
Reading	Ahead	

•  CHAPTER	7	(all)	
–  Read	the	entire	chapter	with	emphasis	on	pp220-end.	
–  	I	will	extensively	supplement	to	material	in	the	text.	
		

•  CHAPTER	8	(parts)	
	“The	Matter	and	Energy	Content	of	the	Universe”	
	“In	the	Beginning”	
	“The	Supercomputer	Approach	[to	modeling	structure]”	



Coming	up	
•  Chapter	7	on	Dark	Energy	

Putting	it	together	

Puzzles	and	Future	Frontiers	

Read	Now:	Coming	next	

Lecture	Content	after	Ch	7:	
From	BB	to	Present	
Our	Cosmic	Future	
Anthropic	Principle?	
Searching	for	Life	



Essences	of	the	BB	Model	



low	density,	ρ < ρc 

“ρ” = actual cosmic density	

high	density,	ρ > ρc 

critical	density,	ρ = ρc 
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Why	Measure	the	Density?	
EINSTEIN:		Density	is	Destiny!		

Open	

Closed	

“Flat”	



Flatness	is	reached	at	the	
ultimate	stretch	limit.	

Flatness	is	a	very	special	case.	
It	requires	a	“finely	tuned”	universe!	
So	the	odds	of	flatness	are	slim.	



Ω  <	1		
Slow 

decelration 

Ω  =	1		
modest 

deceleration 

 Ω		>	1	  rapid 
decelration 

Mass	denstiy	=	ρ
ρc	=	critical	density	

  Ω =	ρ/ρc	
	

Ω		>	1		Universe	
eventually	collapses	
Ω		<	1	Universe	
expands	while	gently	
slowing	down	(forever)	
Ω		=	1		A	very	special	
and	improbable	case	

Density is 
Destiny 



finite unbounded 
“positive” curvature 
 

Fate: collapse 

Who Cares 
about 
Cosmic 
Density? 

infinite unbounded 
“negative” curvature 
 

Fate: expand 

infinite unbounded 
zero curvature 
 

Fate: come to rest 

Mass	denstiy	=	ρ
ρc	=	critical	density 		
Ω  =	ρ/ρc	
	

Ω		>	1		Universe	
eventually	collapses	
Ω		<	1	Universe	
expands	while	gently	
slowing	down	(forever)	
Ω		=	1		A	very	special	
and	improbable	case	



 Ωo > 1

Ωo < 1

Ωo = 1

Any (All) of 
these can 
Expand,  
but the mass 
density parameter 

     

        Ωo = ρ/ρc    
  

 never changes. 
 

That is, the  
shape of space  
is fixed when  
the universe  
was born. 



 Ωo > 1

Ωo < 1

Ωo = 1

What’s the 
Answer? 
 
no theoretical 
prediction! 
 

Design an 
experiment to 
measure the total 
gravitational 
mass ρ. 
 

Curvature in the 
Hubble line! 



(radial	
motions)	

*	

1950s	to	1980s		
Sandage	and	many	
others	use	the		
200-inch	telescope	
to	estimate	the	
density	of	galaxies	

Palomar	200-inch	Telescope	

The	effort	greatly	expanded	
through	the	1990s.	

But	the	luminous	
mass	density	was	
10-100	x	too	small	to	
close	the	Universe!	



Ho	is	the	slope	of	the	Hubble	Law	
22	(71)	km/s	per	million	light	years	(Mpc)	
(units	differ,	but	not	the	slope)	

Hubble’s	realm	

Cosmic	Deceleration	Measures	Gravitational	Mass		
(**all	mass**	whether	visible	or	not)	

0.3	Gly	

		Ho	is	the	slope	of	the	Hubble	Law	
		For	any	and	all	pairs	of	galaxies:	
				Speed	=	Ho	*	distance	(this	graph)	
				Separation	=	speed	*	age	of	Universe	T	
Thus	T	=	distance/speed	=	1	/	Ho	



Log	(distance)	

1970s:	still	
no	obvious	
curvature		



Early	1990s:	
still	no	
obvious	
curvature		



Curvature!		
At	long	last!	

	
But.	.	.	

The	curvature	
went	the	wrong	
way!!	
	
The	data	
refused	to	fit	
any	classical	
model	of	
deceleration.	
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Early	SNIa	Results	
for	Curvature:	
Something’s  
very 
strange! 
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First	detection	of	Dark	Energy	(1998)		
(using	SN-Type	Ia’s	as	standard	candles)		

The	presence	of	dark	energy	is	
confirmed	by	other	methods:	
		CMB	ripples		
	“acoustic	noise”	
	Space	distortions	



Surprise!		
Dark	Energy	Changes	the	Game	

empty	universe	

					open	universe	

		flat	universe	

closed	universe	

The	expansion	of	the	Universe	started	increasing	5	billion	years	ago!	



Also	strange:	
2018	Results	for	the	slope	Ho	

Average	=	72	km/s	per	Mpc	
Excellent	methods	that	use	nearby	targets	

Excellent	methods	that	use	very	distant	targets	
Average	=	67	km/s	per	Mpc	

Is	the	difference	real	or	unrecognized	systematic	error?	

Taken	at	face	value,	the	rate	of	cosmic	expansion	is	≈10%	
faster	now	than	when	the	CMB	radiation	was	emitted!	


