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Prof. Juri Toomre TAs: Ryan Horton, Loren Matilsky
Lecture 29 ngs 11 Dec 2018
edu/astr1040-toomre

2eus.colorado.

Our Schedule
* Final Efgm on Sun Dec 16, 4:30pm-7:00pm,
ere, closed book, 2 crib sheets allowed ?4
sides), bring pencils
* Review #4 tomorrow (Wed) 5pm-7pm by
Loren Matilsky, here

* All observatory reports, gro‘ects1 & 2, due
D2L dropbox (or paper) by Thur 13 Dec 6pm

* HW #13 being returned (+answers), and all
prior graded HWs and MT Ex 3

* Finish reading 23.4 Dark Energy and Fate of
Universe

» Today: First few minutes of our Universe

* This faint light looks like a solid glowing wall
+ Thermal spectrum at 3000 K (visible), if redshifted by factor
Z~1000 > 3 K!(microwaves)

Models of universe — and its fales '
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_CRITICAL
(FLAT)

average distance betwean galaxies
{based on redshift)

time in billions of years

REVIEW

White-dwarf SN - accelerating universe

Conjecture: An unknown
force at large scales
begins to counteract
pull of gravity

‘Dark energy "-
outweighs every other
form of mass/energy

~73% (maybe 68%)

Baryons: 4.4% (5%) Dark Matter: ~23% (27%)
with a ELAT universe and early inflation

Accelerating Universe: Mass-Energy Pie Chart

68% dark energy

* Dark energy —more
prevalent than every
other form of
mass/energy!

* Arepulsive force that
counteracts gravity?
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Small temperature fluctuations
used to
one degree scale of bump -->

Variations in CMB on small scales:
REVIEW  “sound waves bouncing around”

To get 1 degree peak,
cosmology models
involve FLAT geometry

relative size of temperature fluctuations

90° 2 05" 0.2°
angular separation on sky

“Overall Geometry” of Universe
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What CMB ripples and distant SN imply
about cosmology parameters

L No Big Bang

REVIEW
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Recollapsing Eventually

VISIBLE+DARK MATTER $2m

Major puzzle: Why is CMB so uniform?

time us

now

380,000 yr

e distance LS

Major proposition: INELATION
LRY EARLY.' time (sec)
strong force
becomes distinct
from

electroweak,
huge amount of
energy released

Universe
INFLATES:

atomic nucleus size
to solar system
size in 10{§£’sec

mES.N.QT_Q.QQL temperature (K)

*super
GUT force ’°;°e

relative strength of lorce ——p-




Infiation: coupling all portions of universe

;
;380,000 yr

period of §
inflation &
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107% g
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Acceleraiedc Bgpansion of the Liniverse

What is Olber’s paradox? D.

A. If the universe was infinite, any direction
you looked you would eventually see a
star

B. If the universe was infinitely old, the
starlight would have time to get here

C. The sky should look bright at night—
because all directions would have
starlight

D. All of the above

Darkness of the night sky
OlbersglRaradox]

If universe were
1) infinite
2) unchanging
3) everywhere
{ thesame
Then stars would
cover the night

j sky
SO WHY NOT?

“Observational Pillars” of Big Bang Theory

- 1. The universe is aglow with thermal
- radiation, the Cosmic Microwave
L = Background (CMB)

******* 3 2. The observed abundances of light elements

.......

2333333 N agree with Big Bang predictions

......

3. The universe is expanding

@ 4. The night sky is dark

Evolution
of Universe

R R e I
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Briefly recall physics in our realm now:
“Standard Model”

particle properties habits

always in groups of 3,
form nucleons:
proton = u+u+d

neutron = u+d+d

<Y up quark

it up

: +or -

; FE ] or - charge
| S large mass

l?d down quark

no charge

f . .
A neutrino : barely interacts
e tiny mass

orbits nucleus

el charge
! ca - 4
! electron
i € small mass
j

Quarks and gluons: building blocks

atom~10%cm
Ancient Greeks
hypothesize “atmos”
or indivisible particles

1700s-1800s many
different kinds of
atoms discovered
(elements)

electron
< <10"%m
proton
(neutron)
~10%cm
. quark
~10"%cm
nucleus L .
~10"%cm

early 1900s - atoms
composed of nucleus
and electrons

1960s - protons
and neutrons
composed of

nucleus composed of quarks

protons, neutrons

In the earliest stages after inflation

High-energy photons create
quarks, anti-quarks

Quark-gluon plasma - at very high
temperatures (T>10'2 K),
strong force not strong enough
to hold quarks together.

