOUh EA A

. SubrahmanyanChandrasekhar showedn 1935that
relativistic guantum mechanics predicted that
certain white-dwarf stars could become Black
Holes.

. Robert Oppenheimer with his student Hartland
31 UAAO AAI AOI ACAA "1 AAE
while studying the life endpoint of neutron stars.



A Black Hole Over The

Smithsonian Institute Castle
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George Lemaitre (18941966), an MIT
graduate student and RC Belgian
priest, developed anexpanding
universe solutiontl %ET OOAE
Relativity equations in 1927.

Friedman and the Dutch astronomer
de Sitter had earlier derived similar
solutions, but were largely ignored

Lemaitre was the first to derive

( OAAT A &hd, antl estimate

( OAAI AGO Al 1T OOAT O
Lemaitre proposed the hypothesis of
OEA DPOEI AOAIT AOIT I
I AOAO AAI T AA OEA




The Big Bang
Theory

VestoSlipherAEOAT OAOAAh xEOE OEA
reflecting telescope, strong red shifts in about a dozen

galaxies,; he reported his findings in 1914 (Edwin Hubble was in
the audience).

Hubble in 1929 combined his measurements afjalactic
distanceswith 3 | E b ed\sDifd r@easurements to showthat
the Universe isexpanding and had a beginning (by
extrapolating back in time).
( AT OE A O O Aital, discaver ed@pheld variable stars in
1912 gave Hubble a distance scale.

The Big Bang Theory is the leading explanation about how the
universedeveloped. It hypothesizes that the Universe started
with a singularity, then expanded overthe next 13.8 billion
years to the cosmoswe observe today.



