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Cosmology



Because light has a finite speed, when
we look at distant objects, we are seeing
them as they looked in the past.

High redshift=large distance=far back in
time
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The expansion rate of the Universe today

- The Hubble constant Hyg
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An emerging problem in Physics

HKP B CMB
80.01 T Y Distance Ladder
SHOES
.5 1 T SHOES
it T SHOES-HP I
750 - I I
v__ v -
72.5 Th {I{
' ) » H 5 “The Tension”
e WMAP9 _ 5.30 1 in 3.5 million
70.0 1 WN_l;\PB 1 chance it's
WMAP5 + just statistics
67.5 - WMAP7 % E E !
WMAP1 P13 P18 B
65.0 pig e
2000 2004 2008 2012 2016 2020 2024

Publication year




Expanding universe

Red shift
evidence
:.‘ >~
=
. \ Every raisin in a rising loaf of raisin bread
. o will see every other raisin expanding
------- T away fromit.

H =71 km/s/Mpc
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Uniform expansion yields
the Hubble Law
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The Cosmological Principle

The Universe is homogeneous (there is no preferred location) and isotropic
(the same in all directions) on “large enough” scales. In other words, the

Universe that we can observe is a fair sample.
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Present Day
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Space Itself is Expanding!



Present Day

Past - Version A
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Geometries
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Lookback Time [Gyr]
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History of the Universe
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Density, temp of Early Universe

temperature (K)
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110‘45 110‘35 16°= 110“5

... The early universe
was hotter and denser . . .

... and it cooled
as it expanded.

| | | | | | | | |

|
107° 10° 10"

seconds since Big Bang

The early
universe must
have been
extremely hot
and dense,
and

everything was
packed close
together.

Like a star, the
temperature
increases with
InCreasing
density



How did we get Matter?

Particle creation Photons converted into
gamma-ray photon electron harticle-anti Pa rticle

/\/-\/\/\ 1 / :)airv\;c, and vice—versaI
g o orks both ways!
/\/\/\/\' .\»

gamma-ray photon antielectron

E = mc?
Particle annihilation

antlelectron gamma-ray photon

'\ \/\/\/\/ Early universe was full
/ of particles and
\/% radiation because of its

electron gamma-ray photon - high temperature



Big Bang Timeline

Eras and Timeline and Events
Characteristics Since Big Bang
,,,,, Wion years
¢ day)
Era of Galaxies

Stars, galaxies and
clustars of galaxies
(made of atoms and
plasma)

Era of Atoms
Atoms and plasma
(stars begin 1o form)

Era of Nuclel
Plasma ol hydrogen and
helium nuclel plus
olectrons

Era of Nucleosynthesis
Protons, neutrens,
alactrons, nautnnos
(antimanar rara)

Particle Era
Elementary patticles
(antimatter common)

Electroweak Era
Elementary particles

GUT Era
Elementary particles?

Planck Era
777

antelectron: Quar

All changes are due to the cooling of the
Universe, and the decreasing density.
Remember: density and temperature are
linked!!



Big Bang Timeline (Planck Era)

Eras and Timeline and Events
Characteristics Since Big Bang
— — — 14 billion years

[
Era of Galaxies

Stars, galaxles and

clusters of galaxies

(made of atoms and
plasma)

{ bilion years

NI

Era of Atoms
Atoms and plasma
(stars begin 10 form)

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

¥ N s

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnoes
(antimaniar rara)

Particle Era
Elementary particles
(anbmatter common)

Electroweak Era
Elementary particles

GUT Era
Elementary particles?

Planck Era
2777

Kay

; ‘ P - Pag
neutron ~— gleciron— . antproton -—— I ] antielectrons é,ﬁ’a quarks ’?f}“&o‘
proton = 1. neutino——"_ antineutron — TeTaee: et N

Before 104s

27077
No one knows



Big Bang Timeline (GUT Era)

Timeline and Events

Charastsnetis Since Big Bang L as t S f rom
— Planck time

Stars, galaxies and

clusters of galaxies

(made of atoms and
plasma)

(~10“43sec) to
end of GUT
force (~10-38
sec)

Era of Atoms
Atoms and plasma
(stars begin 1o form)

