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 Theory
•General Relativity

and an assumption...
•The Universe is homogenous 
and isotropic on large scales

Our Paradigm for Understanding 
the Global Evolution of the 
Universe is based on:
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The Standard Model
Robertson-Walker line element

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

a

a0
=

1
(1 + z)

Distance Time Dynamics Curvature Coordinates
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a(t = t0) = a0, ρ(t = t0) = ρ0, H(t = t0) = H0, k = 0
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The Standard Model

4

Friedmann Equation
(assumes homogenous and isotropic

Universe)

Friedmann equation for Flat Universe
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€ 

wi ≡
Pi
ρi

             ρi ∝ Volume( )− 1+wi( ) ∝ a−3(1+wi ) ∝ (1+ z)3(1+wi )

 

Model Content of Universe by the 
Equation of State of the different 
forms of Matter/Energy

e.g., 
w=0 for normal matter 

w=1/3 for photons

w=−1 for Cosmological Constant
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Flat Universe –Matter 
Dominated
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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

• Note that exactly flat Universe 
remains flat – i.e. ΣΩi=1

• Accelerating Models tend 
towards flatness overtime 
(w<-1/3)

• Non accelerating(w>-1/3) 
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Type Ia Supernovae

Friday, 22 July 2011



14

Friday, 22 July 2011
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Zwicky’s SN Search from 1930s-1960s giving 
Kowal’s Hubble Diagram in 1968
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Zwicky’s SN Search from 1930s-1960s giving 
Kowal’s Hubble Diagram in 1968

Ib/Ic SN Contamination realised in 1984/5

1st distant SN discovered in 1988 by a Danish 
team (z=0.3)

7 SNe discovered in 1994 by Perlmutter
et al. at z = 0.4

Calan/Tololo Survey of 29 Nearby SNe
Ia completed in 1994

High-Z SN Ia History
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Calan-Tololo 
SN  Search

Hamuy Suntzeff Schommer

Phillips

Maza

Smith

Friday, 22 July 2011



Refining Type Ia Distances
Mark Phillips (1993)

How fast a Supernova 
Fades is related to its 
intrinsic brightness.
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A Most Useful Way of Parameterizing SNe Ia is by 
the Shape of their Light Curve

Phillips (1993) & Hamuy et al. (1996)

M
B
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Proof is really that it works…
Empirically SN are good to 6%-7%
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Different Ways of Looking at the 
Universe - 1994


It was widely presumed that 
Universe was made up of normal 
matter
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H0 and ΩM

Friday, 22 July 2011



Different Ways of Looking at the 
Universe - 1994


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
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1970s & 80s 
Inflation + Cold Dark Matter

Inflation
 Explains Uniformity of CMB
 Provides seeds of structure formation

CDM 
Consistent with rotation curves of Galaxies
Gives Structure formation 

Predicts Flatness and how Structure Grows on 
different scales. 
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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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CDM theorists took this 
approach
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Common theme - Written by Theorists 
with the assertion- inflation+CDM are 
right
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Used same CDM
+inflation orthodoxy, but 
“measured” flatness 
from CMB.
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Dekel 93 POTENT

Mohr et al 1995

Value of ΩM was not Crystal Clear

While much of the 
evidence favoured  
that ΩM~0.2,

There was also 
evidence 
suggesting ΩM ~1 
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Number counts of Galaxies  suggest Λ

But Galaxy evolution 
not trusted
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4 April

SN

28 April
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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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• High-Z SN Observations directly measured 
distances which were incompatible with any 
matter-only Universes.

• But SN Ia themselves might be affected by 
Dust, evolution or measurement difficulties, 
and Community felt they were not to be 
completely trusted on their own.
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• High-Z SN Observations directly measured 
distances which were incompatible with any 
matter-only Universes.

• But SN Ia themselves might be affected by 
Dust, evolution or measurement difficulties, 
and Community felt they were not to be 
completely trusted on their own.

•ΩM=0.25, ΩΛ=0.75 Universe 

compatible with most 
Cosmological measurements 
except for lensing limits 
(Kochanek 1996)

and high ΩM measurements.
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The Equation of State

Garnavich et al. 
1998

Ωw + ΩΜ =1

The beginnings
of the quest to
measure the 
equation of 
state of Dark 
Energy

EOS was new 
stuff to us, so 
we had no 
problem giving 
the constant 
the name α
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CMB - mid 1998
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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

Friday, 22 July 2011



2001 - LSS & CMB

Peacock et al 2001

Jaffe et al. 2001

2dF redshift survey finds 

ΩM~0.3 from power 

spectrum and infall 

Friday, 22 July 2011



Friday, 22 July 2011



Friday, 22 July 2011



Friday, 22 July 2011



Friday, 22 July 2011



Friday, 22 July 2011



1998-2005
The Rise of Baryon Acoustic 

Oscillations
From any initial density fluctuation, a expanding 

spherical perturbation propagates at the speed of 
sound until recombination.

