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The Local Group of Galaxies

The Milky Way

how many galaxies are there in the Universe?

The Andromeda Galaxy, M31 /

The Triangulum Galaxy, M33 .
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5-year mission 2245-2250:

to boldly go where no man has gone before..

.story & Principles




»
UAM
( ni\cl;;li‘nl{nlxilld\ll.;:;\nnm.’l C OS m 0 l ogy explain thl-s"

Space, the final frontier!




Universidad Autonoma
de Madrid

iples

Cosmology

explain this!

Space, the final frontier!

— e ——_

Earth




»
UAM
e Gosmology explain this!

Space, the final frontier!

<
5

2dF Galaxy Redshift Survey

les




Universidad Autonoma
de Madrid

Cosmology

explain this!

Space, the final frontier!

2dF Galaxy Redshift Survey

704

galaxy cluster
- -

4 b : . B




Universidad Autonoma
de Madrid

Cosmology

explain this!

Space, the final frontier!

2dF Galaxy Redshift Survey

704

1ot

galaxy cluster
- - A

4 -




Universidad Autonoma
de Madrid

Cosmology

explain this!

Space, the final frontier!

2dF Galaxy Redshift Survey

704

galaxy cluster
— esdia

4 -

.

y$e




»
UAM
( ni\cl;;li‘nl{nlxilld\ll.;:;\nnm.’l C OS m 0 l ogy explain thl-s"

Space, the final frontier!




»
Cosmology explain this!
Space, the final frontier!

105 E" .l IIIIIII.'. L T IIIIIII... L] T lllllll." L T IIIIIII L] T lllllll L] T LELELILI :
3D~ HST galaxy redshift. surveys UV 1 E
- - VVDS- deep uB 1 =
. ) ")
¢ L sifle 205D PRIMUS WAVES ~deep . rR | ¢

© = . _—
> 10 NANDELS vmljjr)s EEPZDEV]LS ' il 33
o VIPERS "%, ~... EUCLID i &
@ CFES. Gitlcs: SHELSy ®-. Yo, JHK ] £
k. '~.e T
o [ LBG-23 AGESWDS ~vide ‘ bESI-PLG IR - 2
2 103k e, WAVES -wide . =4 %
5 : § R “GAMA O~ DESI—BGS 13

; M .. WiggleZ" .
'g ; Autofib o .., egle e 15
& g n . SDSS-$82, x BY 15
N £ 10°F H-ARO ESP . 2deGRS + 3
Q o : Gy @SLAQzirg o SPSST mgs 13
Q .5 : 00";.... ."~J:.CR . . i
.6 8 8%6.'" SDS,S—lr’g 3
2. 10'k R A, 8
7 g % EE
- : edFcs 1 &
o B i 9‘
> - [Omagnitude limited “ m . ‘%‘
‘m 10°k Owith photo-z ~DURS g DR JN. G -
c E Ahighly targeted - SSRs2 CfA2ZMRS3 g
o i . n 5 13
o E SAPM g PSCz 4 &
i -..CfA 1 £
10_ IKIBI/]:R!MH L 1 IllllII 1 L lllllll L 1 Illllll 1 1 lll.l.l'll 1 1 jlllL .:
107! 10° 10* 10? 10° 10* 10°

area (sq. deg.)




e Cosmolo gy explain this!

Space, the final frontier!

1055 T 1 lllllll . L T Illllll." ] L lllllll.“ T T Illllll T 1 lllIlII L T 1 Ill'll:-
-3D~HST galaxy redshift surveys UV 3 §
- [ VVDS deep ‘ uB 1 =
: 1 9
g i [ ACE: ZCOSMOS PR]MUS WAVES deep rR °§

© o o S
: 10 -’VANDELS qus DEVILS . il 33
o" : VIPERS 2y, EUCLID i &
7] ‘CFRS Y, o JJHK ] =
. CNOLe =, e o) 13
s - LE ‘,,f‘*f:u,;. AC ":‘IQ. VVDS Wlde “.::.‘ - - DESI—ELG IR $
Q. 1035_ . ; = g
' = 1 s
0 B 1=
£ [ 1%
po | 2 o
n £ 10°F 4
= = N
Q © E . §
Q. b I a i
.6 8 B 7 3
Q. ].Ol = = ©
[o) B 1
o o L ]
= 0 , 3
o 107F SER
()] - = §
o) B 1 o
S
[ 1=

10—1 IL\IIJ/ LI, |

L 1 Illlll L L L lIllll [ 1 1 lIIlll 1 1 1 lIIlII L 1 1 II'I.I.DI L L Jlllll
107! 10° 10! 10? 10° 10* 10°
area (sq. deg.)




inciples

Pr

Cosmology

explain this!

Space, the final frontier!

