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If motion takes longer than

“negative gravity” or

“repulsive gravity.”

“Though agood deal istoo s
strange to be believed, £
nothing istoo strangeto have <
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Einstein’s General Relativity

What causes gravity?
Newton’s answer: mass.

— Force of gravity between what’sin the
sphere and test mass m

F=GM m/R2,
Einstein’s answer: mass and
pressure

— Force of gravity between what'sin the
sphere and test mass m

F=G (M + 3PV/c?) m/R2
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” -0.5- 4
happened.” —Thomas Hardy
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+ Einstein’sanswer: mass and pressure A4 0 0 06
F=G (M + 3PV/c2) m/R2. [ -
+ Newton's Law of gravity T =M WP v o , 0+
F=GM mR2 0 0 (% 0
+ Einstein's Law of gravity 0 0 0 (W%
Curvature of space = 8pG Mass-Pressure
G=8pGT
— Object feels curvature of space and changesits
momentum
— Gand T aretensors having 16 components A 0 0 06
 Ordinary matter has little pressure because [ +
speed ismuch smaller than c. T om0 0
3PV/c2= M (v/c)2. e S0 0 4 O
« Radiation has positive pressure §o 00 %E

3PV/c2=M.
F=G2M m/R2
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. Write the force of gravity for the case of the

Cosmological Constant

Einstein’s answer: mass and pressure A4 0 0

Force: F=G (M + 3PV/c?) m/R2. %
Einstein's Law of gravity T,
Curvature of space = 8pG Mass-Pressure

— Object feels curvature of space and changesits
momentum

Ordinary matter haslittle pressure because speed is gﬁ
much smaller than c. 0
3PVIC2 = M (vic)2. Ta =M IV,
Radiation has positive pressure §0
3PV/c2=M.
Force F=G 2M m/R2.
Einstein in 1920s: My equations of gravity allow
“cosmological constant” A 0
— T, hassame mathematical propertiesas Ty ad T S99
T =M /vg
cosmological constant. Watch the signs. 0
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Cosmological Constant

Einstein’s answer: mass and pressure A4 0 0 0

Q
 Force: F=G (M + 3PV/c?) m/RZ. go ) o o=
Einstein's Law of gravity T =MIVES 70 ) 0
Curvature of space = 8pG Mass-Pressure 5 0 6 % T
G=8pGT <)o
— Object feels curvature of space and changes its
momentum ad 0 0 06
Einstein in 1920s: My equations of gravity allow Qo 10 oZ
“cosmological constant” =EMIVE 01 ot
— T, has same mathematical properties as T e and Toa §O 0 (3) JI
—  Pauli: “What is not forbidden is mandatory.” 30
. Write the force of gravity for the case of the
cosmological constant. Watch the signs.
F=G(M-3M)mR2 gé 0 0 09
F——C'%2Mm/.R?. TCC:M/VQO -1 0 OI
— Repulsive gravity 0 -1 07
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Weighing the Universe
with the Wilkinson Microwave
Anisotropy Probe (WMAP)

Radiation from the Big Bang
separated from matter when
universe became neutral (not
ionized) at a=0.001.
CBRisasnapshot of U at
300,000 yr.

Motion: universe expands from
a=0.001to 1

Timing: Observe the
temperature ripples, which have
alength (age of

Universe)* (speed of light)

Temperature of radiation from BB
Ast 207 F2005 from WMAP

What is the UniverSeaias

Spherical sample of uniterse. R=moon’s orbit. Sar
— 3 0z of ordinary matter‘
— 11b of dark matter .
— 3lbof dark energy ..'
Ordinary matter—protons, heutrons, electro
— Stars, gas, dust, planets, us |

= vaatter =4%

Dark matter—not detected e1<cept throu afa
= Wiark matter = 23%
Light
— Mass density is small nows Dominant before.uniyé
old

Cosmological constant or dark energy
— Repulsive
— Wasmological coreta NS0

W, + W, + W,

‘matter ‘dark matter ‘cosmological conslant
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