
MiscMisc
1. 1. Final exam is scheduled for Final exam is scheduled for Monday, March 17, 1:30Monday, March 17, 1:30--
3:30PM here in KPTC 1063:30PM here in KPTC 106. . 

2. Second midterm is next Wednesday, usual class time (will 2. Second midterm is next Wednesday, usual class time (will 
be proctored by Dr. Brant Robertson and TAs). be proctored by Dr. Brant Robertson and TAs). 

3. Class grading curve (tentative, can be somewhat adjusted 3. Class grading curve (tentative, can be somewhat adjusted 
later this month)later this month)

> 85%   = A> 85%   = A
7070--85% = B 85% = B 
5555--70% = C70% = C
4040--55% = D55% = D
< 40%   = F< 40%   = F

4. Today, we are covering material of 4. Today, we are covering material of S 22S 22--2, 262, 26--2, 262, 26--33



A new General TheoryA new General Theory
of Relativity & Gravityof Relativity & Gravity

In 1907-1915, in a series of papers, Einstein developed a new theory of 
gravity based on two key observations: 

1. Inertial mass appeared to be equivalent to the gravitational mass
2. Effect of gravity is mimicked by acceleration



Weightlessness in freeWeightlessness in free--fallfall
gravitygravity--like feeling in accelerationlike feeling in acceleration

NASANASA’’s 20s 20--g centrifugeg centrifuge



Theory of General RelativityTheory of General Relativity

The famous equation of Einstein’s general 
relativity can be written simply as: 

Where geometry refers to a measure of how 
curved the space is

Unfortunately, in practice the mathematical 
description of curvature and of matter content 
and energy is quite involved…

“The theory appeared to me then, and still does, the greatest feat of human thinking about 
nature, the most amazing combination of philosophical penetration, physical intuition, and 

mathematical skill. But its connections with experience were slender. It appealed to me like a 
great work of art, to be enjoyed and admired from a distance. – Max Born
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An analogyAn analogy……

““SpacetimeSpacetime grips mass, telling it how to move, and mass grips grips mass, telling it how to move, and mass grips spacetimespacetime, , 
telling it how to curvetelling it how to curve”” –– John Archibald Wheeler. John Archibald Wheeler. 







Strongly curved space around black hole
And gravitational lensing

LensingLensing of the Castle (Mall, Washington, DC) by a of the Castle (Mall, Washington, DC) by a 
black hole with the mass of Saturnblack hole with the mass of Saturn

http://cfahttp://cfa--www.harvard.edu/~bmcleod/castle.htmlwww.harvard.edu/~bmcleod/castle.html



A simulation of a flight towards 
a black hole

Credit: Andrew Hamilton (Colorado University)
http://casa.colorado.edu/~ajsh/approach.html

trajectory



gravitational gravitational lensinglensing
as a test of GR theory as a test of GR theory 

Sir Arthur Sir Arthur 
Stanley Stanley 

EddingtonEddington

In 1919, Eddington went into expedition to the
island of Principe to observe the total solar eclipse

during the eclipse he observed stars in the 
stellar cluster called Hyades and he measured their
relative positions to other stars

Eddington measured that when Hyades stars were
close to the Sun they were deflected by ~1.6+- 0.3
arc seconds, which was consistent with the deflection
Angle of 1.75 arc seconds predicted by Einstein

This is considered as one of the first experimental 
confirmations of the GR, but the real story is more
complicated



(inverted) photograph(inverted) photograph
of solar eclipse in 1919of solar eclipse in 1919

some of the starssome of the stars
used to measure used to measure 

gravitational gravitational 
deflection of lightdeflection of light



All tests of GR can be separated into two types: weak field limit (i.e. 
testing GR when deviations from Newton's gravity are weak) and strong 
field limit (deviations from the Newton's law are large)

Weak field limit tests are numerous: 

bending of light by the Sun's gravity field
precession of planetary orbits (in particular Mercury’s)
time delay due to the Earth gravity 
gravitational redshift from white dwarfs

Jury is still out on the validity of the GR at the weakest fields (largest 
scales, evolution of the Universe).

Strong field limit tests are much more difficult to perform, but only they can 
convincingly confirm (or reject!) the GR: 

gravitational radiation from binary pulsars orbiting each other at relatively 
small separation (Nobel Prize in physics in 1993)

Tests of General RelativityTests of General Relativity



Einstein’s equations can be applied to 
the Universe as a whole, if one makes 
assumptions about what stuff contributes 
to the matter and energy density (r.h.s. of 
the equations) in the Universe and
assumes that universe is isotropic and 
homogeneous (on large scales) – aka 
the cosmological principle.