1055 T 1 lllllll L T Illllll..' ] L lllllll." T T Illllll T 1 lllIlII L T 1 IIIIJ:-
~3D~HST galaxy redshift surveys UV 3 §
- [ VVDS deep ‘ uB 1 =
z 1 9
g 4_ ZCOSMOS PR]MUS WAVES deep rR °;"

© e TS
10 -’VANDELS qus DEVILS VIPERS By K EUCLID il 3%
& FCFRS. oMoy SHE o, JHKZ §
o L2 R (@) 4
s - LE ‘,,:‘* AC ":‘IQ. VVDS Wlde “.::.‘ - ‘ DESI—ELG IR $
Q. 1035_ . ; = g
0 B s 1=
e | g 1%
pam 2 . O
£ 10°F : =
E 41 I
2 = u §
L - Q
5 ik
o, 10' 18
@ 3 1 E
G B 4 =
o - 18
> [ 8 ¢
g 1005— ‘ f g S S
ko = a’eS/gnea’ L xp/ore the compos:t/on a %
I ution of. ~tI;e dark Universe. i §

10_ll IL\ll-'/l .:n:ll":ll\lll L 1 lllllll 1 1 lllllll 1 1 llIIlII 1 L III'I.I'DI 1 L Jlllll
107! 10° 10! 10? 10° 10* 10°

area (sq. deg.)




e Cosmolo gy explain this!

Cosmology is...

...the Science of

nciples

the Origin and Evolution

of the Universe




e Cosmolo gy explain this!

Proton Photon Helium

Neutron nucleus CMB radiation
cosmo,o is Rletiron ol Hydrogen
gy e [ i gatongm Firststars Early Modern
- | . 2
o galaxies galaxies

les

...the Science of

the Origin and Evolution

incip

of the Universe




Universidad Autonoma
de Madrid

les

incip

Cosmology

explain this!

Cosmology is...

2dF Galaxy Redshift Survey

galaxies
and
their large-scale structure distribution

Electron l
-

Proton Photon Helium

nucleus CMB radiation
Helium
atom

Neutron

Hydrogen >
gatong'n First stars Ear[g Modern
' galaxies galaxies

Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Photon Helium

Neutron nucleus CMB radiation

Cosmology is... s .

Illﬂ!ﬂlllﬂﬂ.l./
AR EEFCEEAERT
Iﬂ.ﬂﬂllﬂ.ll.ll
ll.EEﬁ"EEHﬂ‘lﬂﬂ/
ﬂ!.lﬂﬂlﬂllﬂﬂll

Helium
atom Hydrogen

atom

Firststars Early Modern
' galaxies galaxies

les

incip

Pr

galaxies

and .. . .
. L Origin and Evolution of the Universe
their large-scale structure distribution




e Cosmolo gy explain this!

Proton Helium

Photon o

Neutron nucleus CMB radiation

Cosmology is i
y o0 e l atom gatorﬁ First stars Early Modern
- | . 2
® o galaxies galaxies
o

iples

rincip

Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Helium
Photon o
Neutron nucleus CMB radiation
Cosmo,o is Rletiron ol Hydrogen
gy e [ i gatorﬁ Firststars Early Modern
-« ) | 3 :
oy galaxies galaxies
o ‘

neutral hydrogen

les

incip

cosmic reionisation

Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Helium
Photon ks
Neutron nucleus CMB radiation
Cosmology is bon" | uroge
gy o000 l atom gatorﬁ Firststars Early Modern
. o S~ ' galaxies galaxies

=~
‘\\Q
o
<<
=

iples

rincip

the first stars and galaxies Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Helium
Photon chr
Neutron nucleus CMB radiation
c , : Electron Helium idioen
osmo ogy ’s. ® 0 [ atom gator% First stars Ear]g Modern
e o S ' galaxies galaxies
,\\6‘ e a3 t&‘ ~
> N

iples

rincip

the dark ages

Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Helium
Photon o
‘ ’. Neutron ~ nucleus CMB radiation
‘ ’S”" ,lo is Electron Helium ——

gy e l i gatong1 Firststars Early Modern

3 .,‘ =4 ,‘I 4 | galaxies galaxies

-
- ‘ £

les

cip

cosmic microwave background radiation

Origin and Evolution of the Universe




e Cosmolo gy explain this!

