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Cosmology 4, 2 & QM 1
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housekeeping
Question about anything?  

I’ll make a movie for you: 

Marie Curie movie anyone? 

March 29: 6:30pm, BPS 1400 

I’ll poll for pizza this week 

FakeFacebook is due April Fools Day. tee hee 

Blog read-reflect project has started. 

Did you notice that the homework is in 
MasteringAstronomy?
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YOUR MOVIE 



Honors Project
has begun. First milestone was last Friday.  

Read the Second of two sets of instructions: 

MinervaInstructions2_2017.pdf    in 

www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/
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http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/


MasteringAstronomy
free and use of the textbook:  

The Essential Cosmic Perspective, Bennett, Megan 
Donahue, Schneider, Mark Voit 

 http://www.pearsonmylabandmastering.com/
northamerica/masteringastronomy/ 

 Course ID is ISP220SP17 

 “code” is WSSPCT-SNELL-NAMEN-WEIGH-METIS-
NJORD
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Cosmology	4



Einstein had immediate with GR
1. His solutions were the only ones 

2. His cosmology would produce his desired outcome: 

a spherical universe 

a stable universe 

3. Surely, mass was required in order to create gravity 

4. Surely, the universe is stable?
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G + ⇤ = T

G  + Λ = 0

nop
e

nop
e

nop
e

nop
e

^ 
“cosmological constant”

G  = T



curvature, “k” – hypervolumes
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is	impossible	to	visualize	the	
nega5ve	curvature	3d	shape...	
	 it’s	like	a	saddle,	or	mmm	
mmm	good		
Pringles	Potato	HyperChips

A	mathema5cal	fact:	
These	3	are	the	only	
geometries	that	can	be	both	
homogeneous	and	isotropic

}
if	a?er	a	long	5me,	you’re	more	than	1	inch	
apart...you	live	in	a	nega5ve	curvature	space

1	inch

k = 0, no curvature 
infinite, unbounded

k = +1, 
positive curvature 
finite, unbounded

k = –1, negative 
curvature  
infinite, unbounded



Hubble used 
Leavitt’s 
formulation

Cepheids were 
everywhere! 

were “nebulae” in the 
Milky Way? 

or, is the universe 
much bigger?
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M31, Andromeda 

2900 thousand light years

M33, Triangulum 

3000 thousand light years

NGC 6822, Barnard’s Galaxy 

1700 thousand light years

1924:	Andromeda	is	its	own	galaxy

A	famous	public	argument	ended.	

The	universe	became	
HUGE...	overnight!



atomic 
spectra

unique fingerprint 
of the atomic 
species
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p

e

γ

hLp://www.ruf.rice.edu/~mcannon/Research%20Home/Research%20Home.htm

absorp5on

emission

http://www.ruf.rice.edu/~mcannon/Research%20Home/Research%20Home.htm


Hubble 
used

the finger-print 
tool of 
spectroscopy 

plus 

the distance 
determination 
tool of Cepheid 
Variables

10http://www.astro.ucla.edu/~wright/doppler.htm

Ca H I Mg I Na I

eg, seemingly, Doppler shifts at work:

His results: 

Wavelengths shifted to longer - 
“redshifted” 

meaning all of his galaxies seemed to be 
moving away from us



refers	to:		

example:		
	 	 	 	
	 	 	 	

rela5on	alert: Hubble’s	Law

Speed	of	a	galaxy	is	propor5onal	to	the	
distance	away	from	any	point.	

galaxy	NGC1832	is	9.57	x	1020	km	away,	
so	Hubble’s	Law	says	it	would	be	moving	
at	v	=	2150	km/s

v = rH



Hubble’s observation 
are not these:
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Hubble’s Law

H: a measure of the time a galaxy has been “traveling”
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FROM PRESUMED 
DOPPLER-SHIFTED 

SPECTRA

FROM LEAVITT’S 
CEPHEID VARIABLE 

RELATION

HUBBLE’S 
CONSTANT = 1/T

v = rH

It’s	a	liLle	tricky...	Think	Balloons.



value:		

units:	

usage:		 	
	 	 	
	 	 	 	

constant	of	
nature: Hubble	“Constant”

H0 = 67.8 +/- 0.9  

(km/s)/Mpc (1Mpc = 3 x 1022m) so       
H0 = 2.26 x 10-18 s-1 

fundamental measurable in 
experimental cosmology



How old is the universe?

can estimate!

