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Week 1 5 Tuesday

Announcements / Reminders

Today's Agenda ® HW 10 due this Friday @11:59pm
® Extragalactic distances e HW 11 also available, due next week
® Large Scale Structure (LSS) ® Read Chapters 20 & 23.0-3 (& 24)
® Evolution
® Early Universe e HEAP TODAY @ 4pm

® LSS / Cosmology probed through weak lensing!
® Colloquium Friday @ 2pm
® Intercellular Communication & Drug Delivery
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Project Presentations

® ~20 groups, need to get through
10+ per day
® Aim for ~5 min presentations
® 10% of your course grade is
based on class participation
(attendance / asking questions /
group work)
® Asking questions after
presentations counts toward
your participation!
® Completing Feedback forms
also counts (but less)
® Project is 20% of your course
grade (3/4 project, 1/5 prez, 1/20
paragraph description)

ASTR/PHYS 3070: Foundations Astronomy

Your Name:

Interpreting & Communicating Science: Peer Feedback
Provide constructive criticism on your peers' projects. Feedback will be distributed anonymously.

Presenter Name(s):

Did the project and presentation improve your understanding of the concept?

Which aspect did you feel was most instructive?
Project Presentation Both were equally useful Nerther were useful

Any suggestions for how the final copy could be improved before it is submitted:

December 15th:
Archival Copy of Project Due

December 17th:
Final Exam
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We live in an expanding “balloon universe”

If expansion constant, then can estimate the
age of the universe

4 d 1
_UT—H()d—H()
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Type la
slipernovae

Parallax \
, Cepheids , @
Distant Standards

Type la SNe act like
“standard candles”
(Like Cepheids, we know
how bright they are
intrinsically)
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Finger of God: the Coma Cluster

Galaxy Cluster
Supercluster

First CfA Strip
285 < 8 < 325

My S 16.6
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Galaxy Surveys

2dF Galaxy Redshift Survey

Billion

3° slice
62009 galaxies
220929 total

Why does the pattern look
different at high redshifts?
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ASTR/PHYS 3070: Foundations Astronomy

Cosmology
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How does the expansion speed change with time?

Matter When dense, the gravitational force is stronger

(But also the expansion speed was higher)

Like shooting a cannonball straight up:
1) VvV < Vesc: go up and come back down
2) V = Vesc: stop when infinitely far away
3) V > Vesc: reach coasting velocity

Same is true if all particles exploding away from each other
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Friedmann Equation

Master equation of the universe

Curvature of space Cosmological constant
(Flat =0, spherical <0, or hyperbolic >0 geometry?) (Dark energy)

a\" 87TGU(;>\/£62 1 . A
a)  3c? ' rega(t)? 3

/

Hubble parameter
(Speed of expansion)

“Energy density”
(Sum of rest mass & KE of all
particles + radiation)
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Possible Models of the Expanding Universe

Accelerating Universe




EXPANSION OF THE UNIVERSE

4 | ! 1 I
Dark Matter + Dark Energy
affect the expansion of the universe
Qp Q,
3 I 0.3 0.7
0.3 0.0

0.0

1.0

Relative size of the universe

Fractions 0
relative to the -10 Now 10 20 30

critical density Billions of Years
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Our universe
(we think)
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Many different kinds
of observations agree

What happens if we roll back the
clock to the early universe?
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Qdark energy

1.5 — 1 1 1 T T T T ] T T 1
| optical/IR -
“Supernovae -
1.0 -
Combined -
Data -
0.5 microwave —
i Flat -
0.0 I R T N RN N SR \I L1
0.0 0.5 1.0 1.5
Qmatter
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At some point in the past, universe so hot it is ionized —> opaque

/ Electron

o &

@

ge

Photon

o

(@) Before recombination:
* Temperatures were so high that electrons and

\ 9
+
VAV

* The universe was opaque: Photons underwent
frequent collisions with electrons.
 Martter and radiation were at the same temperature.

protons could not combine to form hydrogen atoms.