Proton Helium
Photon o
Neutron nucleus CMB radiation
Cosmology is
t 1
y e e iy atom FI”'St stars  Early Modern

galaxies galaxies

=~
-~
O

hydrogen
|
L] H
o R T
Q 3 4 5 6 7 8 9 10
Li | Be B|C|N|O|F|Ne
- b 5941 90122 10811 12,01 14.007 15,999 18,998 20180
‘sodium magnesium aluminium ‘silicon’ ‘phosphorus sulfur chiorine’ argon
o " 12 13 14 15 16 1 18
Na | Mg Al|Si| P | S |CI|Ar
c 200 | 24308 26082 | zmome | 20 2065 | asas3 | oo
potassium calcium: scandium Titanium vanadium chromium | manganese fron ‘cobalt nickel copper zinc’ gallium germanium arsenic ‘selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
° e K | Ca Sc|Ti| V|[Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
wos | oo woe | oo | wo ssss | oo | mom | son | v | oo | s | mor | o | rom | oes | oom
4 43 46 47 48 49 50 51 52 53
Rb| Sr Y | Zr [Nb|Mo| Tc |Ru|Rh|Pd|Ag|{Cd|In |Sn|Sb|Te| | | Xe
87.62 88,906 91.224 92.906 95.04 [98] 101.0; 102.91 106.42 10787 112.41 114.82 11871 121.76 127 6( 131.29
56 57-70 72 76 7 78 79 81 82 85 86
Cs|Ba| ¥ |Lu|Hf |Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl | Pb| Bi | Po| At | Rn
132.01 137.33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 196.08 0.5 204.38 207.2 208.98 [209] [210] 1222
87 88 89-102 103 104 105 106 108 109 110 111 112 114
Fr |Ra|* x| Lr | Rf | Db | Sg | Bh | Hs | Mt (Uun|Uuu(Uub Uuq
e | g o | wor | pew | we | pw | ue | e | e | opm | e o
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce|Pr|{Nd|Pm|{Sm|Eu|{Gd|Tb |Dy|Ho| Er |Tm| Yb
138.9° 14012 14091 144.2: [145] 150.3¢ o 157.26 162.50 164.93 167.2¢ 168.93 173.04
**Actinide series 90 91 93 94 96 97 98 99 100 101 102
Ac|Th|{Pa| U [Np|Pu|Am|Cm|Bk | Cf | Es | Fm|Md| No

PSS Or. igin and Evolution of the Universe
big bang nucleosynthesis




e Cosmolo gy explain this!

Proton Helium
Photon o
Neutron nucleus CMB radiation
Cosmology is ol
y o0 e l atom gaton% First stars Early Modern
- ' | : 2
S o8 galaxies galaxies

1.0

les

°anm 1072 [~ HELIUM
o o ]
2 a4
camm 810 -/
z L A HELIUM 3
= %
<,
L
=
=
<
Q48
10 LITHIUM
10—10
1 L | - DEUTERIUM
0.001  0.01 0.1 1.0
DENSITY

. . Origin and Evolution of the Universe
big bang nucleosynthesis




e Cosmolo gy explain this!

Proton Heli
N Photon ST CMB radiation
C , : Electron Helium Hud
osmo ogy IS. o0 [ atom gatl:rgen Firststars Early Modern
— S o e ' galaxies galaxies
\\Q o~ AN
¥ ‘-
= L=
- PR -
e e /% R
5 (’ - /’i_w'" ‘ \ - s
2 %
2,
%@ 2
/ & e
(i /&(‘4 ""@
e
(7)) @, S
@ e,
L J 1
Q primordial
° e ad
3] o0 GOUP sy
o
c %
© D S
: Quarks: 58%
Iy e . Force Carriers: 29%
Electron-like Particles: 9%
M_m Neutrinos: 5%
Sr—— .
il S Higgs-Bosons: 1%

, Origin and Evolution of the Universe
baryogenesis




e Cosmolo gy explain this!

Proton Helium
Photon o
Neutron nucleus CMB radiation
C‘ ’ "" ’,o 1 Electron Helium o
s Is. oo atom e Firststars Ear| Modern
; atom | y
S o . galaxies galaxies
\\Q* B s e

- "‘

Y,

les

Origin and Evolution of the Universe

cosmic inflation




Universidad Autonoma
wi Cosmology

les

cip

explain this!

Event time ¢
Inflation 10734 s (?)
Baryogenesis ?
EW phase transition 20 ps
QCD phase transition 20 us
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Dark energy-matter equality 9 Gyr

Present

13.8 Gyr
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8 Newton’s 2"d law of motion: Newton’s law of gravity:
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weak principle of equivalence:

m=m
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local effects of gravity and acceleration”

& Principles

consequences.

Galaxy Cluster Abell 2218 v time dilation
Hubble Space Telescope * WFPC2 v light deflection

NASA, A. Fruchter and the ERO Team (STScl) ¢ STScl-PRC00-08 \/ graVitational red- & blueShiﬂ
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principle of relativity

« cosmological principle

“the Universe is homogeneous & isotropic

in space”

SDSS galaxies CMB monopole
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S ©

I o
e o © 3
5 & ® ©

homogeneous isotropic
(translational invariance) (rotational invariance)
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» principle of relativity

“the Universe is homogeneous & isotropic

in space and time”
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Vv

time

*sometimes also referred to as the ‘perfect cosmological principle’
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the Universe expands! (more later...)
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e Cosmolo gy
* weak equivalence principle
» strong equivalence principle
o o o o » cosmological principle
¢ pl’ mncit pl eo f re I a tl v/ ty » strong cosmological principle
« principle of relativity

“the equations describing the laws of physics
have the same form
irrespective of the coordinate system”
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Q
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= explain this!
= principles
= cosmology - science or science fiction?

