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Ptolemy made a universe, which lasted 1400 years. 
Newton also made a universe, which has lasted 300 years. 

%ÉÎÓÔÅÉÎ ÈÁÓ ÍÁÄÅ Á ÕÎÉÖÅÒÓÅȟ ÁÎÄ ) ÃÁÎȭÔ ÔÅÌÌ ÙÏÕ ÈÏ× ÌÏÎÇ ÔÈÁÔ ×ÉÌÌ ÌÁÓÔȢ 
George Bernard Shaw, 28 October 1930 



Aurora And Milky Way 



570 BCE to 300 BCE  

Pythagoras, Plato, 
Euclid 

Pure Mathematics 
Underlies The 

5ÎÉÖÅÒÓÅȭÓ 3ÔÒÕÃÔÕÒÅȟ 
Not Gods 

600 BCE to 200 CE 

Anaximander, Heraclides, 
Aristarchus, Eratosthemes, 

Hipparchus, Ptolemy 
Careful, Sophisticated 

Observations Necessary To 
Understand The Universe 

 
 

Babylonian Astronomers Make 
Careful Observations For Calendars, 

Astrology, & Fearful Eclipses   
c. 1580 BCE 

 

1500 to present 

Copernicus, Newton, 
Einstein, Lemaitre, 

Weinberg, Hawking, Guth 
 

1570 to present 

Galileo, Cassini, Brahe, Kepler, 
Herschel, Messier, Slipher, 
Hubble, Penzias & Wilson 

 



The Moon Passes Through  
4ÈÅ %ÁÒÔÈȭÓ 3ÈÁÄÏ×      Aristarchus 



    Copernicus (1473-1543) 

¸Reclusive Polish canon, who put the Sun back at the 
center of the Universe using mostly observational 
data from Ptolemy and later Arab astronomers. 

¸His Sun-centered system improved predictive techniques for 
planetary positions, but epicycles and detents remained.  

¸He printed a few copies of Commentariolus outlining his new 
heliocentric model ÉÎ ÔÈÅ ÅÁÒÌÙ ΧΫΦΦȭÓȢ 

¸His 1543 book, De revolutionibus orbium coelestium, is 
packed with data, formulas, tables, and diagrams that 
were only useful to skillful astronomers, yet it started 
The Copernican Revolution.  



Tycho Brahe &  
Johannes Kepler  

¸Brahe (1546-1601) developed a superbly 
instrumented observatory before telescopes.  

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

¸Kepler (1571-ΧάΩΦɊȟ "ÒÁÈÅȭÓ ÄÉÓÃÉÐÌÅȟ ÁÎÄ Á ÓÕÐÅÒÂ 
observer, discovered that planets travel in elliptical 
orbits (1609) with the Sun located at one focus of 
the ellipse. [+ÅÐÌÅÒȭÓ 1st law of planetary motion] 

¸Kepler published Astronomia Nova in 1609. 



   Galileo Galilei (1564-1642) -
The First Truly Modern Scientist. 

¸He developed the experimental data and                       
the mathematical equations that describe                    
the motion of falling objects on Earth. 

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

¸(Å ÒÅÁÄ #ÏÐÅÒÎÉÃÕÓȭÓ De Revolutionibus and agreed 
that planets revolve around the Sun; he insisted it was 
a fact of nature. 

 



'ÁÌÉÌÅÏȭÓ 4×Ï 'ÒÅÁÔ 0ÕÂÌÉÃÁÔÉÏÎÓ 

¸First to point a telescope at the heavens. 
Discovered Venus has phases like our Moon, an 
important proof against the Ptolemaic system. 
$ÉÓÃÏÖÅÒÅÄ *ÕÐÉÔÅÒȭÓ ÍÏÏÎÓ ÁÎÄ ÍÏÕÎÔÁÉÎÓ ÏÎ ÏÕÒ 
Moon. The Starry Messenger ( Sidereus Nuncius 
1610) contains his telescopic observations. 

