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In 1916 Vesto Slipher measured
velocities to nearby galaxies, 

and discovered they almost all 
had spectral shifts to the Red

Doppler Shift Gives Velocity of Galaxy

Iron Iron Scandium Sodium

Iron Iron Scandium Sodium





1929



 Hubble uses brightest stars
    to measure the 
    distances to the
    nearest galaxies.

    
    He assumes the 

    brightest stars are
    all the same 
    brightness.



 Hubble uses brightest stars
    to measure the 
    distances to the
    nearest galaxies.

    
    He assumes the 

    brightest stars are
    all the same 
    brightness.

The faster the galaxy was moving,
 the fainter the stars!
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Universe is 
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Predicted Curved Space

Allowed one to Solve 
Cosmology... But

solutions were 
dynamic - Universe 
should be in Motion



Originally proposed by Einstein 
to counteract the Universe’s 
gravitational attraction -  it 
makes Gravity Push rather than 
Pull.

We think of it as the energy of 
the vacuum. 

Quoted Later on in life as
“My Greatest Blunder”

The Cosmological Constant 
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a(t) is known as the scale factor-it tracks the
size of a piece of the Universe

Observationally - it is tracked by redshift - and scale 
factor and redshift can be used interchangeably  
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ȧ

a
Hubble Parameter

Expansion Rate of the Universe



H0 =
cz

D
= 71± 4 km s�1Mpc�1

1/H0 ⇠ 14Gyr

H(t) =
ȧ
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Solutions: Normal Matter Only Universe
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The Density parameter and Geometry
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a(t = t0) = a0, ⇢(t = t0) = ⇢0, H(t = t0) = H0, k = 0

The Standard Model

20

Friedmann Equation (1923)

Friedmann equation for Flat Universe

G.R. 
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Flat Universe –Matter 
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Flat Universe – Radiation 
Dominated
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Flat Universe –Cosmological 
Constant Dominated
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Domination of the Universe

• As Universe Expands
–Photon density 
increases as (1+z)4
–Matter density 
increases as (1+z)3
–Cosmological 
Constant invariant 
(1+z)0
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Georges Lemaître 
• Seminary in 1923, ordained as a priest
• 1925 enrolled in PhD at MIT, but 

returned to Brussels to work on it.
• 1927 published A Homogeneous 

Universe of Constant Mass and
Growing Radius Accounting for the
Radial Velocity of Extragalactic Nebulae
– Independently derived Friedman Equations
– Suggested Universe was expanding
– Showed it was confirmed by Hubble’s data.

Showed  Einstein the work in 1927 who said

Your calculations are correct, but your grasp of 
physics is abominable.

1931  Discussed primeaval atom which 
everything grew out of – the Big Bang 
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Robertson-Walker line element

Distance Time Dynamics Curvature Coordinates



1970s & 80s 
Inflation + Cold Dark Matter
addition to Standard Model

Inflation
 Explains Uniformity of CMB
 Provides seeds of structure formation

Cold Dark Matter 
Consistent with rotation curves of Galaxies
Gives Structure formation 

Predicts Flatness and how Structure Grows on 
different scales. 
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Different Ways of Looking at the 
Universe - 1990

It was widely presumed that 
Universe was made up of normal 
matter

 (Theorists)
Inflation+CDM paradigm correct
Ω ~ 1 
H0 <=50km/s/Mpc
Observers are wrong on 
H0 and ΩM

(Observers)
ΩM~0.2
H0 =50-80km/s/Mpc
Inflation/CDM is wrong

(People with Few Friends)
ΩM~0.2 ΩΛ~0.8
H0 ~70 km/s/Mpc
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H0=54 km s-1 Mpc-1

t0=12Gyr

Physics of interiors of oldest stars in Globular 
Clusters indicates ages of >12Gyr



1990 - CDM Picture conflicts 
with what is seen 

• Requires flatness, but ΩM~0.2 
from clusters

• Too much power on large scales 
in observations 

• Efstathiou, Sutherland, and 
Maddox showed that compared to 
ΩM=1, 

 a ΩM~0.2, ΩΛ~0.8 fixed both 
problems
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Others took this approach



Common theme - Written by Theorists 
with the assertion- inflation+CDM are 
right



Used same CDM
+inflation orthodoxy, but 
“measured” flatness 
from CMB.
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for a monochromatic source 
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the flux an observer sees of an object at redshift z 

Brightness of object depends exclusively on what is in the  
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Type Ia Supernovae
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First use of Supernovae to Measure 

Distances  
Fritz Zwicky

18in Schmidt Telescope

Charlie Kowal 1968

First Distant SN detected in 1988 by Danish Team 
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Refining Type Ia Distances

Mark Phillips (1993)
How fast a Supernova 
Fades is related to its 
intrinsic brightness.
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Eventually 29 Type Ia supernovae

Provided the fundamental basis of using SN Ia 
as accurate distance indicators

Used by Both Teams to measure Acceleration
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Adam Riess was 
leading our efforts in 
the fall of 1997 to 
increase our sample 
of 4 objects to 15.  

EUREKA?	  

