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Cosmology in a single plot

Dark Energy
Acceleraled Expansion
Afterglow Light
Pattern Dark Ages
380,000 yrs,

Development of
Galaxies, Planets, etc.
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Elliptical: red and dead Spirals:

No dust/gas, nostar ~ Gas accumulates in spiral
formation density waves;

star formation






Characteristics of the Different Types of Galaxies

Mass (Msyn) 10% to 102
Diameter (thousands of 15to 150
light-years)
Luminosity (Lsyn) 108 to 10"
Populations of stars Old and
young
Interstellar matter Gas and
dust
Mass-to-light ratio in the 2t0 10
visible part

Mass-to-light ratio for total 100
galaxy

10° to 1013

3to>700

106 to 1071

Old
Almost no dust;
little gas

10 to 20

100

108 to 10"

3to 30

107 to 2 x 109

Old and young

Much gas; some have little dust, some
much dust

1to 10




Approaching

Receding




First ™
Superma 87







EIGER 4741 EIGER 4396 EIGER 18026
k \
. .
-
EIGER 4784 EIGER 7426 EIGER 9209
»
ot




The distance ladder!
How to measure distances?

Some Methods for Estimating Distance to Galaxies

Method ‘ Galaxy Type Approximate Distance Range (millions of light-years)
Planetary nebulae All 0-70
Cepheid variables Spiral, irregulars 0-110
Tully-Fisher relation Spiral 0-300
Type la supernovae All 0-11,000

Redshifts (Hubble’s law) All 300-13,000




Nearby galaxies:

use variable stars! =
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Distant Type la Supernovae

For empty
universe p=0

Best fit of

For critical
current data

density P,

Accelerating

; ® Hiah-
Universe High-Z Supernova

Search
Supernova Cosmology

Project
Decelerating

Universe
|

0.4
Redshift z

| |

0.8 0.7 0.6

Linear scale of the universe relative to today




Hubble’s Law: distance proportional to redshift

Redshift: spectrum of light shifted to red
(going away from us)

Hubble’s Data (1929) Hubble and Humason (1931)
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When we look at larger distances,

we are looking into the past!

Hubble’s Data (1929)
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Expansion of universe and redshift

—_—
2 cm/min 5 cm/min 10 cm/min

Redshift: 3D maps of a 2D sky

Distance (d)




Searching for galaxies:
redshift and wavelength

Brightness of Light

T

—

SPIRAL GALAXY A

e

REDSHIFT: 10
AGE: 480 Million Years
DISTANCE: 13.2 Billion Light-Years

SPIRAL GALAXY B

REDSHIFT: 11

2’ AGE: 420 Million Years
DISTANCE: 13.3 Billion Light-Years
\,.J/\-ﬁmwm.vww\-»— VA
SPIRAL GALAXY C
REDSHIFT: 12
AGE: 370 Million Years
t DISTANCE: 13.4 Billion Light-Years
Infrared

Wavelength



Redshift formula

Redshift z= AA/A = v/c (If v<<c)
v=H,d, H, is Hubble constant
D=z c/H,

Age of universe: 1/H,
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Light travel time: distance ~ time

® Most distant: 13.5 billion light years
® Currentdistance: ~5o billion light years (no longer visible)

® \When we observe the most distant objects, we are
observing the universe when it was young!




GALAXY CLUSTER SMACS 0723
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WEBB SPECTRA IDENTIFY GALAXIES IN THE VERY EARLY UNIVERSE

1

NIRCam Imaging

NIRSpec Microshutter Array Spectroscopy
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T j 7 T - S
- 2l e . "~y
: 3 . % . ; : )
. . - - - 4
» D ; % v
| @ & -5
. - .. p . " ~
e "y e P RN
s > - > e #
2 ~ g - ' . . 2 ' 4 -
7 M e T.” ' . 4 b 12.6 billion years
= ©. ‘
& 3 : ;‘ ". \ \
L i N
b O 5
= p N LR
5 2 o - .-
b . " . e 3,4k
) : g L_]' .' - o+ " 2 o
o ¥ v § . . - 13.0 billion years
.& . ;“‘ » &
‘u
. S . - -~ - .
& \ 0 =54 . * -
. 3 \’ - . “ -
SN 3 A\ o . - et - Al
- - - - i 4
- »| & Naw * T
* N\ « * ‘ <" B ‘-
v - K ... :
- o - 5 * - .. o | % . ® 13.1 billion years
- - - . sl
- ® ;
T = F - ]
- - k -2 ” ¢
. e & e L

WEBB

SPACE TELESCOPE

Relative Brightness Relative Brightness

Relative Brightness

Relative Brightness

Lowest redshift

Oxygen
84
5| Hydrogen Hydrogen
4.4
N l
0 LU e
|-
T T
Wavelength of Light
microns
6
4
2
0
Wavelength of Light
microns
1.0
oo SRS : o il
| B
T T
2 3
Wavelength of Light
microns
6
44
24
0 -WWWWWWMM WW’MW‘MM
T T T
2 3 3
Wavelength of Light v
microns

