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2 days until opening day 

Ray Brown week
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housekeeping

Gotta come to class 
question about anything?  

I’ll make a movie for you: 

Grades to date: Projects, quizzes, notes in a pdf in the slides 
area 

the rest of your grades are in LON-CAPA or MasteringPhysics 

MasteringAstronomy:  
Homework #8 also in MasteringAstronomy 

Course ID: MABROCK41459;  

free code: WSSPCT-BLIDA-INANE-TOGUE-RIGOT-UNRWA
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YOUR MOVIE 



HW6

HW6 due HW7

HW7 due HW8

HW8 due HW9

HW9 due

lecture lecture

lecture lecture

lecture lecture

lecture lecture

spring break



Honors project

Document #2 is uploaded 

https://qstbb.pa.msu.edu/storage/QS&BB2019/Homework_Projects/honors_project_2019/

It assigns data files to each 

Two due dates: 

report on the day of the Final 

text file of data by April 26 

you’ll see in document #2
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KEEP    
CALM        

AND        
LET’S 

REVIEW



Einstein
began the first truly scientific field of cosmology 

applying GR (1915) to the entire universe 

1917: Cosmological Considerations in the General Theory of Relativity
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“It exposes me to the danger of being confined to a madhouse.”



the 
dreaded

Cosmological 
Constant, 

 8

⇤

G = Tgeometry energy,	
pressure,	mass

So	he	added	a	slow-down	term...

G + ⇤ = T
the	“Cosmological	Constant”

later:	“My	biggest	blunder.”

Makes	the	Universe	sta7c...not	expanding	or	contrac7ng

for	2	reasons:	Hubble	and	instability

Wanted a spherical, static universe. 
You can’t always get what you want.



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

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

}
if	aBer	a	long	<me,	you’re	more	than	1	inch	
apart...you	live	in	a	nega<ve	curvature	space

1	inch

k = 0, no curvature 
infinite, unbounded

k = +1, 
positive curvature 
finite, unbounded

k = –1, negative 
curvature  
infinite, unbounded



Alexander 
Friedman  
(1888– 
1925)

in 1922, 23 

finds a whole class of 
solutions! 

with and without Λ
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Now,	the	modern	basis	of	GR	solu<ons:		
the	“Friedman	Solu<ons”

Adding	insult	to	injury,	an	unknown	
mathema<cal	meteorologist	from	
Russia	opened	The	General	Rela<vity	
Pandora’s	Box.

Einstein	didn’t	take	it	well.

29	June	1922,	submits	paper	“On	the	curvature	of	Space”		to	
to	Zeitschri9	für	Physik

G + ⇤ = T

G = T

http://en.wikipedia.org/wiki/1888
http://en.wikipedia.org/wiki/1925


Georges 
Lemaître 
(1894-1966)

Father                    
of the Big Bang 

I crack myself up.
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In 1927 Lemaitre published a solution

“A homogeneous Universe of constant mass and growing 
radius accounting for the radial velocity of extragalactic 
nebulae” 

Solving G = T….with spacetime geometry set free 

in an obscure Belgian  journal
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He	predicted	the	existence	of	the	
Hubble	constant!

http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1931MNRAS..91..483L&defaultprint=YES&filetype=.pdf
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1931MNRAS..91..483L&defaultprint=YES&filetype=.pdf
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1931MNRAS..91..483L&defaultprint=YES&filetype=.pdf


Edwin 
Hubble 
1889-1953

astronomer 

discoverer of:  

the whole universe 

the expanding 
universe
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distances 
are hard 
to 
determine
Cepheid Variable 
stars: the clue to 
galactic distances 

absolute brightness is 
related to their period 

since brightness goes 
like 1/R2 –>  distance! 

bootstrapping
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discovered	by	HenrieUa	LeaviU	at	Harvard

1912



Cepheid Variable Stars

plus Leavitt’s analysis: 

       distance from Earth  

to galaxies that include Cepheid stars
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👉



atomic 
spectra

unique fingerprint 
of the atomic 
species

 16hUp://www.ruf.rice.edu/~mcannon/Research%20Home/Research%20Home.htm

absorp<on

emission

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


Hubble 
used

the finger-print 
tool of 
spectroscopy

 17http://www.astro.ucla.edu/~wright/doppler.htm

Ca H I Mg I Na I

His results: 

Wavelengths from far-away sources appeared 
longer - “redshifted” 

suggesting all of his galaxies seemed to be 
moving away from us…thinking “Doppler”

lab:

�O � �e

�e

=
ve

c

m
or

e 
d

is
ta

nt



spectra examples
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Sun



spectroscopy of stars and 
galaxies

plus Hubble’s analysis: 

speed of galaxies  

from Earth
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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	liUle	tricky...	Think	Balloons.



refers	to:		

example:		 	
	 	 	
	 	 	 	

rela<on	alert: Hubble’s	Law

Speed	of	a	galaxy	is	propor<onal	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



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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Here’s what it does NOT 
mean:
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galaxies 
are not 
“moving 
away”
inside of the 
universe

 24

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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think about the balloon coming from a 
smaller size

and still smaller 

and still smaller 

until.
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*blink*

2d0

v0

2v0

3v0

4v0

5v0

4d0 8d06d0

r (from A)