15

How fast are you expanding from me?



Georges 
Lemaître 
(1894-1966)

The father of the 
Big Bang 

get it?
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Lemaître was the first to realize that 
Hubble had demonstrated:

1. spacetime is stretching 

The entire kit and caboodle is expanding 
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galaxies 
are not 
“moving 
away”
inside of the 
universe
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universe



what 
stretching 
DOES mean

is complicated!
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universe



Lemaître was the first to realize that 
Hubble had demonstrated:

1. spacetime is stretching 

The entire kit and caboodle is expanding 

2. But then he realized that the current Universe could 
have come from something smaller 
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and still smaller 

and still smaller 

until.
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“
George Lemaitre, The Primeval Atom

We can compare space-time to an open, 
conic cup...The bottom of the cup is 
the origin of atomic disintegration; 
it is the first instant at the bottom 
of space-time, the now which has no 
yesterday because, yesterday, there 
was no space.



Lemaître envisioned

A “primeval atom” 

it was the heady times of quantum mechanics and early nuclear 
physics 

He envisioned a fissioning of a big, big nucleus 
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think about this.

a Catholic Priest-Theoretical Physicist 

envisioning the beginning of the Universe...a “creation story”?
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“
Lemaître: Nature  

comment May 9, 1931

Sir Arthur Eddington states that, philosophically, 
the notion of the beginning of the present order of 
Nature is repugnant...I would rather be inclined to 
think that the present state of quantum theory 
suggests a beginning of the world very different 
from the present order of Nature. 

If the world had begun with a single quantum, the 
notions of space and time would altogether fail to 
have any meaning... 

If this suggestion is correct, the beginning 
of the world happened a little 
before the beginning of space and 
time. I think that such a beginning...is far 
enough from the present order of Nature as to be 
not repugnant at all.



Was his theology in the way of his science?

No.  

He was explicit in his separation of the science and his faith 

And, the respect that his colleagues held for him 

did not result in accusations of him pushing his religion into Cosmology 

27



undercut

Lemaître had 
been very careful 

to not mix religion 
and science 

Imagine his panic 

when 1951 “Study 
Week” the Pious XIII 
made a statement:
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“
. . . contemporary science, with one sweep back across the 
centuries, has succeeded in bearing witness to the august 
instant of the primordial  Fiat Lux,  which along with 
the matter there burst forth from nothing a sea of light and 
radiation . . . Thus, with that concreteness which is 
characteristic of physical proofs, modern science has confirmed 
the contingency of the universe and also the well-founded 
deduction to the epoch when the world came forth from the 
hands of the creator.

Pious XIII, Un'Ora,1951



Whoa. Lemaître was stunned.

Science and religion to him: two completely different paths
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Lemaître

As far as I can see, such a theory remains entirely 
outside any metaphysical or religious question. It 
leaves the materialist free to deny any transcendent 
Being. 

We may speak of this event as of a beginning. I do not 
say a creation.  
Physically it is a beginning in the sense that if 
something happened before, it has no observable 
influence on the behavior of our universe, as any 
feature of matter before this beginning has been 
completely lost by the extreme contraction at the 
theoretical zero.  
Any preexistence of the universe has a metaphysical 
character. Physically, everything happens as if the 
theoretical zero was really a beginning.  
The question if it was really a beginning or rather a 
creation, something started from nothing, is a 
philosophical question which cannot be settled by 
physical or astronomical considerations.

