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13.7 billion yrs.
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1 billion yrs.

the study of the Universe

Its components

0.01 msec.

0.001 nsec.
o sec.

how it formed ' .

WIMPs formed?

how it has evolved

Neutrons and
protons

form out of
“quark soup"

Nuclei form

what is its future
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HARLOW SHAPLEY
Mount Wilson Observatory
Carnegie Institution

Universe Is one
galaxy

Spiral nebula part of
Milky Way

300,000 lyr in
diameter

April 26, 1920

A great debate is about to occur

No accepted answers
to the questions

The Scale of the Universe?

1. Where are we in the
universe?

2 . Wh adpirahmreleula@o ?

3. What is our Milky Way
galaxy like?

o4 S
B L e
| =T
|

HEBER D. CURTIS
Director,
Allegheny Observatory

Milky Way one of
many galaxies

Spiral nebula
distant galaxies
500,000 to 10
million lyr distant

30,000 lyrin
diameter
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Cosmology

All civilizations have had cosmology



Cosmology

“Our Creation Story teaches us that the first
Grandparents of our people were made from
white and yellow corn. Maize is sacred to us
because it connects us with our ancestors. It
feeds our spirit as well as our bodies.” Juana
Batz Puac, K’iche’ Maya, Day Keeper



. Cosm;c Jaurney o
+13:8 billion yearsﬂ




Pathwaythru the Cosmic Journey

Questionsare there
keepchanging
ldeas
|deas proposed Observations made
Hypothesis developed Better observations
Hypothesis revised More observations made
Hypothesis becomes New answers provided

accepted theory

Ongoingprocess

Scientific method
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PTOLEMY’S

CATALOGUE OF STARS

Ptolemy
100 - 170 CE

AncientWorld View

Uniform, circular motion

Earth unique central position

Almagest in about 150 CE

Astrolabe medieval Islamic world

Dominated thinking for 2,000 years



The Start of Scientific Cosmology

New ldea

Sun at the center of the universe

Ll Aristarchus of Samos 265 BCE
3106230 BCE Greek astronomer

Nicholas Copernicus 1540 CE
Renaissance-era mathematician and
astronomer

Referenced Islamic works cosmology

1473 - 1543

Earth is losing its significance



17th  Century Scientific Revolution

Scientific observations

First to use telescope

. 1564 1642
Accepted Sun-centered Universe Galileo Galilei

. : : o (
Scripture and Copernicanism ¢ s .
were compatible

Observed phases of Venus

Scientific observational proo

Sun center of solar system
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Kepler's Laws of Planetary Motion

Mathematics

Used to describe
observations

New ldea

1571¢ 1630
Johannes Kepler

Non-circular motion

Foundationf or Newt onos
theory of Universal Gravitation

Elliptical Orbits with Sun at
one focus

T =O0rbital Period
r = mean distance from the Sun

Jupiter
T = 11.8 years
r=52AU

30 11.8? = 140
aw ¢ 13- 140



https://en.wikipedia.org/wiki/File:Johannes_Kepler_1610.jpg

The Start of Scientific Cosmology

Acceptance of sun-centered
universe

17t century Ptolemy physics
no longer worked

Observation of retrograde motion
required new explanation

Central problem of cosmology



The Mechanical Universe

N ¥ /
(1643¢ 1727)
Isaac Newton

New ldea

Explained how objects move
under influence of gravity

Motions In the heavens
obey the same laws of
movement as bodies on Earth

G =6.67x10"

Physics I1s Physic



The Universe in 1720

Universe static with infinite
TN "vmber of stars

Problem applying gravity
S to entire universe

S Gravity attracts 1 all matter
i should clump into one big ball

No observations show clumping

Still Newton accepted
static universe idea

Creator
placed stars i aimmense distancef r om one anot
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ldeas and Tools
New ldea

1750 - Thomas Wright (astronomer)
1755 - Immanuel Kant (philosopher)

I speculate other Island Universes (galaxies)