B

C

D



speed and distance!
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Hubble Constant
critical measurable parameter in cosmology 

a rough estimate of the age of the universe
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Measuring the Hubble Constant is an 
important cottage industry in astronomy

current best result:  

H0 = 67.66 ± 0.42 km/sec/Mpc

H0 = 2.2 x 10-18 s-1 = 4.5 x 1017 s = 14.5 By*

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

* first-pass: The inverse of the Hubble Constant isn’t necessarily 
the age of the universe

The	subscript	“0”	means:	“Now”

currently accepted value: 13.82 By



the expansion represented as

the “Scale Factor”: R(t) 

the stretchiness of spacetime
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TIME

R(t)

R0

G.R.

energy/mass/pressure

energy/mass/pressure

G = TTG



modern data
characterized by the “red shift” 

z: distance and recession velocity
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red shift…5¢ version
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O

observer emiUer

ve

z is called the “redshift”
z measures the stretchiness of space

“Relativistic Doppler shift”

�O � �e

�e

=
ve

c
z ⌘ ��

�e
=

e

related to the recession velocity: �O � �e

�e

=
ve

c

� =
ve
v

z =

s
1 + �

1� �
� 1

relativistically:



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

4
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~20 LY
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50 kLY
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1 MLY
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200 MLY
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~900 MLY
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Apache Point, 
New Mexico 

Sloan 
Digital 
Sky 
Survey

Apache Point, New Mexico 

equivalent of an !1By large box
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BOSS



 48

Mpc By Mpc ByMly Mly
fro

m:

32. 

163. 

326.

1957.

1310.

979.

652.

2609.

3262.

4892.

6523.

8154.

9785.

3262.

4892.

6523.

8154.

9785.

19570.

22830.

26100.

29300.

32600.



fly-through of original SDSS, z=0.1

~ 1.4 BLy
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“quasars”
“Quasi-stellar object” 

very distant “AGN”…active galactic nucleus 

extremely energetic black hole environment “radiation”
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quasar PG 0052+251 
1.4 BLy
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“quasars”
“Quasi-stellar object” 

very distant “AGN”…active galactic nucleus 

extremely energetic black hole environment “radiation”
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quasar PG 0052+251 
1.4 BLy

so, Z ~ 0.1



h o w  l o w  c a n  y o u  g o
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The record: September, 2015.

EGS8p7…z = 8.68

wavelength observed now

wavelength emitted then 

�0

�e
= 1 + z = 1 + 11.1 = 12.18.68 9.68



 54

Mpc By Mpc ByMly Mly
fro

m:

32. 

163. 

326.

1957.

1310.

979.

652.

2609.

3262.

4892.

6523.

8154.

9785.

3262.

4892.

6523.

8154.

9785.

19570.

22830.

26100.

29300.

32600.



h o w  l o w  c a n  y o u  g o
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The record: September, 2015.

EGS8p7…z = 8.68

Light emitted 13.2 By ago

wavelength observed now

wavelength emitted then 

�0

�e
= 1 + z = 1 + 11.1 = 12.18.68 9.68



universe record-holder
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The record: March, 2016.

GN-z11…z = 11.1…

wavelength observed now

wavelength emitted then 

�0

�e
= 1 + z = 1 + 11.1 = 12.1
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universe record-holder
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The record: March, 2016.

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



example quasar
J006.1240+39.2219
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next Homework 

what’s the red shift? 

what’s the expansion factor? 

how far away? 

how old when it released the light?

now you do it:



The Friedman, Walker, 
Robertson models
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Their	model	of	cosmology	is	variously	called	the:	

Friedman,	Walker,	Robertson	(FWR)	model	

Friedman,	Lemaitre,	Walker,	Robertson	FLWR	model	

Standard	Model	of	Cosmology



Einstein’s original model
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r1, t1

r2, t2

r, t = 0

What	did	Einstein	say	would	be	the	case?

r2 = r1, t2

r1, t1

r, t = 0

R(t )

time

⇤E =
4⇡G⇢

c2

Sta<c...for	which	he	needed	a	par<cular	value	of	
the	Cosmological	Constant

It’s like…we can watch galaxies move away. 
Not really, but we can look at many galaxies 
at different distances…and model their 
expansions



k,	density,
….

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	Rela<vity...which	is	flat	space<me:

�s2 = (c�t)2 � (�r)2

For	FLRW	model,	a	parameteriza<on:

�s2 = (c�t)2 � R2(t)
�
1 + kr2

4

�2 (�r)2

the	<me-
dependent	
scale	factor

the	curvature...

Event	1

Event	2

r1, t1

r2, t2

r, t = 0



R(t )

time

FLRW catalogue of Universes

 63

⇤ < 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

cri<cal

open

accelera<ng

accelera<ng



R(t )

time

⇤ < 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

cri<cal

open

accelera<ng

accelera<ng

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

 66



An	experiment	showing	that	the	universe	had	a	beginning.



first 
galaxies

first 
stars

radiation era

13.82By 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	ex<nc<on dinosaurs

first	plants

sponges

first	cells

Earth

Sun

Milky	Way	disk

15	min	aBer	midnight:	
radia<on	breaks	free

87	nanoseconds	aBer	midnight:	
H	and	He	formed

0.8	nanoseconds	aBer	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