Highest redshift




Image

-

Most distant astronomical objects with spectroscopic redshift determinations

Name

JADES-GS-z14-0

JADES-GS-z14-1

JADES-GS-z13-0

UNCOVER-z13

JADES-GS-z12-0

UNCOVER-z12

@

Redshift
(2

0.08
z2=14.32" 50

0.17
z=13.90 t0_17

0.04

+0.014

0.24

0.004
z=12.393 t0_001

-
-

Light travel

distance$
(Gly)ISTBIT

13.576141 /
13.596[°! /
13.474/61/
13.473[7]

13.51

13.556141 /
13.576051 /
13.454/61/
13.453(7]

13.48

-

Proper

N distance .

(Gly)

3256t

32.341

3221t

Type

Galaxy

Galaxy

Galaxy

Galaxy

Galaxy

Galaxy

-

Notes

Lyman-break galaxy,

@

detection of the Lyman break

with JWST/NIRSpec.®]

Lyman-break galaxy;,

detection of the Lyman break

with JWST/NIRSpec.®!

Lyman-break galaxy,

detection of the Lyman break

with JWST/NIRSpec.[7]

Lyman-break galaxy,

detection of the Lyman break

with JWST/NIRSpec.[']

Lyman-break galaxy,

detection of the Lyman break
with JWST/NIRCam ['%! and
JWST/NIRSpec, 2l and ClII]

line emission with
JWST/NIRSpec.'?] Most

distant spectroscopic redshift

from emission lines; most
distant detection of non-

primordial elements (C, O,

Ne).

Lyman-break galaxy,

detection of the Lyman break

with JWST/NIRSpec.!!"]




3D map of the universe: clusters and voids
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Galaxies cluster togetHer: Local Group

And Il

Ursa Minor eoll

Carina ygc-A86
Sculptor
LMC ® /,NGC 205
SMC I \/¢ M32
NGC 185

NGC 147
Pegasus

e Spiral
e Elliptical




' .NGCAIR

Rogello Bernal Andreo
DeepSkyColors com
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Masses an

gravitational lensing

Galaxy
Observer 6 - -

on Earth d







Gravitational lensing










g .
J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0
& \
.
J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRC05-32







e
Original image by ALMA (ESO/NRAO/NAOJ), L. Calgada (ESO), Y. Hezaveh et al., edited and modified by Joel Johans
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X-ray image (pink)

visible light image (galaxies)
matter distribution calculated from
gravitational lensing (blue)

Bullet cluster: best evidence of dark matter?

Mass and’

'normal matter”

=baryons are spatially offset
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What is the universe made of

|II

® “normal” matter: 25% of total mass

® 75% of mass: dark matter

“cold” dark matter

But cosmology: dark (vacuum) energy is 75% of energy
density of the universe
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Years after the Big Bang

400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion
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Size of the erse?

® Doesthe universe have a beginning? Or an edge in time?

® QOristhe universe infinite?




Olbers Paradox

® Why is the sky dark at night?
® [fthe universeis

infinite in size

infinite in age

filled with stars

® then aswe look out into a larger volume, number of stars
increases. The entire sky would be as bright as a star

One of the assumptions must be wrong




Solution: Universe is expanding

Graph of Hubble's Law

MORE DISTANT GALAXIES
ARE MOVING AWAY AT
A FASTER VELOCITY
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GALAXIES CLOSER TO EARTH
ARE MOVING AWAY AT A
SLOWER VELOCITY
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DISTANCE




Solution: Universe is expanding
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Universe ® High-Z Supernova

Search
* Supernova Cosmology
Project
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Linear scale of the universe relative to today




Solution: Universe is expanding

Graph of Hubble's Law

MORE DISTANT GALAXIES Actually not “moving away”,

ARE MOVING AWAY AT e universe is expanding!
A FASTER VELOCITY

GALAXIES CLOSER TO EARTH
ARE MOVING AWAY AT A
SLOWER VELOCITY
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Are we in a special place? If not, then universe is expanding everywhere!




Solution: Universe is expanding




Age of the universe

Age of universe:
13.8 billion years
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H, (Km/Sec/Mpc) Hubble constant




Big B
® Exrapolate back to explosion of space-time: 13.8 billion
years ago

® All universe in same place
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Evidence for the Big Bang

Cosmic expansion (Hubble’s law)
Cosmic Microwave Background

D, He3 Li elemental abundances

Galaxy evolution
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Initially discovered by Penzias & Wilson
Near-uniform microwave background (smooth to 1 part in 104)

Cosmicm




Cosmic microwave background

Cosmic microwave background spectrum (from COBE)

I I | | I I I | I
COBE data +—+—
Black body spectrum

“perfect” blackbody: 2.72 K
Long wavelength (microwaves)
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Cosmic microwave background

Early universe was hot and fully ionized!
Electrons absorb photons: no photons could escape

Universe cools, electrons+protons => atoms
Recombination
Occurs at 3000 K

We see photons from surface of last scattering
4000 K redshifted to 2.72 K
Universe was 380,000 years old
T.=2.726K X (1 +2); z~1,100




anisotropies!

