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A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY
AMONG EXTRA-GALACTIC NEBULAE

By EpwiN HUBBLE
MouUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON

Communicated January 17, 1929
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FIGURE 1 ’

Velocity-Distance Relation among Extra-Galactic Nebulae.

Radial velocities, corrected for solar motion, are plotted against
distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.
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To calculate the Hubble Time

from the Hubble constant
Hy =73 km/s/Mpc

Mpc-s 60 x 3 x 10" km s
1/Hy = —
/ ! 73 km 73 km

300 x 107 s 1yr

~ 1.37 x 10"
73 3% 107 s X

WHlESR » T hehE#R X N5 137 R E



Arno Penzias (&) DL K Robert Wilson 7219654 F| f
AR BERERERZEARRREH T FEHMHEH
=4 (AEEZZWERIEA)




VA = Ay

round Explorer) 151 2
oy ) £



FHPTIIER 5 273K

<
~J

-
Ve
o
c
U
—
=
—

e
(:r,
b=

4 6
Wavelength (mm) —

COBE | & 3| ¥ H W F = ¥ 4T $12.726 Kiy &
BB A © BEAT s 8 2 % J)}Zﬁz\%l 1 mm







Cooler Warmer

(Aquarius)

|
|




o o BE S > TR A EE Y
T S RAER o M BB
T EE ¢ #0492 b F 359 1K 7 0.0003

JE 4




COBE 2_ {5 erylip|

The Wilkinson Microwave
Anisotropy Probe (\WIMAP)

N = e > 20014 % 54t

= 28 4.3k E Eg Balloon Obsrvatons of
Millimetric Extragalactic Radiation
and Geophysics (BOOMERANG), ¥

i L2 FEI0K - [ WA
t, COBE #1014



http://upload.wikimedia.org/wikipedia/commons/5/57/WMAP2.jpg
http://upload.wikimedia.org/wikipedia/en/b/be/Boomerang.jpg

WMAP 1 £ #& R oy X B B 379,0005F 2 1% - F HEa 4t

&F (IBF) oE - LB FIHEE 2.73K
= 7 %7 0.0003K - ﬁﬁ%@ﬁﬁéy\ 71| bk 354K 7 0.0003K -

y iy d|




anck and Cosmic Microwave Background

2013






))

H /N R T B A A

Bottom—Up Structure Formation

in a bottom—up scenario, small, dwarf galaxy—sized lumps form
first, then merger to make galaxies and clusters of galaxies

Top-Down Siructure Formation

in a top—down scenario, large pancakes of matter form first, than fragment
into galaxy—sized lumps

Structure formation: top-down versus bottom-up

http://abyss.uoregon.edu/~js/21st_century_science/lectures/lec27.html



Hot Dark Matier (HDM)

top—down scenarios require that dark matier be composed of a
weakly interaciing, high velocity particle

9 ) 0.99¢

a massive neuirino is a good candidate for an HDM particle

Cold Dark Matter (CDM)

botiom—up scenarios require that dark matter be composed of a
highly massive, slow moving particles

@

note that neither of these pariicles are baryons, the ordinary matter
makes up stars or planets
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100 Mpc

100 L\vlpcI

(@) Five galaxies spaced 100 Mpc apart

’ 150 Mpc

150 Mpc

(b) The expansion of the universe spreads the galaxies apa



Cosmological Redshift
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N\ s Original wavelength
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(@) A wave drawn on a rubber band ...
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/ Stretched (redshifted) wavelength

(b) ... increases in wavelength as the rubber band is stretched.







The dashed circle represents our
cosmic light horizon, a sphere

centered on the Earth. Light These galaxies lie within
from objects on this horizon is our cosmic light horizon,
only now reaching us. and so are part of our

observable universe.

All of the objects that we can
see with even the most
powerful telescopes lie within

. These galaxies lie outside our cosmic
our observable universe.

light horizon. Their light has been

Because the universe has continued to traveling toward us for 13.7 billion
expand the past 13.7 billion years, the years, but they are so far away that
radius of our cosmic light horizon is greater the light has not yet reached us.
than 13.7 billion light-years. The present Hence they are outside our present-

radius is about 47 billion light-years. day observable universe.



Radiation and Matter
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Energy density u c = 4x J
where J = F/mand u = p,,4 c? (cf. E=mc?)
S0, p,.g= 40T4c® and given T =2.725 K

Prag = 4.6 X 10731 kg/m3

Mass density hard to determine, clusters of

galaxies =2 P = 2.4 X 1027 kg/m3 EERATEGITINE
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The earlier the time, the
Average ener :
of parﬁdes %Y 1019GeV 101GeV 100 GeV higher the temperature and

| | the greater the energy of

:j":.ﬁ B{]?ﬁg 102K 107K 105K particles.

3. The strong force became distinct
from the electroweak force.

1. Initially all four forces
were equally strong.

Strong force

Electromagnetic force

Weak force

2. Gravity became a distinct :
force, weaker than the others. 4. The electromagnetic and weak forces

| became distinct, leaving a total of four forces.
! To
X%%Ziﬁ 104s 103®s 1012s the —— iﬁ&

present
Planck time




The most incomprehensible thing about the
Universe is that it is comprehensible.