1

2

1 Solvay Conference 1958 2 quoted in: Godart and Heller,  Cosmology of Lemaître,  67



WWII was hard on Belgium

after the war, Lemaître did not go back to first-principle 
cosmology 

but he pioneered scientific computing on cosmological 
parameters before anyone in the 1950’s
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Like Copernicus

Within days of his death, Lemaître learned of Penzias and 
Wilson’s discovery of the cosmic microwave background 

consistent with the Big Bang 

June 20, 1966
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red shift…5¢ version
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O

observer emiLer

ve

� =
ve
v

z is called the “redshift”

z =

s
1 + �

1� �
� 1

z measures the stretchiness of space

“Relativistic Doppler shift”

�O � �e

�e
=

ve

c
z ⌘ ��

�e
=

related to the recession velocity:

e



s t r e t c h i n e s s
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z ⌘ ��

�e

�O � �e

�e
=

ve

c
=

… z + 1 =
�0

�e

we’d say: it has a “redshift of 3”

}

measurable
time

R(t)

us

R(t0) = 1

R(t) = 

suppose light from a galaxy is observed 
@ wavelength 4 times emitted

=
R(t0)

R(t)

models give us this

1

3



example
J006.1240+39.2219
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s t r e t c h i n e s s
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z ⌘ ��

�e

�O � �e

�e
=

ve

c
= … z + 1 =

�0

�e}
suppose light from a galaxy is 
observed @ wavelength 4 times 
emitted

we’d say: it has a “redshift of 3”

The record: last September.

EGS8p7…z = 8.68

Light emitted 13.04 By ago



a big “uh oh”
almost immediately after Hubble’s measurement
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original results:

H = 160 km/cMly = 1.68 x 10-17 s-1 
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1 light year = c⇥ 1 year = 9.5⇥ 1015m

1
H

= 2⇥ 109years)



oops.

geologists already understood that the Earth was at least 3 
By old. 

That required some work!  

Refinements found a number of assumptions in need of updating 

for example...there are 2 kinds of Cepheid Variable stars, and other issues

40

This is the beginning of quantitative Cosmology.



Measuring the Hubble Constant is an 
important cottage industry in astronomy

current best result:  

H0 = 69.3 ± 0.8 km/sec/Mpc

H0 = 2.25 x 10-18 s-1

41
1 megaparsec (Mpc) = 106 parsec = 3.26 x 106 light years = 3.086 x 1016 m



some cautionary comments

The Hubble Constant isn’t constant. 

H0 = 67.8 ± 0.9 km/sec/Mpc  

H0 = 2.26 x 10-18 s-1 
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The	subscript	“0”	means:	“Now”

The	inverse	of	the	Hubble	
Constant	isn’t	necessarily	

the	age	of	the	universe	

H0-1	=	4.42	x	1017	s	=	14.2	By	

(stay	tuned)



what do the red shift(S) actually imply? & 
what was Lemaître’s insight? 

not doppler 

not gravitational
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here’s	what	it	is.



the “red 
shift”

isn’t a Doppler 
velocity 

it’s geometry
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early

late

close



The further away a galaxy is:

the more red-shifted its spectrum will be 

and the faster it will appear to be receding 

the older it will be 

and the younger it will appear to be!
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here’s how this is described

a little technical, but you can do it!
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TIME

R(t)

R0

G.R.

energy/mass/pressure

energy/mass/pressure

G = TTG



Then	a	spiritual	moment	occurs. 
involving	spandex.



fabric of 
spacetime
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Spacetime Fabrics



So,	we	need	4	dei<es: 

dark specter from power rangers from space

lord firth watership down

Arceus from Pokémon
fujin from Mortal Kombat



universe record-holder
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The record: last March.

GN-z11…z = 11.1…so β = 0.986!

Light emitted 13.4 By ago

wavelength observed now

wavelength emitted then 

So the universe has expanded a 
factor of 12.1 since GN-z11 sent its 
light our way!