Era of Nuclel
Plasma ol hydrogen and
helium nuclel plus
alectrons

Forces united
(except
gravity) into
Sanssg et o one force -
A/ oo v elementary

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnos
(antimaniar rara)

Particle Era
Elementary particles
(anbmatter common)

Electroweak Era
Elementary particles

2777

Kay ]
neuiron —— eleciron— . antproton -— _w antelectrons C"E."i quarks 0??%5 p a rt I C I e S
. 8 R Eh g

proton = . neutino——_ antneytron ——Mm



relative strength of force —-

Forces at High Temperature

time (sec)
1 0_10 1 0_38 1 0—43
| l |
=lrong fOrce
“super
force”
e'eCtromagnettsm GUT force
/e\eetroweak force |
ea\g £O(Ce
gravity " l
; 1 029 1 032
temperaturg (K)

Four known
forces in
universe:

Strong Force
Electromagnetisn
Weak Force

Gravity



Big Bang Timeline (Electroweak Era)

Eras and Timeline and Events

Characteristics Since Big Bang

— w— — 14 billion years
Ipvesent aay)

Era of Galaxies

Stars, galaxles and

clusters of galaxies

(made of atoms and
plasma)

{ bilion years

NI

Era of Atoms
Atoms and plasma
(stars begin 10 form)

380,000 yaars

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

¥ N s

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnoes
(antimaniar rara)

Particle Era
Elementary particles
(anbmatter common)

Electroweak Era i 3
Elementary particles
second
GUT Era - et

Elementary particles?
P — — — 107" second

Planck Era
2777

swdes by
WY«

Kay
- p _" [T . ‘
nieLiron “_ glectron— . antiproton——4 ‘ antelectrons é’i‘..‘ " quarks .:j_"ﬁo'
proton = 1. neutino——"_ antineutron —— Ta e ' Ve

L

Lasts from
~1038sec to
~]101%sec

Elementary
particles



Big Bang Timeline (Particle Era)

Eras and Timeline and Events
Characteristics Since Big Bang
Era of Galaxies

Stars, galaxies and
clusters of galaxies
(made of atoms and
plasma)

! bWlion years

Era of Atoms
Atoms and plasma
(stars begin 1o form)

380,000 yaars

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

§ mipes

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnos
(antimaniar rara)

Q.007 second,
Particle Era
Elementary particles
(anbmatter common)

W ntenark

10" seconxd
Electroweak Era Y i
Elemantary parlicles . e ¢
l . a- second
GUT Era T

Elementary particles?
— c -~ 197" second

Planck Era

2777

Kay
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. . X e e J—— L s 3 4
neutron electron . antproton- F ant cl-g.:t«onsL«*i.‘? Quavks&f&o
proton = . neutino——_ antneytron —— o ) e 9

101%s to 0.001 s

Amounts of
matter and
antimatter
nearly equal

(Roughly 1
extra proton for
every 10°
proton-
antiproton
pairs)



Big Bang Timeline (Era of
Nucleosysthesis)

ot I 2?\’;"&7;333“3 0.001 s to 3 min
— = .. Nucleosysnthesis

Stars, galaxies and
clusters of galaxies

The creation of
atomic neclei
(matter)

(made of atoms and
plasma)

Era of Atoms
Atoms and plasma
(stars begin 1o form)

380,000 yaars

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

Nuclei begin to
- TUSE

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnos
(antimaniar rara)

01 secong
Particle Era ' - .
Elementary patticles n I Ve rS e I S a
(anbmatter common)
covi
Electroweak Era

Elementary particles

plasma of H,
7 e Ha  neclei

Planck Era

2777

Kay
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neutron electron . antproton- w anbelectrons <= "i." Quarks 0??&-
proton — . neutrino~——" ANHNEUron — TReaes *wt eV



Big Bang Timeline (Era of

Timeline and Events
Since Big Bang

~JNU

Characteristics

Era of Galaxies
Stars, galaxies and
clusters of galaxies
(made of atoms and
plasma)

Era of Atoms
Atoms and plasma
(stars begin 1o form)

380,000 yaars

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnos
(antimaniar rara)