17851 William Herschel counts stars
and sketches Milky Way

1200 mm/ 48 “ mirror
12 m/40 ft focal length



Tools

B e

Telescopes improve
Multiple observations yield same results
Data collected

New hypotheses developed

el <
= o p

= e =

Newton 1668 Naval Observatory 1870 Mt. Wilson 1917




Astronomers work from home

- Cannot go to the stars,
cannot bring the stars
Into the laboratory

- All information
from observing

Microwave Infrared -Ray Gamma Ray

Radio 1 . Infrared ; Ultraviolet ” ' " X-ray
60,000 nm “12 0-800 nm (10-3.6 um) S 5 450-750 nm 400-200 nm 100-10 nm

600 K 10,000 K « 10,000,000 K
.

"‘

>

“ st .
4 . d % .
COLD GAS: Radio waves reveal COOL STARS: Infrared shows SOLAR STARS: Optical light HOT STARS: Ultraviolet shows HOT GAS: X-rays are emitted
regions of gas cool enough for smaller cool red stars that comes from stars around the the larger hot blue stars that from the hottest regions of
CO; molecules toexist. . »l| make up most of the galaxy. size of:the Sun. are less frequent in galaxies. gas where atoms are ionized.
{ = o o)) hi®) . o e —
.. ® -
e o -

- . . - - . . e
= . : Q

' A \ <

<= COOL LOW ENERGY RADIATION === \/|S|BLE LIGHT == HOT HIGH ENERGY RADIATION =p




Two important new tools of astronomy

Hot blackbody Prism

p ~—lINN

Absorption line spectrum

Prism

a Continuous spectrum ¢ Emission line spectrum

Spectroscopy - 'Photography' |
1814 1840



composition

Analyzing light from stars/galaxies

TIPO COLOR TEMPERATURA (°C) EJEMPLO

hydrogen
20.000
10.000
7.000
6.000

4.000

Spica

Vega

Mirfak
Capella
Aldebaran

surface tem perature
Doppler Effect

—— | | ]
£ :
~ . f7-\\ 7.'
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: N/ ) |
source | g ! 158
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v=0 i+ noshift K
S . <L
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e ' ' Sy '
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7 \‘\\ i ' ' 'y
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; =/ g
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s g
v ' '+ redshift ! 1

Measuring the relative velocities of stars
by the Doppler shift.
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Improved data from photography

72" Reflector 40” Refractor
Drawing by Lord Rosse 1845 1902 photograph

Vance Ley — GNTO 2014
11 inch Schmidt Cassegrain




The Mechanical Universe

New ldea

1905 Special Theory of Relativity

(1879¢ 1955)
Albert Einstein

- all motion relative
- speed of light is constant

Mass-energy equivalence
E =mc?

[=MC

CINERCY  MilK correr 2




Astronomers begin to measure distances

300,000 kilometers/sec
186,000 miles/sec

Earth to moon: 1.29 light secol

Earth to Sun: 8 light minutes

-

( _'»‘- Earth to Mars: 12.7 light minutes

Earth to Proxima Centauri (nearest star): 4.3 light years

Earth to the other side of our own Milky Way Galaxy: 52,000 light years

1 light year (lyr) = how far light travels in one year

9.5trillion km 5.9trillion miles



Astronomers begin to measure distances

1. Parallax

2. Variable stars



Astronomers begin to measure distances

. Seen against
« these objects -

A S & oo " _in February . Seen cxgginst
NeW Tool ik ] i w : these objects
; ol s R G T, in August

> i,;- The Pleiades.

Distcnqe

Observations o St :
in August " gt e ~ Observations in -
: N /8.~~~ February

N

e

Parallax

d=1lp 61 Cygni 11.4lyr  0.28 arcseconds

1838
Friedrich Wilhelm Bessel

Not to.Scale

The distance d'is measured in parsecs and the parallax angle pis measured in arcseconds.