Contents of the Universe, defining its 
global curvature, are all existing 
components (protons, neutrons, 
hypothetical dark matter and dark 
energy) can contribute to gravity and can 
influence the rate with which the 
Universe expands



"I'm astounded by people who want to 'know' the universe when "I'm astounded by people who want to 'know' the universe when 
it's hard enough to find your way around Chinatown."it's hard enough to find your way around Chinatown."

- Woody Allen



Solution of EinsteinSolution of Einstein’’s equations of s equations of 
gravity is very complicated in generalgravity is very complicated in general

Merger of two black holes was numerically solved only three yearMerger of two black holes was numerically solved only three yearss
ago due to complicated warping of space accompanying such an eveago due to complicated warping of space accompanying such an event. nt. 

timetime
"Computers are incredibly fast, accurate, and stupid; "Computers are incredibly fast, accurate, and stupid; 
humans are incredibly slow, inaccurate and brilliant; humans are incredibly slow, inaccurate and brilliant; 
together they are powerful beyond imagination." together they are powerful beyond imagination." ----Einstein Einstein 



The Copernican principleThe Copernican principle

The Earth, the solar system, the Milky Way Galaxy, our 
cosmological neighborhood are not special locations



An extension is theAn extension is the
Cosmological principleCosmological principle

The Universe, on average, is homogeneous (equal in 
density and in other properties in different locations)  and 

isotropic (it looks the same in all directions)

Note that isotropy + Copernican 
principle = homogeneity

The cosmological principle and equations of 
the general relativity are key ingredients of 

the standard Big Bang model



1917. Einstein recognized the dynamic 
nature of his equations. The Milky Way 
did not appear to expand or contract, so 
he introduced a repulsive term, the 
cosmological constant, that was weak on 
scales of the solar system, but could 
counteract gravity on large scales

1917. Willem de Sitter solved Einstein’s 
equation for the ideal case of a universe 
with repulsive cosmological constant, but 
no matter. He showed that Einstein’s 
equations implied that in such a universe 
space would expand exponentially with 
different points of space receding from 
each other with velocities proportional to 
the distance
between them…

EinsteinEinstein’’s s ““biggest blunderbiggest blunder””

Willem de Sitter and Einstein
discuss non-static solution to the
Einstein’s equation of gravity



Alexander Friedmann
(1888-1925)

FriedmannFriedmann’’ss solutionsolution
1920-22. Alexander Friedmann derived a 
general solution to the Einstein’s equations 
using the Cosmological principle (homogeneity 
and isotropy) and published it in a German 
journal and forwarded paper to Einstein’s.

The solution showed that in general Universe 
is unstable and should either expand or 
contract, depending on the average density of 
matter and energy in it. 

Einstein at first thought that Friedmann’s
solutions were incorrect, but later 
acknowledged their validitiy. 



In the In the FriedmannFriedmann’’ss solutionsolution
the space itself is expanding or the space itself is expanding or 

contractingcontracting
Two dimensional analogy of an inflating balloon

(caution! This analogy is not entirely correct, as we do not know 
whether our Universe expands into any additional dimension. Rather 
the space itself is created)



Two sources of spectral line shiftsTwo sources of spectral line shifts

Usual spectral red- or blue-shift 
due to physical motion of objects 
away or towards observer

Red-shift due to expansion of space itself



Cosmological Cosmological redshiftredshift
due to expansion of spacedue to expansion of space

1+z = Rnow/Rthen = 1/Rthen

Where z corresponds to a Doppler-like shift of wavelength 
and frequency of light as the Universe expands from the 
epoch when scale factor is Rthen to the current epoch 
corresponding to Rnow. 

For example, z=1 corresponds to the epoch when the 
Universe was twice “smaller” than now. 



The paper that revolutionized 
cosmology 

1929. Hubble published his first
paper showing correlation between 
recession velocity and distance 
to the galaxy

“A Relation Between Distance and
Radial Velocity Among Extra-Galactic
Nebulae”

6 pages, 1 table, 1 figure



The last paragraph of the The last paragraph of the 
HubbleHubble’’s 1929 papers 1929 paper



Hubble constant:Hubble constant:
and the age of the Universeand the age of the Universe

Inverse of the Hubble constant has units of time 
and corresponds to the age of the Universe

If we use H to be ~500 km/s/Mpc, as estimated by 
Hubble, the age will be ~2 billion years.  