» cosmological structure formation

ciples




Universidad Autonoma
osmology

les

ip

science or science-fiction?

™~
Event time ¢
Inflation 10734 s (?)
Baryogenesis ?
EW phase transition 20 ps
QCD phase transition 20 ps
Dark matter freeze-out ?
Neutrino decoupling 1s
Electron-positron annihilation 6 s
Big Bang nucleosynthesis 3 min
Matter-radiation equality 60 kyr
Recombination 260-380 kyr
Photon decoupling 380 kyr
Reionization 100-400 Myr
Dark energy-matter equality 9 Gyr
Present 13.8 Gyr

\ —/

orders of magnitude
in space and time...

...covering all fields of physics/!
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e Cosmolo gy science or science-fiction?

...Is a combination of all fields in physics:

hce
Quantum Field Theory
\ Qneral RelatD

inciples
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e Cosmolo ay science or science-fiction?

...Is a combination of all fields in physics:

fundamental constants in Nature:

Quantum Mechanics h Planck constant
Special Relativity c speed of light
General Relativity G gravitational constant
Thermodynamics kg Boltzmann constant

koh®c’G”
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...Is a combination of all fields in physics:

fundamental constants in Nature:

Quantum Mechanics h Planck constant
Special Relativity c speed of light
General Relativity G gravitational constant
Thermodynamics kg Boltzmann constant
n
0 Ch 17x10%em  scale
— C
L Gh
O — =10 sec time
| - C
-
o \/%z25x10'5g mass
h 5
Vel 1.2x10”GeV energy
ke o 14x10%K temperature

Q
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science or science-fiction?

...Is a combination of all fields in physics:

fundamental constants in Nature:

Quantum Mechanics h
Special Relativity c
General Relativity G
Thermodynamics kg
4 Gh
~1.7x10"cm
C
G—Sh ~107" sec
C
° h -5
Planck units < 1/E ~25x107¢
h 5
~12x10"GeV
G
h 5
k' ~14x10”K
G

-

Planck constant
speed of light

gravitational constant
Boltzmann constant

scale
time

mass

energy

temperature
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...started with General Relativity:

fundamental constants in Nature:

Quantum Mechanics h Planck constant
Special Relativity c speed of light
General Relativity G gravitational constant
Thermodynamics kg Boltzmann constant
n
0 Ch 17x10%em  scale
a— C
2 Gh
O — =10 sec time
| - C
-
\/Zz25x10'5g mass
G
he® 19
el 1.2x10"GeV energy
ke o 14x10%K temperature

Q
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Albert Einstein.

71905 special relativity

71915 general relativity
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Albert Einstein.

71905 special relativity

71915 general relativity

811G

4 uv

nciples
[

R, - Eg,WR + 8., A=
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Albert Einstein.

71905 special relativity

71915 general relativity

1 811G

Ry =5 8uR+8uA=—7"T,

4 v
C u

~_ 7

matter tells space how to curve...

inciples
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Albert Einstein.

71905 special relativity

71915 general relativity

1 811G

Ry =5 8uR+8uA=—7"T,

4 v
C u

~_ 7

space tells matter how to move...

inciples
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Albert Einstein.

71905 special relativity

71915 general relativity

1 811G
R, - EgWR +g

T

4 v
C u

inciples

permits a static solution...

(more in a few slides)
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Albert Einstein.

71905 special relativity

71915 general relativity:

permits singularities in space-time

Original Motion j
Plcture Soundtrack

0 \\Q

: e L

2

= < o7
cC \ = ” [
=

Q.

Music by
JOHN BARRY,
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Albert Einstein.

71905 special relativity

71915 general relativity:

permits singularities in space-time

and what about solutions in general?

1 3G
Ry =5 8uR+8uA=—7"T,

les

4 v
C u

incip
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Albert Einstein.

71905 special relativity

71915 general relativity:

permits singularities in space-time

and what about solutions in general?

0
Q

= 1 81G

S RW —EgWR+gWA = x Tuv

homogeneous and isotropic 3D space —
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Alexander Friedmann.

1922 Friedmann equation®

8l
az = = pa? —kc

2

ples

*derived under the assumption of the Cosmological Principle and without a cosmological constant (cf. FRW lecture)




Cosmology science or science-fiction?

Alexander Friedmann.

1922 Friedmann equation

., onG
a —pa

@0.

a(t) measures change of distance scale in Universe

ciples
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Alexander Friedmann.

1922 Friedmann equation

8l
a? = —pa? — kc?
3
0 [ the Universe cannot be static! ]
9
.g
a+0

a(t) measures change of distance scale in Universe
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Alexander Friedmann.