Observationconfirmed a bigger universe



Standard Candle Ladder

% Parallax % Galaxies hosting Distant galaxies in the
" . of Cepheids - 4 Cepheids and

expanding universe
“in the Type la

hosting Type la
" Milky Way .supernovae supernovae

24,0 3 :
‘_Eauh (,,Z 3 y

Sun‘ 3

\
o
1
1
1
1
1
'
1

- Light redshifted (stretched) by expansion of space

.

*i
v &

r g

1 (?K'“ 10 Thousand — 100 Million Light-years 100 Million - 1 Billion Light-years




period

Cepheid Variable Stars and Distance Measurement

6
'
=

\;ﬁ-ji
1868 — 1921

Henrietta Leavitt I T N I T N AN NN N O O A
0 25 50 75 100 125 150 175 200

1912 Discovers Cepheid star ime (daye)

relationship between Cepheid Variable Sta

brightness and period

apparent brightness

30,000 -
Brighter star longer period
Enables calculations of : |
distance to stars |
. I
B d L 1 1 1 1

ju— i . .
5 I 3 10 30 100
471_d4 4’71'8 period (days)



Cosmology Tools

Island Universes

Shapley Measures Distances inside Milky Way

Globular
clusters 1918- Harlow Shapley measures

distancesto globular clusters

Galactic .
- locatescenterof the Milky Way

- Sunnot at the center of
the Milky Way

26,000 lyr Galactic
plane

-_—
100,000 lyr




Hubble Measures Distances to Galaxies

New Tool | W—-_" e '
MR i AR [:
e Cepheid Variable Stars i
Edwin Hubble _ e g o
1889-1953 { e §s o N
15 TR
1923 Discovers Cepheid variable stars in -
Andromeda Galaxy (Messier 31)
Calculates distance at 1 millionlyr ~ =~}
(modern 2.5 million lyr) R W

Observational evidence Universe
Is larger than the Milky Way




Star That Changed the World V 1

Edwin Hubble 7
noted “VAR!"

YAR!

!
A
. “
6-0C
iy .

SN

Andromeda

Photo: R Gendler e i : .' : . ‘ p Cepheid Variable Star V1 in M31 Hubble Space Telescope = WFC3/UVIS

NASA, ESA, and the Hubble Heritage Team (STScl/AURA) STScl-PRC11-15a




Questions of Great Debate Being Resolved

1. Where are we In the Universe?

- Not in the center of the solar system or the Milky Way

2. What are nspiral nebul ao?

- Distant galaxies

3. What is our Milky Way galaxy like?

- 100,000 lyr in diameter

Answers result of observation




As we move forward with the story of the Universe

® ¢ We encounter new concepts

N

%? A To help us understand
\ =7
Scie_nce Science lessons

Le’s'sons



Science Lesson #1

Doppler Effect

Source of sound moves
Freqguencyof sound changes

Doppler Effect

Source of light moves
Colorof light changes



Science Lesson #1 Doppler Effect

i

Galaxy receding Galaxy approaching

Light waves ‘stretched’ — Red Shift Light waves ‘squashed’ — Blue Shift

Red Shift Doppler Effect Blue Shift
Arcturus 1 @\_ - I_| Sirius

: no shift i

~/

| =0

~

source \ /

.__._.

v . : 3 hlucshlh

source \‘3/ ! L b : .
v ' i U0 e

Measuring the relative velocities of stars
by the Doppler shift.
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Redshift Detection

Spectroscopy

1919 - Flagstalff

Observes redshifts of galaxies

Most moving away from the Milky Way

1875¢ 1969
Vesto Slipher

He sai d they were nadr.i

Did not publish his observations



New ldea The Mechanical Universe

1915 General Theory of Relativity

actual star observed star

".
13

(1879¢ 1955)
Albert Einstein

The Theory of
General Relativity
not widely accepted

Gravitya geometrigoroperty of spaceandtime

Spacetime



New ldea The Mechanical Universe

(1879¢ 1955)
Albert Einstein

The Theory of
General Relativity
not widely accepted

1915 General Theory of Relativity

Applies 10 field equations to an
assumed static universe

Answers predicted that gravity
should shrink or expand Universe

No observations that universe was
shrinking or expanding

Accepted static universe and
added term to keep Universe static

Called itosmological constanto A



Einstein Proven Correct May 29, 1919

New Tool predicted location3%

o Apparent

- location of star

Path of starlight
\*

Real location
of star

Earth N A

GTR predicted location of
star to be shifted by SUN

Tunisia
ooooooooo

Al
gggggggggggggg

Mali Ni
ger s

cccccc

Observes prediction

i DR Congo ':