- Einstein —
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Planck time;

gravity freezes out
Strong force freezes
out; inflation begins

Weak and Universe
electromagnetic transparent
forces freeze out to neutrinos

Confinement
(of quarks)

Synthesis of
primordial
helium

Universe
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to photons
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Initially, the universe The universe began a

(represented by the “slow roll” toward the

black dot) was in a lower-energy true

high-energy “false vacuum state, releasing

vacuum” state. energy that triggered a
tremendous expansion
of the universe.

True vacuum

the inflation field

—Value of the inflation field—

The universe “rolled”
back and forth around
the true vacuum
state, eventually
settling down in the
state of minimum
energy.

(a) The initial false vacuum (b) Inflationary expansion (c) Reheating




€ Inflation epoch z 4% » F H & w1 B 3K % A/ ° quarks,
electrons, protons < FE A ¥ F (AR A0 KORLF ) B %
H 3,

® FEBEEER REEF—HM (AT mBELE) AL
T&Wb%ﬁﬂﬁ%ﬁ

® L ABEMAEFEFNERA—IERET > JFHIHE - AR
7> quantum fluctuations » [F M. JE 52 £ 354 -

® T HEFEHENW #
->




|
s ,\/\/\> o— «A/vvv""“““‘f"

Earth Il (Leo)

]

(Aq uarlus)

B RFEHFET ZEH > KGR E Leo
0y 77 Te] » LA 371 km/s iy ig R IE B



=% | Local Group of galaxies » VA fr i fth FF{HE & > #F 8
= Hydra-Centaurus supercluster ﬁﬁﬁmﬁz%&

41,475 Hydra-Centaurus supercluster 2 & v 4% #[ (& 7 1] 1E &
AVE 3T R R E B A , BB B A
47~79 Mpc

F B 45 E 4y 100 Mpc 1y R Z B2 4% 11 &4 7~ <F (clumpy) » B
B ¥ AR E A 23 homogeneous and isotropic




Corona Borealis Bootes
Supercluster (0. 072) Su?ercluster
061) Coma Cluster (0.023)

Virgo Cluster (16 Mpc)

rcules
Supercluster (0.037)
Leo Supercluster (0.032)

Abell 569
Cluster (0.019

Taurus Molecular
Cloud Columba
Cluster (0.034)

Perseus-Pisces Norma &
Supercluster (0.017+) Greatb I})tirsactor

Pisces-Cetus
Supercluster (0.063) Milky Way

Center

Fornax Cluster (20 Mpc)
Horol

Pavo-Indus Superc| 0?uster (0.067)
Supercluster (0.015)

Sculptor Supercluster (0.054)
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Hubble Ultra Deep Field

Hubble Space Telescope * Advanced Camera for Surveys
STScl-PRC04-07a

NASA, ESA, S. Beckwith (STScl) and the HUDF Team



Lookback Time




Had inflation not taken place, the Once the inflationary epoch had
present-day observable universe ended, the universe continued to
would have had to have been relatively expand in a more gradual way down
large just after the Big Bang. to the present day.

— |n the inflationary model, the present-day
observable universe was very tiny just after
the Big Bang. This region, as well as the
rest of the universe, then underwent a
tremendous expansion during the
inflationary epoch.

Inflationary epoch ‘
] | | | |

1025 1075 107 10° 10"}
Time after Big Bang (S) ——

—
S
@)

N’
@
3]
c
S

52

@)




FIcAE R % > EI0 VR - FHAAE 10K » FE g /7
59 1€ B /1 - B¢

EEANSBEL  ZEENT (BRFFHETFHES
B RE5E UERMETF - RHEF ~EF - EFF) 1
F

100 B > B E B 210K » JF 2R & B 28 3L 1 & A5 LA
BEAE—#E ( )

ATFEEIETH > (7R BY [/ BF JE AR —
COLEEY ST S T
Nucleus %"Ejﬁcxhomn
—Tiectron
Photo Photon



STEVEN WEINBERG
Winner of the 1979 Nobel Prize for Physics
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Very) Briet History

3 min 3x10%yrs 5x10%yrs

Structure formation

Nucleo- Last Galaxy
Synthesis Scattering Formation

http://abyss.uoregon.edu/~js/21st_century_science/lectures/lec27.html
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Emission of

Cosmic Background
Radiation
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Sfars First
Supernovae
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Black Holes

Protogalaxy
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

WMAP

1st Stars
about 400 million yrs.

Big Bang Expansion

= v
!

13.7 billion years



Color: Temperature differences Texture: Direction of polarized light

Polarization of the CMB measured by the Planck mission
Polarization < last scattering of CMB with electrons
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A closed universe

Space Is flat, with
no limit.

Parallel light beams remain parallel

(b) Flat space Po= R » Q=1 ° ) 3‘_‘?’« <0

An open universe

Parallel light beams diverge

(c) Hyperbolic space p,<p. ,Q, <1




If the universe is closed, If the universe is flat, If the universe is open,
light rays from opposite light rays from opposite light rays from opposite
sides of a hot spot bend sides of a hot spot do not sides of a hot spot bend
toward each other ... bend at all ... away from each other ...

L3
o

o S

L

... and as a result, the hot ... and so the hot spot ... and as a result, the hot
spot appears to us to be appears to us with its true  spot appears to us to be
larger than it actually is. Size. smaller than it actually is.
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Distant Supernovae

Before Supernova

NASA and A. Riess (STScl)

Hubble Space Telescope = ACS

-

STScl-PRC04-12
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