 The physics of these 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  147±2 Mpc (co-moving), from WMAP-5
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• Modelling shows that  this scale is preserved in the Dark Matter and 
Baryons. A survey of the galaxy density field should reveal this 
characteristic scale. 

• Need Gpc3 and 100,000 test particles to reasonably measure the 
acoustic scale. Angular measurement gives you an Angular-size 
distance to compare to the CMB scale - and potentially a  redshift-
based scale that measures H(z). 

• The largest galaxy surveys to date, the 2dF, and Sloan Digital Sky 
Survey, and Wigglez have yielded a detection of the BAO at <z>=0.2, 
<z>=0.35, and <z>=0.6

Eisenstein et al. 2005
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Where we Stand now - SN Ia

Ωw + ΩΜ =1
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Where we Stand now - BAOs

Blake et al 2011
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Where we Stand now - BAOs

50

Blake et al 2011
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Sullivan et al 11
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WMAP7 + ...

52

w ,Ωw, ΩΜ, ΩΚ

all constrained simultaneously
Sullivan et al 11
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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
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               Dark Energy        ?
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               Dark Energy        ?
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 is 
matched to the 
acceleration.
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               Dark Energy        ?
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 is 
matched to the 
acceleration.
Theoretical Discussion on whether or not the growth of structure 
can kink 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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So What is the Dark Energy?
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So What is the Dark Energy?
One possibility is that the Universe is 

permeated by an energy density, 
constant in time and uniform in 
space.  
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Universe was first detected. 

Friday, 22 July 2011



So What is the Dark Energy?
One possibility is that the Universe is 

permeated by an energy density, 
constant in time and uniform in 
space.  

Such a “cosmological 
constant” (Lambda: Λ) was originally 
postulated by Einstein, but later 
rejected when the  expansion of the 
Universe was first detected. 

General arguments from the scale of 
particle interactions, however, 
suggest that if Λ is not zero, it should 
be very large, larger by a truly 
enormous factor than what is 
measured. 
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Friday, 22 July 2011



So What is the Dark Energy?
Another possibility is that the dark 

energy is some kind of dynamical 
fluid, not previously known to 
physics, but similar to what is 
postulated to have caused 
inflation.  
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So What is the Dark Energy?
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.

Friday, 22 July 2011



So What is the Dark Energy?
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.

Friday, 22 July 2011



But we can start to test this.

58

Blake et al 2011 
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Using SN to measure w(z)

• Right now, most precise technique
• Effort to use goes as ~(1+z)6

– Fainter
– spectrum moves into IR where 

background is much brighter and 
detectors are much more expensive 
and less sensitive.

• Relatively Sensitive to w(z)≠-1 @ 
z<0.5

• Susceptible to systematic errors
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Everybody has Dirty 
Laundry...
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Systematic Errors in SN Ia
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Evolution…Most of you think this is our Biggest 
Problem...I wished you were right!
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Measuring Distances with SN Ia
SN Ia brightness depends on their 
light curve shape, extinction, and 
possibly colour

MLCS/dm15 explicity attribute colour 
to extinction - but allows colour to 
correlate with light curve shape - 
does not allow colour to 
independentally correlate with 
luminosity

SALT/SiFTO empirically derives 
colour-luminosity dependence.

€ 

µB = mB −MB +α s−1( ) −βc

l MB	
  –	
  absolute	
  magnitude

l α	
  –	
  parameterises	
  the	
  stretch—luminosity	
  relation
l β	
  –	
  parameterises	
  the	
  colour—luminosity	
  relation
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On the face of it...MLCS2k2 
treatment seems the way to go...

If the intrinsic colour-luminosity relationship does not 
exactly mimic the extinction law, If the average extinction 
amount of two samples is different, (or the extinction law 
changes), there will be a systematic bias.