1922 Friedmann equation

8l
a? = —pa? — kc?
3
[ the Universe cannot be static! ]

ples

L .'.»-",0 . %

the Universe itself began in a singularity!?
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Alexander Friedmann.

1922 Friedmann equation

8l

-2 2

— a2 —k
a 3 Pa C

ples

) S
i 2 R .
the Universe itself began in a singularity!?
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Alexander Friedmann.

1922 Friedmann equation
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Alexander Friedmann.

1922 Friedmann equation

8l 1
a’> = —pa® + = Ac*a* — kc?
3 3
[ with A it could be static, but...

ples
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Vesto Slipher:

71916 galaxies in our vicinity
are receding from us

Milky Way
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George Lemaitre:

1927 galaxies further away recede faster
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George Lemaitre:

1927 galaxies further away recede faster:

expansion of the Universe!?

km
Ly = 625T/Mpc

rinciples

apparent velocity v

U=LOT

v

distance r
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George Lemaitre:

1927 galaxies further away recede faster:

expansion of the Universe!?

km
Ly = 625T/Mpc

first only published in French?*,

8 later translated by Arthur Eddington to English
o and published in MNRAS in 1931

[3)

=

| -

apparent velocity v

U=LOT

v

distance r

*Annales de la Societe Scientifique de Bruxelles
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Edwin Hubble:

71929 expansion of the Universe

H, =500 km/s/Mpc

]
+1000KM < J{
]
> - 1
Oe &
~
° e
500KM Q o2 e 4
o3 o _% >
E 2
; -
o 3 .‘.
8
DISTANCE 3
o 0¥ PARSECS 2210® PARSECS
FIGURE 1 :

Velocity-Distance Relation among Extra-Galactic Nebulae.

apparent velocity v

U=HOT

v

distance r

(published in the Proceedings of the National Academy of Sciences of the USA)
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Edwin Hubble:

71929 expansion of the Universe

H o - present-day expansion rate

les

cip

Relative size of the universe
N

0 ::.‘ 1 | | }
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Edwin Hubble:

71929 expansion of the Universe

H o - present-day expansion rate

4 I I | | /

[ there was a “big ]
bang™!

les

ncip

Relative size of the universe

-10 Now 10 20 30
Billions of Years
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Edwin Hubble:

71929 expansion of the Universe

H o - present-day expansion rate

\

4 | I I I /
@ [ there was a “big ]
m .g A b gn!
Q 5
o =
(&) k]
= | 8
v
z
wd

-10 Now 10 20 30
Billions of Years
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The Fireball of the Big Bang

Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

...investigating radio emission from the Milky Way

...discovering “strange noise”
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The Fireball of the Big Bang

Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

...investigating radio emission from the Milky Way

les

...discovering “strange noise”

rincip

discovery of the “cosmic microwave background radiation”
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
dcgcneralc, the degeneracy would have forced a neg]lglble equ)hbnum neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10%

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.

R. H. Dicke
P. J. E. PEEBLES
P. G. RoLL
D. T. WiLKINSON
May 7, 1965
PALMER PHYSICAL LABORATORY
PriNceToN, NEW JERSEY
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AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
dcgcneralc, the degeneracy would have forced a neg]lglble equ)hbnum neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10°,

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
dcgeneralc, the degeneracy would have forced a neghglble cqu)hbnum neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10%

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 28400t horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the (frawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value abogt 3.5° K higher than expected. This
excess temperature is, within the limits of our obse; otropic, unpolarized, and
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
dcgeneralc, the degeneracy would have forced a neghglble cqu)hbnum neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10%

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for

several helpful suggestions of Professor J. A. Wheeler.
R. H. Dicke
P. J. E. PEEBLES
P. G. RoLL
D. T. WiLKINSON

May 7, 1965
PALMER PHYSICAL LABORATORY
PrixceTon, NEW JERSEY

REFERENCES

Alpher, R, A | Bethe, H, A | and Gamow, G 1948, Pkys. Rev., 73, 80.

Alpher, R '\ Follin, ] W., and Herm:m R. C. 1953 Pirys. Rew 92 I‘M

Bondi, H ,:md Gold, 1948 MN., ws, 252,

Brang, C, and Dl(‘ke R.H 1961, Phys. Rev., 124, 925.

Dicke, R. H. 1962, I’hys Rev., lZS 2163.