�0

�e
= 1 + z = 1 + 11.1 = 12.1



What’s R(t)?
The “scale factor” 

the stretchiness of spacetime
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varying	assump5ons,	k,	density

The Friedman, Walker, Robertson models
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Friedman’s	and	Lemaître’s	work	was	expanded	on	by		Howard	P	Robertson	
and	Arthur	G	Walker	in	1936

They	found	exact	solu5ons	to	the	Einstein	equa5ons,	using	the	Friedman	techniques.

Their	model	of	cosmology	is	variously	called	the:	

FWR	model	

FLWR	model	

Standard	Model	of	Cosmology

G + ⇤ = T
G = T

�s, R(t)

G.R.



the interval again – spacetime 
separation between two events.
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�s2 = g00(c�t)2 + g11(�r)2
In	general:

In	Special	Rela5vity...which	is	flat	space5me:

�s2 = (c�t)2 � (�r)2

For	FLRW	model,	a	parameteriza5on:

�s2 = (c�t)2 � R2(t)
�
1 + kr2

4

�2 (�r)2

a	5me-dependent	scale	
factor

the	curvature...

�s2 = s2 � s1 = [c(t2 � t1)]2 � [(r2 � r1)]2

Event	1
Event	2

r1, t1
r2, t2

r, t = 0

every	point	in	space	receives	the	same	
scale	factor	at	each	instant	of	5me

the	curvature	never	changes



can catalogue the behavior 
of R

for different choices of the Cosmological Constant and k
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Einstein’s original model
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r1, t1
r2, t2

r, t = 0

What	did	Einstein	say	would	be	the	case?

r2, t2r1, t1

r, t = 0

R(t )

time

⇤E =
4⇡G⇢

c2

Sta5c...for	which	he	needed	a	par5cular	value	of	
the	Cosmological	Constant



R(t )

time

FLRW catalogue of Universes
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⇤ < 0 ⇤ = 0

⇤ > 0

k = 0

k = +1

k = �1

⇤ = ⇤E

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

⇤ > ⇤E

Einstein

Lemaître-
Eddington Lemaître

cri5cal

open

accelera5ng

accelera5ng



R(t )

time
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⇤ < 0 ⇤ = 0

⇤ > 0

k = 0

k = +1

k = �1

⇤ = ⇤E

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

R(t )

time

⇤ > ⇤E

cri5cal

open

accelera5ng

accelera5ng

A

B

C

E J

D
G

I

KF

H

FLRW catalogue of Universes



which one is ours?
that’s the story of the last 3 decades 

stay tuned
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I see

dead stars
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An	experiment	showing	that	the	universe	had	a	beginning.



first 
galaxies

first 
stars

radiation era

13.7By 1By 0.2 - 0.4By 370,000y

Hubble ultra-Deep Field

Hubble Deep Field

big bang

now



0.4 - 0.4By 300,000y

150,000y: atoms form

~180sec: D, He nuclei form

~1µsec: p, n form

~10-12sec: where we work
zero: the big bang



our cosmic calendar: 12 months = 13.8 By
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January 2009 February 2009 March 2009

April 2009 May 2009 June 2009

July 2009 August 2009 September 2009

October 2009 November 2009 December 2009

7	min	to	midnight:	
homosapiens

14	min	to	midnight:	
neanderthal

2.8	hr	to	midnight:	
australopithecus

4.5	hr	to	midnight:	
early	chimps

dinosaur	ex5nc5on dinosaurs

first	plants

sponges

first	cells

Earth

Sun

Milky	Way	disk

15	min	a?er	midnight:	
radia5on	breaks	free

87	nanoseconds	a?er	midnight:	
H	and	He	formed

0.8	nanoseconds	a?er	midnight:	
electrons/positrons	no	longer	

formed



To take the story there

We need quantum mechanics and particle physics
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200019001820
basics

relativity

cosmology
quantum mechanics

4 forces of nature
quarks
standard model of particle physics

beyond the standard models, BSMs

19501850 1920

tools of the trade

standard model of cosmology

1930 1940 1960 1970 1980 1990 201019101860 1870 1880 18901830 1840