aaaaaaaa

'''''''''
aaaaa
AU, “Mozi

Confirmation of the 1882-1948 e o
Theory of General Relativity Arthur Eddington

Island of Principe

Confirmation result of
observation




Einstein was not alone

New ldeas

Others solved Einstein field equations

19171 Predicted redshift

1872 - 1934
William de Sitter

1922 1 Predicted expanding Universe

Alexander Friedmann



Expansion of Space
New ldea

1927 Belgian Catholic Priest, astronomer
and professor of physics

His solution of field equations shows
expansion of universe and first
estimation of Hubble constant

1894- 1966
Georged_emaitre

Proposed the Universe began from the
primeval atom or the Cosmic Eqgg

First to suggest a BIG BANG

1927 Ei nst eigoodsnath,badp hy si cso



The Universe in 1928
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et
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Universe
- static
- Infinite
- Milky Way one of many galaxies
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Hubble searches for redshift
New |Ideas
redshift

1928 Hubble meets de Sitter and learns

about predicted redshift F

1872 - 1934
William de Sitter

1889- 1053
Edwin Hubble Spectroscopy

Directs Milton Humanson (assistant at
Mt. Wilson) to study faint nebula for
redshift

e

1891¢ 1972
Milton Mumanson

1929 Together study relationship between
distance to galaxies and their
redshift (velocity)



Expansion of Space

Observations show

Edwin Hubble
1889- 1953

CEIEVYA
Galaxy 2

4 »
| Red

redshift =—

100 inch
Hooker telescope

Asdistance
Increases

Redshift
Increases

Recedingelocity
Increases



recession velocity

>

Hubbl

ed0Os Law

New ldea

The Universe Is expandi

V =H, Xd

V = velocity
H,= Hubble constant
d = distance

distance

The farther the galaxy, the faster it moves away from us



Hubbl eds Law

—> 2 Mpc

0 km/sec 70 km/sec 140 km/sec 210 km/sec

Expansion rate
Hy, = 70 km/sec/Mpc

Mpc = 3.3 million light years

Hyo = 70 km/sec/3.3 million lyr



Cosmological Redshift
New ldea

—_ Rubberanalogy <« -~

—»‘1“14—— £ 7

V)
Original wavelength \ T
N B

L1 aflahis s Do o b
]
) | e
(@) A wave drawn on arubber band ...
| . | L LT
BN A < 7 L ]
, \\?\ _'l |(_ AT (7 . T e
: Stretched (redshifted) wavelength \ . =
// vy @,3
(b) ... increases in wavelength as the rubber band is stretched. -

Cosmological Red-Shift ALRD

 Not really a Doppler effect

* Space itself is being stretched between

4 FIGURE 20.25 interactive figure As the universe expands, photon
galaxies

wavelengths stretch. This cosmological redshift shifts them toward
the red side of the spectrum.




Expansion of Space

Expansion appears
the same

from every position
In the Universe




Hubbl eds Law
New ldea

The value for the Hubble constant
becomestheiihol yogftarl astr onomy

Observed Value for H, has V= X d
varied over time
Best tis 73.8 km/sec/M /S UL
=St CUITENLIS £, SeCVIpE H,= Hubble constant
d = distance

3% uncertainty

Mpc = 3.26 million lyr



The Age of the Universe

New ldea

Dark Energy
Accelerated Expansion

Theinverseo f HU D D | (it er e
constant is how long it takes ‘
the universe to reach its
present size

about 400 million yrs.