Dicke, R. H, Bcrmgcr R., ]\\'hl R L, and Vane, A B. 1946, Phys. Rev., 70, 340

LUlSlcllg A, 1950, The Mummg of Rdum-uy (3d ed.; Princeton, N, J.: Princeton University Press),

p
Hoyle, F. 1948, M N , 108, 372,
Hoyle, F , and Tnylr:r R J 1964, Nature, 203, 1108
Liftshitz, E M., and Khalatnikov, I M 1963, Adv. in Phys , 12, 185.
Oort, J H 1958 La Structure et Iévolution de Punsverse (11th Solvay Conf [Brussels: Editions Stoops]),

p. 1
Pccblcs P J. E. 1965, Phys. Rev. (in press).
Pcnzns A, A and Wllsnn, R. W, 1965, private communication,
“heeler f , 1958, La Structure et I'ésol:mon de Puniverse (11th Solvay Conf. [Brussels: Editions

Stoops ), P. 12,
~——— 1964, in Relativity, Groups and Topology, ed C. DeWitt and B. DeWitt (New York: Gordon &

Breach).
Zel'dovich, Ya. B. 1962, Soviet Phys.—T.E.T.P., 14, 1143,

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 28400t horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the (frawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value abogt 3.5° K higher than expected. This
excess temperature is, within the limits of our obse; otropic, unpolarized, and
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The Fireball of the Big Bang
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
dcgeneralc, the degeneracy would have forced a neghglble equ)l\bnum neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10%

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for

several helpful suggestions of Professor J. A. Wheeler.
R. H. Dicke
P. J. E. PEEBLES
P. G. RoLL
D. T. WiLKINSON
May 7, 1965

PALMER PHYSICAL LABORATORY
PrixceTon, NEW JERSEY
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 28400t horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the ill Laboratory, Holmdel,
it 3.5°K

New Jersey, at 4080 Mc/s have yielded a value abo igher than expected. This
excess temperature is, within the limits of our obse; otropic, unpolarized, and

© American Astronomical Society * Provided by the NASA Astrophysics Data System
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theoretical explanation in same volume...
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The Fireball of the Big Bang
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expanding space - the principle of “redshift”:

inciples
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Penzias und Wilson 1965

expanding space - the principle of “redshift”:

@D

do we really see the

rinciples

fireball of the Big Bang?
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The Fireball of the Big Bang

photons cannot travel freely
in early Universe!

«— big bang
Pr()t()n\ / Electron
S ®
© -\P( % ©
® o @
AV =
e "\?
®\ 3
)\P @ N> Photon

primordial plasma

Penzias und Wilson 1965
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The Fireball of the Big Bang

release of CMB photons
after “recombination”

«— big bang
Proton Electron
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primordial plasma
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The Fireball of the Big Bang

release of CMB photons

after “recombination”

Penzias und Wilson 1965
«— big bang

Proton \

Electron ) / ‘—\/\’
> ofn
i © / Hydrogen atom
/\/\’* £
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Photon
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primordial plasma

neutral Hydrogen
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release of CMB photons
after “recombination”
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Penzias & Wilson worked 1965 for Bell-Labs and

mvestlgath phyS|CS \\
|
...discovering \1978 noble prize

discovery of the “cosmic microwave background radiation

rinciples
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The Fireball of the Big Bang

Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

) ..investigating radio emission fromstla=—_s= hys|cs \\
s le prize in P

8 ecovering| 1978 nODIE P

2

= discovery of the “cosmic microwave background radiationﬂ’

followed by numerous Nobel prizes in Cosmology/Astrophysics —




Cosmology science or science-fiction?

nobel prizes related to cosmology...

2XXX: => explanation for dark energy
20XX: => discovery of dark matter

2020: Penrose and Genzel & Ghez

=> relativity and black holes

2019: Peebles and Mayor & Queloz

=> physical cosmology and exoplanets

2017: Weiss, Barish & Thorne

=> dliscovery of gravitational waves

2011: Perimutter, Schmidt & Riess

=> dliscovery of accelerated expansion of the Universe

2006: Smoot & Mather

=> discovery of anisotropies in the CMB

Principles

2002: Giacconi

=> dliscovery of cosmic X-ray sources

1978: Penzias & Wilson
=> dliscovery of CMB
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nobel prizes related to cosmology...

2XXX: => explanation for dark energy
20XX: => discovery of dark matter

20 mm—
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20 e-fiction

(and not scienc

2011: Perimutter, Schmidt & Riess

=> discovery of accelerated expansion of the Universe

[ 2006: Smoot & Mather J

=> djscovery of anisotropies in the CMB

& Principles

2002: Giacconi twice for CMB!/

=> djscovery of cosmic X-ray sources

1978: Penzias & Wilson
=> dfscovery of CMB
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General Relativity*
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R, - Eg,WR + 8, N =
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*Einstein did not receive the Nobel prize for GR!
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General Relativity

a(t)

pa’ +

1
§Ac2a2 — kc?

cosmological principle (cf. FRW lecture)

1

R, - Eg,WR + 8, N =

811G

4
C

T

uv




e Cosmolo gy science or science-fiction?

Friedmann eq Uation...descrives the evolution of the Universe as a whole:

les

YOU ARE HERE

incip

ACCELERATING EXPANSION

A little more than 5 billion years ago,
dark energy caused the universe

to expand increasingly fast.