¸His 1638 masterpiece, Dialogues Concerning the Two 
New Sciences, was published in Leyden.  

¸He developed the principle of Galilean relativity: no 
experiment inside a closed capsule can measure its 
velocity; only observable relative to other objects. 

 



'ÁÌÉÌÅÏȭÓ 2ÅÆÒÁÃÔÉÎÇ 4ÅÌÅÓÃÏÐÅ-1609 
 

Galileo discovered stars not visible with the naked eye; he 
found that the Milky Way was comprised of myriads of stars. 



Newton (1643-1727), Gravity, 
And Absolute Space  & Time 

¸ .Å×ÔÏÎ ÔÏÏË 'ÁÌÉÌÅÏȭÓ ÇÒÁÖÉÔÙ ÅÑÕÁÔÉÏÎÓ ÆÏÒ ÆÁÌÌÉÎÇ ÂÏÄÉÅÓ ÏÎ %ÁÒÔÈ 
and extended them to the whole Universe. He showed 
mathematically that an instantaneously acting 1/R2 gravity force 
produces +ÅÐÌÅÒȭÓ elliptical orbits.  

¸ .Å×ÔÏÎȭÓ ÐÕÂÌÉÓÈÅÄ ÈÉÓ ÍÁÓÔÅÒÐÉÅÃÅȟ Philosophiae naturalis principia 
mathematica, in July 1687. 

¸ Newton believed in Absolute Space and Time. Positions and 
movements are with respect to Absolute Space and behind our 
measurements is an Absolute Time that God perceives.  

¸ He believed the Universe is infinite since God was infinite (and to 
keep all masses from agglomerating into one mass at the center!). 

¸ Using relative luminosities, he measured the distance to stars. He 
invented the reflecting telescope, widely used to the present time. 

 



4ÈÅ /ÂÓÅÒÖÅÄ 5ÎÉÖÅÒÓÅȭÓ 
Status In 1900 

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

¸7ÉÌÌÉÁÍ (ÕÇÇÉÎÓȭ ɉΧήΨΪ-1910) spectroscopy showed that stars 
were made from the same elements we observe on Earth.  

¸ Charles Messier, on a roof in Paris, found 110 non-star objects.  

¸ Discovered Uranus and Neptune, but telescopic observations 
were limited by the size of light-gathering optics, poor 
detector sensitivity, and increasing air and light pollution. 

¸-ÅÒÃÕÒÙȭÓ ÏÒÂÉÔ ÄÉÄ ÎÏÔ ÏÂÅÙ .Å×ÔÏÎȭÓ ÌÁ×Ó ɉUrbain Le Verrier, 
1859). Physicists could not find a medium (aether) for light 
waves; light did not obey Galilean relativity. 

 

 

 



Spectroscopy Of Stars 



0ÌÁÎÅÔÓ Ǫ %ÁÒÔÈȭÓ  
Moon 



   EinsteinȭÓ 4ÈÅÏÒÙ ÏÆ  
General Relativity (1915) 

¸2ÅÐÌÁÃÅÓ .Å×ÔÏÎȭÓ ÔÈÅÏÒÉÅÓ ÏÆ ÇÒÁÖÉÔÙ ÁÎÄ ÃÏÓÍÏÌÏÇÙȢ  

¸Eliminates action at a distance.  

¸Agrees with all observations from 1915 to present. 

¸Key Ideas: The Equivalence Principle and local physics is the 
same regardless of motion, even accelerating motion. 

¸Uses a non-Euclidean (Riemannian), 4-dimensional 
space-time geometry with non-linear field equations 
and 4-dimensional tensors to describe the Universe.  

¸Mass and energy distributions determine the space-time 
geometry.  

¸ Objects move on geodesics through the curved space-time.  

 



General Relativity  
         Equation 

Rʈʉ  Ͼ ½Rgʈʉ + ɤÇʈʉ  Ђ ɉήʌ'ȾÃ
4) Tʈʉ 

ɤ is the famous cosmological constant. 