! /_IJ Hydrogen atom

/o~ 0

(except for specific
wavelengths)

(b) After recombination:
e Temperatures became low enough for hydrogen atoms

to form.
* The universe became transparent: Collisions between

photons and atoms became infrequent.
 Matter and radiation were no longer at the same temperature.
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Near perfect BB everywhere on the sky

Cosmic Microwave Background Spectrum from COBE
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Black Body Spectrum
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Spatial variations on different scales

o1 - T(0,¢0) —(T)
?(97 ¢) — T

o\ 1/2
<(%T) > — 1.1 x107°

dT > 3 mK

dT ~ 3.353 mK

’

dT ~ 0.018 mK
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Fluctuations in the CMB become the
large scale structure of galaxies,
clusters, and superclusters we see
today

ASTR/PHYS 3070: Foundations Astronomy

Fall 2021: Week 15b

21



Go further back, hot enough for H—>He fusion

.

r

The amounts of different
elements produced in the Big
Bang were determined by the
density of normal matter.

“He mass fraction

0.25
0.24

“He

\.

If the density of normal
matter in today’s universe

lies in this range...

\

amount of normal matter is

not enough to explain the

\

) gravity we observe

\ | Observed “He abundance

r

0.23

~ Deuterium (°H)
/

Curves show the
0.22 amount of an isotope
that would have been
formed in the Big Bang.

.

1

...then the light elements
formed would match what
we find in nature.

J

—h
9
AN

1
Density of normal matter in today’s universe (1072° kg/m?®)
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2

3

4

| The amount of normal
matter we actually observe
(black line) lies within the

| predicted range.

y Observed deuterium
abundance

5
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Relative Contents of the Universe

Baryonic matter (all the particles we know about)

Dark matter

B Dark Energy

B Dark Matter

B Free Hydrogen & Helium
A 0O Stars

O Neutrinos

@ Heavy Elements

Dark energy

Baryons: hadrons (particles made of quarks like protons and neutrons)
Leptons: lighter particles not made of quarks, including electrons
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Way further back: origin of structure (inflation?)

Initial quantum density perturbations
(metefs)  Inflationary amplified by Inflation after the Big Bang.

Epoch

—n ee—

Radius of
Observable
Universe

BT PR ST PRI BF Y SN L B L

105 103 1025 10°15 10°% 10° 1015 Time

Called Hierarchical Structure Formation
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24



t=14x10%yr
T=273K
d = 107%° kg/m®

\

t=10° yr ,

d =107%* kg/m®

\.

=105 yr J
T =4000 K

Ad—10"17 ka/m3
L e )

Temperature of
Sun’s center

muwBS J
T =10°K
d = 10° kg/m*

.

VR o' o M o t=15s
o m_%mo:.o: nomuqo:nm:m::_:__m:%:o ﬂwx:uox

o

¥ o o M o ©

AT . o o d =107 kg/m>

,Oo o 2.9 2 00 \. J
3580 o o © o o 5 R0

o2 0 OOOO o © O O

o

~\

O

0
2 o O IO 0

Density of
° 5 (o) (o] o0
||||||||||| °  Electroweak breaKs ° neutron star

O

s £—n10s 1=l
T 10K
............. d = 10% kg/m?>

\

~

=N 0p 2l
T =102 K
d = 10% kg/m?

||||||||||||||||||| TOE breaks

Planck | Z&% = |
Era ,

. ” \.-.....v y
- LV

o {

B \g

.

t-10%8s |
T =103 K
d = 10% kg/m?

0 Q

(

N

lverse IS
tion)

d aga
tion)
ASTR/PHYS 3070: Foundations Astronomy

opaque
joniza

loNnizZze

o
k=
O

=

O

O

Un

(re

Universe gets

7).
-
s
0%
7).
-
O
=
O
D
LL]

(recombina

25

Fall 2021: Week 15b



10%°

Time (years)

10720

10720

Dark Era

Black Hole Era

Degenerate Era

Primordial Era

Electrons and
positrons annihilate

N

e

Inflation

»L%ar\mi)tons

No structure

Galaxy-size
black holes decay

Stellar-mass
black holes decay

Neutron N
Stars Degenerate 7 LB e
collide dwarfs decay
Stars Galaxieso Life g 2 el
form form begins " oo

Recombination

Electron
O\
~WVWWA -~
/ UV photon
Po Primordial -
roton _ ° S
Nucleosynthesis | &= e
H—>He*
@
\
.
Big
Bang
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The Deep Future
(maybe?)

((This scenario assumes protons decay))

Primordial Era
Stelliferous Era
Degenerate Era
Black Hole Era
Dark Era
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105 yr
1014 yr
1039 yr
10100 yr
infinity?
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