But not perfect
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Near-uniform microwave background (smooth to 1 part in 10%)

Cosmicm




Planck epoch: 1e-43 s; T=1032

® universe was energy

® universe was smaller than a pre

Gravitational Waves
A NN N I

Universe expands as cools

Inflation: from 103°to 10325

Free Electrons Earliest Time
Scatter Light Visible with Light

® theuniverse expandsby af

Quantum
Fluctuations

® Quantum fluctuatio

e All structure

Radius of the Visible Universe
Inflation
Neutral Hydrogen Forms
Modern Universe

13.8Billionyrs




Solar system forms\,
Star formation peak

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition

Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear ;
forces differentiate

Inflation

Quantum gravity wall

Spacetime description breaks down AR

University of Cambridge




History of the Universe
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Dark Energy
Accelerated Expansion

Cosmolc

Afterglow Light
Pattern Dark Ages
380,000 yrs,

Development of

Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion
13.7 billion years




Inflation: from 103°to 1032 s

The universe expands by a factor of 1078!
Allirregularities get smoothed out

Tiny quantum fluctuations grow to become galaxy clusters

Infiationary

Epoch

linyfm(tlon' L
of a second

Radius of
TYIREN. | =Y 5 Observable
380,000 VENGEARENE " L Universe



3D map of the universe: clusters and voids
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First st

Only H and He

Can only form massive stars

® From models

100-1000 Msun

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion

13.7 billion years



Evidence for

Ig Bang

Cosmic Expansion/Hubble’s Law
Cosmic Microwave Background

Abundances of light elements

Evolution of galaxy structures
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Evidence for Big Bang

Cosmic
Expansion/Hubble’s Law

Cosmic Microwave
Background

Abundances of light
elements

Evolution of galaxy
structures




Evidence for Big Bang

Cosmic

Expansion/Hubble’s Law it

predicted
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Cosmic Microwave
Background

deuterium
measured

o
|

Abundances of light

N helium-3
elements
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lithium-7 predicted

predlicted . g
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Evolution of galaxy
structures
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0.1% 1% 4% 10% 100%

density of ordinary matter
(percentage of critical density)
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Cosmic
Expansion/Hubble’s Law

Cosmic Microwave
Background

Abu




Cosmological

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

Inflation

Quan

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Is there enough mass to overcome expansion?

® Universe is accelerating

® (Can gravity (long-distance) overcome the acceleration?




Is there enough mass to overcome expansion?

® Universe is accelerating

® (Can gravity (long-distance) overcome the acceleration?

How do we measure mass?
® Starlight (mass in stars, gas)
® Galacticrotation curves

® Gravitational lensing




Type 1a superno‘_
standard candle - Py

® White dwarf explosions

® Qveri.4 Msun (Chandrasaekher mass)

® Always same luminosity (after corrections)




Type 1a Supernova:

expansion of universe is accelerating!
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Distant Type la Supernovae

For empty
universe p=0

Best fit of

For critical
current data

density P

Accelerating

Universe ® High-Z Supernova

Search
Supernova Cosmology

Project
Decelerating

Universe

0.4
Redshift z

0.8 0.7 0.6

Linear scale of the universe relative to today




Type 1a
Supernova:
expansion of
universe Is
accelerating!

Einstein’s
"cosmological
constant”

s /]
®High-Z SN Search Team o .
¢ Supernova Cosmology Proj 87.
P -
. 3
”~

— 0,70.3,0,=0.7

¥y

m-M (mag)

— 0,~0.3,0,=0.0 7]

--0,-1.0,0,=00

A(m-M) (mag)




Dark (vacuum) energy

® Some vacuum energy leads to the expansion of the
universe accelerating!

® Current model for universe: “Lambda CDM”
® Lambda: acceleration of universe (dark energy)
® CDM: cold dark matter =




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

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Big Rip (Big Chill/Heat Death):
the far-future of the universe

If expansion continues to accelerate

: Big Bang

: Sun formed
2 billion years: people better leave Earth
5 billion years: sun evolves off main sequence
4-8 billion years: Andromeda Galaxy, Milky Way merge
100-1,000 billion years: Local Group galaxies merge
150 billion years: galaxies beyond local subcluster will pass beyond cosmological
horizon (no causal interactions)
800 billion years: stars burn out, little star formation; luminosities diminish
2 trillion years: galaxies outside local supercluster not detectable
1-100 trillion years: star formation ends
1e20 years: galaxies ripped apart; stars flung out or eaten by black holes
1e50 years: protons decay, normal matter no longer exists
1e70 years: black holes evaporate
1e100 years: supermassive black holes evaporate
1€1000 Yyears to eternity: dark era, heat death
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