Particle Era
Elementary particles
(anbmatter common)

secovnd
Electroweak Era il
Elementary parlicles . o
‘ - s { second
GUT Era S— ko waries
Elementary particles?
—— . - 107" secand
Planck Era &
2777
Kay
> e .
e B B - BTN R
proton —" . neutino " antineutron —— e e ® vt ey

3 min to
300,000
years

Helium nuclei
form at age
~ 3 minutes

Universe has
become too

cool to blast
helium apart



Big Bang Timeline (Era of

Eras aAt . . . Timeline and Events

Characteristics Since Big Bang

Era of Galaxies
Stars, galaxies and
clusters of galaxies
(made of atoms and
plasma)

! bWlion years

Era of Atoms
Atoms and plasma
(stars begin 1o form)

380,000 yaars

Era of Nuclel

Plasma ol hydrogen and
helium nuclel plus
alectrons

Era of Nucleosynthesis
Protons, neutrons,
alactrons, nautnnos
(antimaniar rara)

Particle Era
Elementary particles
(anbmatter common)

second
Electroweak Era .
Elemeantary parlicles : 4
L - p second
GUT Era A

Elementary particles?
— c -~ 197" second

Planck Era

2777

Kay
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300,000 to 1
billion years

Atoms form at
age ~
300,000
years

Background
radiation
released
(more later)



Big Bang Timeline (Era of Galaxies)

Eras and

Characteristics

Era of Galaxies
Stars, galaxles and
clusters of galaxies
(made of atoms and

plasma)

Era of Atoms
Atoms and plasma
(stars begin 10 form)

Era of Nuclel
Plasma ol hydrogen and
helium nuclel plus

alectrons

Era of Nucleosynthesis

Protons, neutrons,
alactrons, nautnnes
(antmatiar rara)

Particle Era
Elementary particles
(anbmatter common)

Electroweak Era

Elementary particles

GUT Era
Elementary particles?

Kay

neytron ——

proton —

Planck Era

2777
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antproton-——-jy
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antielectrons <<=

Timeline and Events

Since Big Bang

— 14 billion years

n

— 380,000 yaars

{ bilion years

NI

{ muaNes

[y

guarks o:ffg‘.

Galaxies
form at age
~ 1 billion
years



What is the Evidence for the Big
Bang?
1) Radiation from the Big Bang
still detected today

2) The elemental abundances that we
measure agree with that expected

3) Darkness of the night sky



1) Radiation from the Big Bang




“Cosmic Microwave Background” (CMB)!

WAVAVA

Earliest era:

g rules unknown
g 10% Forces
are unified L
‘é‘ 10% Radiation  Protons T ~ 1/ )\
a& 10% dominates  and
g anti- EIectron_s
g 1019 protons and positrons
10 form form
1010
1013.
10 Galaxies
10 form
10 Stars
Trecomb - 30001%
T ~2.7TK0

today

3 3 -23 R 3 i
WwEwE w0 W0 i Pae6 000yr after Big Bang

Time Elapsed since the Big Bang (seconds)

Credit:
https://pressbooks.online.ucf.edu/astronomybc/chapter/29-3-the-beginning-of-the-univer
se/



Afterglow Light
Pattern  Dark Ages
375,000 yrs.

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.

Inflation

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years



Detection of the CMB -
The Bell Labs Horn Antenna




Ehe New Hork Times

Arno A. Penzias, 90, Dies; Nobel
Physicist Confirmed Big Bang Theory

His 1964 discovery with Robert W. Wilson settled a debate over
the origin and evolution of the universe.

% Share full article ~ N

Dr. Arno A. Penzias in a 1991 photo at Bell Laboratories in New Jersey. He and Dr.
Robert W. Wilson were researchers there in 1964 when they discovered cosmic
microwave background radiation, remnants of the Big Bang. Frank C. Dougherty



Cosmic Microwave Background (Radiation) - the CMB(R)

T=2.72548+0.00057 K
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In 1978, Penzias and Wilson were
awarded the Nobel Prize for Physics for
their joint measurement. There had been
a prior measurement of the cosmic
background radiation (CMB) by Andrew
McKellar in 1941 at an effective
temperature of 2.3 K using CN stellar
absorption lines observed by W. S.

Adams.! Although no reference to the
CMB is made by McKellar, it was not until
much later'®! after the Penzias and Wilson

measurements that the significance of this
measurement was understood.