Adam’s Lab book, Key Page, Fall 1997:

He found the total sum of  
Mass to be negative - which 
meant acceleration.
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Sound Waves of Matter Splashing 
Around the Universe

Text
CS=.577c 
Largest sound waves have been propagating for 380,000 years



FLATCLOSED



FLATCLOSED



FLATCLOSED

Objects Appear Larger in
Curved Finite Space



Cosmic Microwave 
Background - mid 1998

Larger         ....      Smaller
Angular Size



2000 - Boomerang & MAXIMA
Clearly see 1st Doppler Peak

Once a Flat Universe was measured, the SN Ia measurements
went from being 3-4σ to >7σ in favour of Acceleration







2001 - Large Scale Structure 
& CMB 

Peacock et al 2001
Jaffe et al. 2001

2dF redshift survey finds 

ΩM~0.3 from power 
spectrum and infall 













Where we Stand now - SN Ia

Ωw + ΩΜ =1

Supernova Legacy Survey 
Compilation



Baryon Acoustic 
Oscillations



Baryon Acoustic 
Oscillations



• The physics of baryon acoustic oscillations (BAO) is well 
understood, and their manifestation as wiggles in the CMB 
fluctuation spectrum is modeled to very high accuracy – 
the 1st peak has a size of  ~150 Mpc (co-moving)

• They are then a standard Ruler we can look at through 
time.

Eisenstein et al. 2005

z=1090 z=0.35



Where we Stand now - BAOs

Eisenstein 2005 Blake et al 2011 Beutler 2011 Anderson et al 2012 
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Sullivan et al 11



WMPA
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Small Error in SN Data Analysis Discovered  
before Planck announcement
Not included here Makes things more consistent.



Hubble Constant 

•Planck 
– 67.8 ± 0.8 km/s/Mpc

•Local Measures H0=v/D (Riess et al 2011)
– 73.8 ± 2.4 km/s/Mpc 

•Very different measures of the Hubble 
Constant - one is one of 6 parameters in a 
flat Λ-CDM model - other is direct measure

•But Local measurement is hard...
78
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So My Take
• Flat Λ-CDM still fits any given set of data - but 

there are small inconsistencies between 
datasets 

• But we can improve our optical data sets

• SN Ia at z>0.6

• Local H0 

• All Analysis from here on out needs to be done 
as a blind analysis.



If the Universe is Homogenous and Isotropic
 the Universe is Accelerating!

• Expand the Robertson-Walker Metric and 
see how D(1+z,q0)...

Supernova Data
are good enough
now to show the
acceleration
independent of
assuming 
General Relativity. Daly et al. 2008

redshift

Accelerating

non-Accelerating
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Only if the Universe is not 
homogenous or isotropic - 
Robertson Walker Metric 
invalid.

Occam’s Razor does not 
favour us living in the center 
of a  spherical under-density 
whose size and radial fall-off 
perfectly matched to the 
acceleration.



               Acceleration       ?
Only if the Universe is not 
homogenous or isotropic - 
Robertson Walker Metric 
invalid.

Occam’s Razor does not 
favour us living in the center 
of a  spherical under-density 
whose size and radial fall-off 
perfectly matched to the 
acceleration.

Theoretical Discussion on whether or not the 
growth of structure can perturb the metric in 
such a way to mimic the effects of Dark Energy. 
This is the only way out I can see - But controversial! 
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constant in time and uniform in 
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constant” (Lambda: Λ) was originally 
postulated by Einstein, but later 
rejected when the  expansion of the 
Universe was first detected. 

Quantum Field Theory suggests 
quantum fluctuations should give a 
value for  Λ, 10120 larger than  
observed 

If dark energy is due to a cosmological 
constant, its equation of state
is w = P/ρ = −1 at all times. This is 
testable!
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An alternative explanation of the 
accelerating expansion of the Universe 
is that General Relativity or the 
standard cosmological model is 
incorrect. 

General Relativity is well measured in the 
strong-field regime through pulsars, 
but also in various Solar system and 
Earth-based experiments. These leave 
a little wiggle-room for modifications 
of GR.
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The Standard Model

• General Relativity
• Isotropy
• Inflation (Initial Conditions)

–Flatness, structure seeds, Uniform CMB
• (5%)Atoms
• (25%)Cold Dark Matter
• (70%) Cosmological Constant
• H0=70 km/s/Mpc
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Predicts

• Expansion History of the Universe
• Growth of Structure of the Universe
• Geometry of the Universe
• Age of the Universe
• Acoustic structure in CMB 
• Big Bang Nucleosynthesis 

Principal Issue is 95% of Universe is not understood
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Key Areas for Future Research
• Does Dark Energy Behave exactly like 

Cosmological Constant? 
–Experiments of Growth of Structure
–Expansion History of Universe

• Does Dark Matter Exist as a Particle?
–Creation in LHC
–Direct Detection on Earth
–Indirect Detection Astrophysically

• Theoretical Insight
–Why do quantum fluctuations not lead to an 

enormous Cosmological Constant?
–Why Does Dark Energy Exist?
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Dark Energy Futures
Expect the Unexpected

– Physics is still full of Mysteries  
– By continuing to explore the Universe around us 

from the solar system to 13.8 Gyr ago, we might 
well gain insight in Dark Energy from an 
Unexpected Place

This is my Best Bet for Understanding 
Dark Energy 



 The Future of the Universe 
seems to be Dark Energy
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 Dark Energy is Λ - it gets created 
exactly as space gets Created. 

w=-1
Dark Energy has won the battle of the 
Universe, and will continue to accelerate the 
Cosmos.
•The creation of space happens more quickly 
than even light can travel
•Eventually we will live in an empty universe 
except for our own “super galaxy” 

The Big Chill?



Until we understand what is 
accelerating the Cosmos...

 anything is possible.



Dark Energy might change in the future and 
slow the Universe up, or even accelerate the 
Cosmos at an even faster rate...

Until we understand what is 
accelerating the Cosmos...

 anything is possible.





- unless Dark Energy suddenly 
Disappears - 

The Universe will
 at an ever increasing rate
expand and fade away...