INFLATION

In less than 10%° of a second after

the Big Bang, the universe burst open,
expanding faster than the speed of light
and flinging all the matter and energy in
the universe apart in all directions.

y & Pr

BIG BANG
The universe expanded violently from an
extremely hot and dense initial state some

13.7 billion years ago.
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Friedmann equation

42 = 87;9‘ }12 +2a2 _2

depending on various things...
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*in its most memorable form (derivation in FRW lecture)
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Friedmann equation

a = measure for radius of Universe

a = measure for expansion rate
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present expansion rate Hg = —
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present radiation content
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present expansion rate HZ =
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present matter content
present radiation content

rinciples

present expansion rate HZ =
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Friedmann equation

present matter content
present radiation content

present cosmological constant
(“dark energy”)

rinciples
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present expansion rate Hg = —
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Friedmann equation

present matter content
present radiation content

\ present curvature
e

present cosmological constant
(“dark energy”)

2

. ag

present expansion rate HZ = —
a

0

Principles
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Friedmann equation

present matter content
present radiation content

\ present curvature
e

- 2
a~ 12 (Qr,o Qo o 0 )
0 — — I | I A0
b a? O\ a* a3 a?
a ya
o
g present cosmological constant
o 42 (“dark energy”)
present expansion rate HZ = a—g
0
N J
Y

only 3 of the 4 density parameters are independentas 1 = (. + (), +Q; +{,
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Friedmann equation

present matter content
present radiation content

present curvature

IQm,OIQ-k,OI
a3 a? ')

present cosmological constant
(“dark energy”)

2

. ag

present expansion rate HZ = —
a

0

Principles

N\ J
Y

only 3 of the 4 density parameters are independentas 1 = (. + (), +Q; +{,
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cosmological parameters
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10-%°
gm/em? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are } e s
dcgcnemtc, the degeneracy would have forced a neg]lglble equ)hbnum neutron abun- o ., .
dance in the early, highly contracted universe, thus removing the possibility of nuclear Pen2|as und W||son 1 965
reactions leading to helium formation. However, the required ratio of lepton to baryon
number must be > 10%,

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.

R. H. Dicke
P. J. E. PEEBLES
P. G. RoLL
D. T. WiLKINSON
May 7, 1965
PALMER PHYSICAL LABORATORY
PriNceToN, NEW JERSEY
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the (frawford Hill Laboratory, Holmdel . 6
New Jersey, at 4080 Mc/s have yielded a value abofit 3.5° K iz e —this »> Q ~ 1 0
excess temperature is, within the limits of our obsetua otropic, unpolarized, and r’ 0

© American Astronomical Society * Provided by the NASA Astrophysics Data System

(this is why we mostly ignore Q, when dealing with present-day structures)




Laiversidad suionone C osmo l O g y science or science-fiction?

cosmological parameters

determination
via
observations!

nciples

"NST CReCKING.”




i Cosmology science

., 0 : matter content

“Dark Matter” already proposed by Fritz Zwicky in 1933:
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“Dark Matter” already proposed by Fritz Zwicky in 1933:

galaxy cluster
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“Dark Matter” already proposed by Fritz Zwicky in 1933:

galaxy cluster
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equilibrium requires more matter
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“Dark Matter” needed to explain Vera Rubin’s galactic rotation curves in 1975/80:

Observations

from

R (x 1000 y)
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30% of the Universe consists of matter...

...but only 17% of this matter is visible!

inciples

Q =30%




e Cosmolo gy science

., 0 : matter content

30% of the Uni

S visible!
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Q =30%
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Q. 0: dark vs. luminous matter
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Earth at Night Astronomy Picture of the Day
More information available at: 2002 August 11
http://antwrp.gsfc.nasa.gov/apod/ap020811.html http://antwrp.gsfc.nasa.gov/apod/astropix.html

y & Pr

What You See Is What You Get?
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Q.. 0: dark vs. luminous matter

SR e Historical Population Density - 1994
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30% of the Universe consists of matter...

what about the remaining 70%?
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Q =30%
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Q. 0: dark vs. luminous matter

30% of the Universe consists of matter...

what about the remaining 70%*?

Principles

Q =30%

*1=0, +9, +Q, : the remaining 70% could be either curvature, dark energy, or a mix of both
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Einstein’s “biggest blunder”:

introduction of cosmological constant
to counter-balance gravity...

cosmological
constant

Q, =70%
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observer on Earth light-emitting object
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observer on Earth light-emitting object
supernovae as standard candles
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# supernova explosion

observer on Earth light-emitting object
supernovae as standard candles
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only that simple, if space is not curved! *
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observer on Earth light-emitting object
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observer on Earth light-emitting object

...but matter and dark energy(!) bend space!
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distance (measured via redshift z)

distance (measured via redshift z)

observer on Earth light-emitting object

...but matter and dark energy bend space!
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distance (measured via redshift z)

luminosity
(measured via m)

les

incip

distance (measured via redshift z)

observer on Earth light-emitting object

...but matter and dark energy bend space!
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N\ #
| S e
I 7 5 X

distance (measured via redshift z)

luminosity
(measured via m)

a(2) = M+ SlOglo(C(\l/%Z) y( | k\j[(l + Z’)2(1 + sz’) -7(2+ Z')QA]I/ZdZ’))

2] 0
9
Q.
c
B | S ke
o * ! distance (measured via redshift z) i’ *
observer on Earth light-emitting object

...but matter and dark energy bend space!