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

The subscripts, ʈ and ʉ, represent sums over the 4 
space-time dimensions . The equation above expands 
to 16 non-linear differential equations. 

 



4 Key Tests of General Relativity 

¸-ÅÒÃÕÒÙȭÓ orbital precession. (Urbain Le 
Verrierȟ ΧήΫήȟ Ǫ %ÉÎÓÔÅÉÎȭÓ ÃÁÌÃÕÌÁÔÉÏÎȟ ΧίΧάɊ 

¸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 decay due to emission of gravitational 
waves. (Hulse &Taylor, 1974) 

 

 



Early Black Hole Calculations 

¸In 1915, the German astronomer Karl Schwarzschild 
ÓÏÌÖÅÄ %ÉÎÓÔÅÉÎȭÓ ÅÑÕÁÔÉÏÎÓ ÆÏÒ ÔÈÅ ÓÐÁÃÅ-time 
around a single spherical mass. By varying its radius 
ÁÎÄ ÍÁÔÔÅÒ ÄÅÎÓÉÔÙȟ ÈÅ ÄÉÓÃÏÖÅÒÅÄ ÔÈÅ Ȱ"ÌÁÃË (ÏÌÅȢȱ 

¸Subrahmanyan Chandrasekhar showed in 1935 that 
relativistic quantum mechanics predicted that 
certain white-dwarf stars could become Black 
Holes. 

¸Robert Oppenheimer with his student Hartland 
3ÎÙÄÅÒ ÃÁÌÃÕÌÁÔÅÄ "ÌÁÃË (ÏÌÅȭÓ ÅØÉÓÔÅÎÃÅ ÉÎ ΧίΩί 
while studying the life endpoint of neutron stars. 



A Black Hole Over The 
Smithsonian Institute Castle 



Star Orbiting A Black Hole At 
Center Of Milky Way Galaxy 

 



,ÅÍÁÉÔÒÅȭÓ %ØÐÁÎÄÉÎÇ 5ÎÉÖÅÒÓÅ 
3ÏÌÕÔÉÏÎ 4Ï %ÉÎÓÔÅÉÎȭÓ %ÑÕÁÔÉÏÎÓ 

¸ George Lemaitre (1894-1966), an MIT 
graduate student and RC Belgian 
priest, developed an expanding 
universe solution tÏ %ÉÎÓÔÅÉÎȭÓ 'ÅÎÅÒÁÌ 
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 
(ÕÂÂÌÅȭÓ ,Á×ȟ v=Hd, and estimate 
(ÕÂÂÌÅȭÓ ÃÏÎÓÔÁÎÔȟ (Ȣ 

¸ Lemaitre proposed the hypothesis of 
ÔÈÅ ÐÒÉÍÅÖÁÌ ÁÔÏÍ ÏÒ Ȱ#ÏÓÍÉÃ %ÇÇȱȟ 
ÌÁÔÅÒ ÃÁÌÌÅÄ ÔÈÅ Ȱ"ÉÇ "ÁÎÇȢȱ 



The Big Bang 
 Theory 

¸ Vesto Slipher ÄÉÓÃÏÖÅÒÅÄȟ ×ÉÔÈ ÔÈÅ ,Ï×ÅÌÌ /ÂÓÅÒÖÁÔÏÒÙȭÓ ΨΪȱ 
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 of galactic 
distances with 3ÌÉÐÈÅÒȭÓ red shift measurements to show that 
the Universe is expanding and had a beginning (by 
extrapolating back in time).  
¸ (ÅÎÒÉÅÔÔÁ ,ÅÁÖÉÔÔȭÓ vital discovery of Cepheid variable stars in 

1912 gave Hubble a distance scale. 

¸ The Big Bang Theory is the leading explanation about how the 
universe developed. It hypothesizes that the Universe started 
with a singularity, then expanded over the next 13.8 billion 
years to the cosmos we observe today. 