Over two decades later, working at a Bell
Telephone Laboratories facility atop
Crawford Hill in Holmdel, New Jersey, in
1964, Arno Penzias and Robert Wilson
were experimenting with a supersensitive,
6 meter (20 ft) horn antenna originally
built to detect radio waves bounced off

Echo balloon satellites.”! To measure
these faint radio waves, they had to
eliminate all recognizable interference
from their receiver. They removed the
effects of radar and radio broadcasting,
and suppressed interference from the
heat in the receiver itself by cooling it with
liquid helium to —269 °C, only 4 K above
absolute zero.

When Penzias and Wilson reduced their
data, they found a low, steady, mysterious
noise that persisted in their receiver. This
residual noise was 100 times more
intense than they had expected, was
evenly spread over the sky, and was
present day and night. They were certain
that the radiation they detected on a
wavelength of 7.35 centimeters did not
come from the Earth, the Sun, or our
galaxy. After thoroughly checking their
equipment, removing some pigeons
nesting in the antenna and cleaning out
the accumulated droppinas. the noise
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CMB Anisotropies




Cosmic Microwave Background (CMB)

The cosmic
microwave
background -
the radiation

| left over from
the Big Bang -
was detected by
Penzias & Wilson
in 1965 (Nobel
Prize)

This is a few
percent of the
noise in an
analog TV
sianal.




Where does the CMB come From?

80,000
ears

time —p-
< W

&4 eraof atoms @
‘P

1,500 K

3,000 K

temperature

Background
radiation from
Big Bang has
been freely
streaming
acCross
universe since
atoms formed
at a
temperature ~
3,000 K.



relative intensity

CMB has perfect black
body spectrum at a
temperatureof 2.73 K
Variations in different
directions are less

than one partin 10”5
|

4
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wavelength (mm)






relative size of temperature fluctuations

lemperature differences are --....,,
greatest between patches R
separated by 1°.

;| | |

-_—

o0’ 2¢ 0.5°
anatilar senaration on skv

0.2°



“Seeds” Inferred from CMB

« Overall geometry is flat
— Total mass+energy has critical density
 Ordinary matter ~ 4.4% of total
« Total matter is ~ 27% of total
— Dark matter is ~ 23% of total
— Dark energy is ~ 73% of total
Age of 13.7 billion years

In excellent agreement with observations of
present-day universe and models involving inflation

and WIMPs!



2) The abundances of elements

Key:
Step 1 Step 2 Step 3 !
Proton and neutron Two deuterium nuclei Hydrogen-3 fuses 3 neutron
fuse to form a fuse to make with deuterium to
deuterium nucleus. hydrogen-3. create helium-4. J proton

J 'Jr’photon y | ’J “ y
§ ) Ty >

4

Protons and neutrons combined to make
long- lasting helium nuclei when universe
was ~ 3 minutes old

Big Bang theory prediction: 75% H, 25%
He Matches observations!



Cosmic Abundances

1:0
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(relative to hydrogen)

abundance of light nuclei
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107"

0.1%

deuterium
predicted

helium-3

ithium-7 RIRHIED

| predicted

1% 4% 10%  100%

density of ordinary matter
(percentage of critical density)

R

4

deuterium
measured

¥

helium-3
measured

3

lithium-7
measured

Abundances
of other light
elements
agree with
Big Bang
model having
4.4% normal
matter (the
rest being
dark matter
and dark

energy)



3) Darkness of Night Sky
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Olbers’ Paradox
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_ (a) Curvature
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Radiation era
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Fate of the Universe

recollapsing critical coasting accelerating
universe universe universe universe

- \ s e f N\ - -
\ / .

| | | \ |
future S ™ > ,

present

past

Expansion Expansion
Eventual  forever forever, but

stop to. increasingly fast
expansion

Recollapse




Relative size of the universe

4

ExPANSION OF THE UNIVERSE

| |

Dark Matter + Dark Energy
affect the expansion of the universe

Qp Q,
& 0.3 0.7 >
0.3 0.0
1.0 0.0
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The Accelerating Universe
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Fate of the Universe
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dark energy “stiffness”
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Dark Energy Dark Energy

Before Planck After Planck
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