(derivation of m(z) in lecture Observations I: ‘cosmological distances’)
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distance (measured via redshift z)

luminosity
(measured via m)

m(z) = M+ 510g10(c(\1/-|{) Y(\/W f (1+2)(1 ') -2+ @1/2‘&’))

n
9
Q.
c
B l S e
o * ! distance (measured via redshift z) i’ *
observer on Earth light-emitting object

...but matter and dark energy bend space!

(derivation of m(z) in lecture Observations I: ‘cosmological distances’)
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= explain this!
= principles
= cosmology - science or science fiction?

= cosmological structure formation
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1. map as much and as accurately as possible of the (large-scale )structure
objects...
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Cosmology structure formation - observed

out on a five-year mission...

to explore strange new worlds,
to seek out new life and civilizations,
to boldly go where no man has gone before ’ffj;;:’*;;jf;;—.{;“fi,-ji’?-éiii
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e Cosmol ogy structure formation - observed

Thanks to cutting edge technology, astronomy is unveiling a neW world around us, With ESAs fleet of spacecraft we can explore the full spectrum of light -
and probe the fundamental physms that underlies our entire Umverse From cool and diisty star formation revealed only at mfraréd wavelengths, ta hot and
violent h|gh energy phenomena ESA m|55|ons are charting our cosmos and even Iookmg back to.the dawn:of t|me to discover more about our- place in space.
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2dF Galaxy Redshift Survey
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e Cosmolo gy structure formation

1. map as much and as accurately as possible of the (large-scale )structure
objects...
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Lo o C osmo l O g y structure formation - modeled

= expansion of homogeneous & isotropic Universe...

Principles

\%

time

...does not give rise to any structures!’
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w/ small perturbations:

temperature fluctuations are reflecting
underlying matter fluctuations

(more in CMB Lectures)
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w/ small perturbations:

temperature fluctuations are reflecting
underlying matter fluctuations

(more in CMB Lectures)
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underlying matter fluctuations
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= origin of matter perturbations

 quantum fluctuations:

“empty space” is a sea of virtual particles winking in and out of existence
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Cosmology structure formation - modeled

= origin of matter perturbations

 quantum fluctuations:

“empty space” is a sea of virtual particles winking in and out of existence

* inflation:

the early Universe underwent a phase of rapid expansion

Inflation

iples

:::::

Quantum
Fluctuations

2SS (more details in Inflation lecture...)




e Cosmol ogy structure formation - modeled

= origin of matter perturbations

« quantum fluctuations:

“empty space” is a sea of virtual particles winking in and out of existence

* inflation:

the early Universe underwent a phase of rapid expansion

quantum fluctuations,

Principles

magnified to cosmic size during “inflation”,

become the seeds for structures in the Universe
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= growth of matter perturbations

temperature fluctuations
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= growth of matter perturbations
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inciples

temperature fluctuations
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structure formation - modeled

= growth of matter perturbations
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= growth of matter perturbations
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= growth of matter perturbations
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= growth of matter perturbations

will this become a galaxy?
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= growth of matter perturbations

will this become a galaxy?

will this also become a galaxy?
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density contrast
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density contrast

= growth of matter perturbations

will this become a galaxy?

wiII this also become a galaxy?
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= growth of matter perturbations

will this become a galaxy?

wiII this also become a galaxy?
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= growth of matter perturbations

Collapsed Region
(a galaxy)
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= growth of matter perturbations
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= growth of matter perturbations
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= growth of matter perturbations

- analytically: LSS lecture

 numerically: Computational Cosmology lecture

rinciples
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= growth of matter perturbations — simulations...
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= explain this!
= principles
= cosmology - science or science fiction?

» cosmological structure formation

rinciples
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Photon o
Neutron nucleus CMB radiation

Cosmology is... s>
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atom Hydrogen

o First stars Early Modern
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...the Science of

the Origin and Evolution
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of the Universe
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Proton Helium
Photon o
Neutron nucleus CMB radiation

Helium
atom

Hydrogen

o First stars Early Modern

' galaxies galaxies

Inflation
Baryogenesis
Thermal History
Big Bang Nucleosynthesis
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Cosmic Microwave Background Radliation

Cosmic Dawn
Large-Scale Structure
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Observational Cosmology
Gravitational Waves

Open Problems




