Welcome

back
to 8.033!

Alexander Friedmann
1888-1925 (1922 paper)

“As Copernicus made the Earth go round
the Sun, so Friedmann made the Universe
expand.”

I mage courtesy of Wikipedia. (1993 bIOgraphy)



o
/\ ______ )/ Summary of GR so far:

Figure by MIT OCW.

» Unification: gravitatation equivalent to acceleration
(accelerating frame indistinguishable from gravitational field)
e Law of motion: you move along geodesic

« Key to problem solving: working with metrics,
variational calculus



In GR, it’s convenient to use units where ¢ = G = 1, simplifying

these metrics: . . .
|mplies special relativity

Minkowski metric:

dr? = dt? — dz? — dy® — dz?

|mplies both gravitational

redshift and Newtonian gravit
dr? = (1 +2¢)dt* —dx™ — dy” —

Newtonian metric:

(Why?)

Minkowski metric in polar coordinates:

dr? = dt* — dr® — r*d6” — r? sin® Odp”

Friedman- Robertson-Walker (FRW) metric:

dr?
1 — kr2

dr? = dt* — a(t)? ( + r2d6? + r?sin? Gdgoz)

Schwartzschild metric (rs = 2M):

M M\ !
dr* = (1 — —) dt* — (1 — —) dr® — r?d#* — r* sin® 6de?,

T T



e In GR, it’s convenient to use units where ¢ = G = 1, simplifying
these metrics:

e Minkowski metric: Impliesspecial relatiVity

dr? = dt* — dz* — dy? — dz?

Newton i Implies both gravitational
* Tewtoniah metric: redshift and Newtonian gravity
dr? = (1 + 2¢)dt*

— dz?® — dy® — dz*

¢ = —-MGIr, so how much time elapses on a clock
- at rest far away?

- moving far away?

- at rest on the ground?

-In GPS satdllite?



e In GR, it’s convenient to use units where ¢ = G = 1, simplifying
these metrics:

e Minkowski metric:

dr? = dt? — dz? — dy* — dz*

e Newtonian metric:

dr* = (1 — 2¢)dt* — dx* — dy* — dz*

e Minkowski metric in polar coordinates:

e Schwartzschild metric (rs = 2M):

~1
dr? = (1 - T—'S) d(ct)* — (1 - E) dr® — r2df?* — r? sin” 6dy?,

T T



MIT Course 8.033, Fall 2006, Lecture 17
Max Tegmark

Today’stopic. Cosmology 1/4
e The FRW metric

» Expansion of the Universe

e Age of the Universe

e Brief history of the Universe



Key formula summary

e FRW metric:

d 2
dr? = dt* — a(t)? (1 —kar2 + r2df? + r*sin® E»‘dtpz)
e Hubble parameter: |
a
H=-
a

e Dimensionless current Hubble parameter:

h = Hy/(100km s~ "Mpe ') = Hy x 9.7846Gyr



¢ Friedmann equation:

g2 _ gnG kc?
3 a?

= HF[Q,(014+ )"+ Qm(1 + 2)° + Q1 + 2)% + Q4]

e Cosmological parameter measurements (2005):

— £ = 0.05,

— 4 =~ 0.25,

— O ~=0.7,

— ) =0,

— h = 0.70,

— Q=80+ Q4 = 0.3,

e Age of the Universe at redshift z:




KEY FACT 1.
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Hubble Ultra Deep Field

HST = ACS
: £ .- i 7 * 2 .‘.: 2 L =% - '
g . - - Y i = g 5 S ¥
¥ ™,
i L] " a . g o ] ' T
. ‘: ~ Tl : ' » e
= i = s . 5 : o
¥ o LR d - 1 5
»> a8
i L] . 5 r‘ & - o .
T . a W P C - -
% . e - A i - - I.
Lo 7 ) . o :
L Y " e -’ = Fow = ] 4 o
! F . = A s R u .
l‘. A ‘ .J;_.- H ) P T ] I
- I’ o - i Ll
‘ S - 2 - ; ' u R
i - % - _" -
- ,‘ . .o . S e i
. . L 3 ." ? e T
a & . w e 3 [ e 5
- X i * T . 1 E
1 3 s . K J
. 2 - L 3 _-‘n."rx e
- ey - g : :
s ; ; 3 7} . "-.. + = ; L L 3 ) .
I # L ¢ . 5 B, Y = .
= A : : . . S i .
o % y o 3 :
L f - . - Sl -
7 R g B i » ;
L o A "y - s b
? {2 = I_Hr .f -'* #
- o - . . L8 ; ! " L
5 k » - " 3 P‘- ¥ £ l \ . |
% il L L L F . A i i 3
it 81 L ’ . 3 : e w e
F T b ] .
o '-4“ "_ o - : ; 7 : \_ ,'..
’ a F - e o [ = . L
A9 % et - ik o y s )
- " ™ ~ 3 . : 2 r'-"r
! Thaac g ’ =
. 3 Y “-I'i' e W]
.. . . 5 5 3 o .r .
v : v / : . T
A = e .
NASA, ESA, S. Beckwith {STScl) and The HUDF Team

STScl-PRC0O4-07a
I mage courtesy of NASA.
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Image of Kitt Peak observatory, courtesy of Wikipedia



I mage courtesy of Enoch Lau/Wikipedia.
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HST = ACS
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MNASA, ESA, S. Beckwith (STScl) and The HUDF Team STScl-PRC04-07a

Image courtesy of NASA



Density fluctuations
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Alexander George Lemaitre 1894- Arthur Geoffrey

Friedmann 1936 Walker 1909-7?
1888-1925 (Belgian; indep. 1927 (British; 1935 paper
RUSS a1 192 paper) with H P Robertson
(Russian; 1922 V. showed that FLRW

paper) metricisonly

homogeneous &
MIT PhD! |Sotropic metric)



Key formula summary

e FRW metric:

d 2
dr? = dt* — a(t)? (1 —Tkr2 + r2df?* + r*sin® 6‘dc,a:=2)

L et’sderive some implications!

¢ Hubble parameter:

a

H

(1

e Dimensionless current Hubble parameter:

h = Hy/(100km s "Mpc ') ~ Hy x 9.7846Gyr
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Figure by MIT OCW.



Figure 8 from "What is the Universe made of? How old is it?" by Charles Lineweaver.
http://arxiv.org/pdf/astro-ph/9911294
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