Current best estimate e
13.8 billion years | 1
Time = - =13.8



The Behavior of Space

Host galaxy

NN .‘

Host galaxy «¥——2"-"——+—+——-d, ————————————» Farth

. e
~ -

Apparent position

Gravitation field

‘ Massive object

Position of source

-
.”

Apparent position




Significance of Hubbl e

New ldea

Hu b b lolesérgations implied that
distant galaxies were moving away
from us

t

If galaxies are moving away from us, y)‘x
some time in the past, they must have

been clustered close together

New ideacg space is expanding from something


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi6vOvqiZTUAhVIImMKHbFkDi4QjRwIBw&url=http://www.physicsoftheuniverse.com/topics_bigbang_expanding.html&psig=AFQjCNHYHo3mjfZKbA1AKSZURbr750V7LQ&ust=1496112042917919

DISCUSSES QUANEURIHR I IGS
WITH EINSTEIN UNSTARURDA)

Expansion of Space

1933 Einstein and Lemaitre meet after
Hubble discovery of expansion of

space

Einstein says i &

mo s t
satisfactory explanation o f

beaut
creat

1951 - Pope Pius Xll declared that
Lemaitre's theory provided a
scientific validation of Catholicism

Lemaitre against mixing

science with religion



ldeas

New idea

4——— Universe expands with time — )

1948 - Predicted the big-bang universe
would at first be dominated by radiation

19047 1968
George Gamov

- Remnant of the radiation would remain

- Expanding universe would cool radiation
to very low energy

- Predicted temperature of the universe now
should be around 5 degrees Kelvin



1950 Two Hypothesis of Status of Universe

Big Bang Universe Big Bang

e @w

- explosion 13.7 billion years .
: Evolutionary Theory:
ago created all things Density of matter decreases over time
- began super-dense Steady State
and super-hot

- expanding and cooling @ » e »

ever since Steac!y State Theory: ‘
Density of matter is constant over time

Steady State Universe
Expansion accepted
- Universe is expanding
- new matter and new galaxies Big Bang controversial
continuously created
- No beginning and no end



Expansion of Space 1950

Big Bang Universe

CREATION OF THE
UNIVER&E L=

MANG Ul e A

DAY CAKE, IT's
mo:cw.ou
(T THE Bie é
%agh:ap\uo My
ETEADY

OWN
STATE
™

1915 -2001
Fred Hoyle

LR




The Universe in the 1950s

RO NN
e

......

Universe
- expanding
-- from smalller beginning (BIG BANG)
-- Steady state
- Infinite
- many galaxies
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Discovery of Cosmic Microwave
Background Radiation (CMB)

 Penzias and Wilson
(1964)

e Tried to “debug” their
horn antenna

e Couldn’t get rd of
“background noise”

=» Signal from Big Bang
* Very, very isotropic (] part in 100,000)

R
Predicted
1948




May 20, 1964

The View of the Universe Changg

othesis acc

LR L ¥ » 5 3

Predicted CosmiMicrowave BackgroundRadiation detected



To Understand Big Bang Hypothesis

r

quantum-gravity era

Big Bang plus e e ‘ 4 i inflation
10743 seconds - -

Big Bang plus cosmic microwave background

1073% seconds?

Big Bang plus
380000 years

gravitational waves

Big Bang plus  *
14 billion years

Must go back to the beginning of time



How to go Back to the Beginning

Physics, math and astronomy
Clues left by Big Bang

Run the clock backward



Science Lesson # 2 Structure of Matter

2 Elementary Particles
Down

@ guarks
" P 5 electrons

Strange Charm Top

All atoms combination

@ electron

@ oroton guarks + quarks = protons &
Oneutron

protons + = nucleil

nucleil + electrons = atoms




Science Lesson # 2 Structure of Matter
Elementary Particles

All atoms combination

@ aecimn various combinations of
@ proton protons + + electrons
i compose all the elements
Hydrogen

Periodic Table of Elements P

2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 1 electron prOton

1  Atomic # 2 £
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For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.
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