ik
* Once photon energy drops below
¥

2 10'2K, strong force overcomes

%
** oo kinetic energy.
2 *. Quarks are immediately confined
=0 00 — protons, neutrons

From quarks to atoms

)
Co

proton = u+u+d

e hydrogen = proton

deuteron =p +n
(isotope of hydrogen)

tritium = p + 2n 2 protons
(isotope of hydrogen)

everything held (d)

together by () ()

Strong force
neutron = u+d+d

3He “He

helium isotopes

+ 1,2 neutrons

THE CosmIc_ FREBALL
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Making helium in first 3 minutes

Step 1
Proton and
neutron fuse
to form a
deuterium
nucleus.

9 photon

q
4 >3
9

JUST DO NOT MAKE EVERYTHING INTO HELIUM !

Step 2 Step 3
Two deuterium  Hydrogen-3
nuclei fuse fuses with
to make deuterium
hydrogen-3. to create

helium-4.

2 . 2 .
Y pp— ‘P
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fo Cmaor SP®r Wiy PuRE MEVRowe
Thes TAE_Lese HEUum PeotuceD pr 2ecsmmss

Matter, Anti-matter and Energy

AL bl Particle creation

- hoton electron
photons convert into i
particle+antiparticle pairs, /\/\/\/\ A, e
and vice-versa o )
Matter & energy are the /\_/\/\ﬁ *\
same: E=m gamma-ray photon antielectron
Early universe was full of Particle anniilation
Z:ﬁl:ezgomtgz ;:n antielectron gamma-ray photon

Lbilion photons (ight) .|~
1 leftover proton

(matter) — 1P

electron gamma-ray photon

H and He ratio after ~3 minutes
14 protons 2 neutrons

wo JOPPIII @

helium

synthesis ‘ ‘ e ‘ ‘ ‘ 0

e QPP i

synthesis ‘ e ‘ ‘ ‘ ‘

12 hydrogen J 1 helium

atomic mass = 12 atomic mass = 4

75% hydrogen, 25% helium, trace of deuterium

2 MMTES  AFre.  ThHE " BIG BANG "

During first
3 minutes

Making the
elements

How much

DEUTERIUM
made depends  H: Hicu peumenu = low Pevem oF
on d e ." Of ORO ity MATITR.

1%k 7010k 10%e (o)

ordinary matter Low gemseum > then ,::”;,/narwn
(baryons) ofceevee » L 2 0.05 {MJM%

TG ORDINARY MATIR. IS Kot SutficnT
T _Srop ExPmisios_of unieiie (oFen)

Sensitivity in making the light elements

10
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5 10 )
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83
B ¥
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3~ dicted
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density of ordinary matter
(percentage of critical density)
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Big Bang
Gravity freezes out

Strong Force freezes out

Timeline

After “recombination™ [Era of Atoms

) ,craotaomsa

®. Fina”y i » Matter consists largely of
for ele_cl’on_s to . K guur:':usf,::\i?rnns, positrons,
::orfgbme tw:th nuclei
0 Torm atoms —
] Weak Force freezes out ;
‘:j Quarks combine into protons, neutrons, & their antiparticles
T = g Virtually all anti-matter is annihilated.
=aEn L] In L4 free ﬂEJ 2 E ¥ 3,000 K g_ Fusion creates Helium
= Eyears NS =i L T :
{o become CMBof : ~ 940 4 ‘ £
future |
. : <— Neutral atoms form, light decouples from matter
« Universe becomes ] : { A% . 6,000 K (Cosmic Microwave Background)

transparent to light

Very good but complex: Fig 22.4 + 22.5

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

Inflation

Qua
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years