However, finding the intrinsic colour-luminosity 
relationship for SN Ia is non-trivial. There are inter-
dependencies between SN light curve shape, SN light 
curve colour, Host Galaxy Properties, Extinction, and K-
corrections 

Many would argue that the  SALT approach seems to be 
working better presently for Cosmological samples
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The Hubble Bubble

• 3σ decrease in Hubble 
constant at ≈7400 km/
sec – local value of H0 
high; distant SNe too faint

• Local void in mass 
density?
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The Hubble Bubble
MLCS2k2SALT

Conley et al. (2007)
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“Bubble” significance 

Standard 
Dust: β ~ 4.1

Observed: β ~ 3

Conley et al. (2007)

Friday, 22 July 2011



Hubble Bubble Has Gone 
away

68
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Hubble Bubble Has Gone 
away

• Bigger sample (Hicken et al) with IR, 
improvements in Dust treatment, the 
Hubble Bubble has gone away for both 
distance indicators.

68
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What does this colour 
coefficient mean - 
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To first order... implies the dust law in host 
galaxies is very different than what we see in 
our Galaxy (Astronomical talk: RV=2.2 which 
is 2 mags of extinction for each magnitude 
of reddening in B-V colour, instead of the 
canonical 3.1)

Friday, 22 July 2011



What does this colour 
coefficient mean - 

To first order... implies the dust law in host 
galaxies is very different than what we see in 
our Galaxy (Astronomical talk: RV=2.2 which 
is 2 mags of extinction for each magnitude 
of reddening in B-V colour, instead of the 
canonical 3.1)

• Dust associated with the SN?

Friday, 22 July 2011



What does this colour 
coefficient mean - 

To first order... implies the dust law in host 
galaxies is very different than what we see in 
our Galaxy (Astronomical talk: RV=2.2 which 
is 2 mags of extinction for each magnitude 
of reddening in B-V colour, instead of the 
canonical 3.1)

• Dust associated with the SN?

 But why do SN in ellipticals have low 

extinction and those in spiral have higher?

Friday, 22 July 2011



What does this colour 
coefficient mean - 

To first order... implies the dust law in host 
galaxies is very different than what we see in 
our Galaxy (Astronomical talk: RV=2.2 which 
is 2 mags of extinction for each magnitude 
of reddening in B-V colour, instead of the 
canonical 3.1)

• Dust associated with the SN?

 But why do SN in ellipticals have low 

extinction and those in spiral have higher?
• SN have an (improperly/un) corrected for 

intrinsic-colour relationship

Friday, 22 July 2011



What does this colour 
coefficient mean - 

To first order... implies the dust law in host 
galaxies is very different than what we see in 
our Galaxy (Astronomical talk: RV=2.2 which 
is 2 mags of extinction for each magnitude 
of reddening in B-V colour, instead of the 
canonical 3.1)

• Dust associated with the SN?

 But why do SN in ellipticals have low 

extinction and those in spiral have higher?
• SN have an (improperly/un) corrected for 

intrinsic-colour relationship
• Light echoes off Dust?
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How we treat dust affects 
Cosmological 

• Using the two approaches affects 
Cosmological measurement at the 
w=+/-0.1 level.

• How to correct...
– IR data (Hard - Sky is Bright/Space is 

expensive!)
– Understand extinction/colour better in 

the nearby Universe
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Colour versus Luminosity

Shape versus Luminosity
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Guy et al 2010 SN Ia do not 
change much over 
redshift...
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Guy et al 2010 SN Ia do not 
change much over 
redshift...
And if they do, you can fit 
the  cosmologies with this 
as part of the fit.
As they parameterise 
various systematic errors, 
they  find biggest source of 
uncertainty is....

Photometric Calibration

• Photometric 
Calibration!

71

Colour versus Luminosity

Shape versus Luminosity
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SkyMapper
• 1.35m telescope with 5.7 sq 

degree imager (~10s readout 
time 0.5”/pixel)

• All Southern Sky Survey (2pi 
steradians) 6 colours 6 
epochs
– 0.5 mag deeper than SDSS

• 1000 sq-degrees continually 
covered in poor seeing will 
find 150 SN Ia at z<0.1 per 
year…
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73

 u v g r i z

1 epoch 21.5 21.3 21.9 21.6 21.0 20.6

6 epochs 22.9 22.7 22.9 22.6 22.0 21.5

Sloan Digital 
Sky Survey 
comparison

22.0 n/a 22.2 22.2 21.3 20.5

AB mag. for signal-to-noise = 5 from 110s exposures

Southern Sky Survey 
20000 sq/degrees -6 colours - 6 epochs 
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Nicholas Regnault & Julien Guy from LPNHE Paris
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predict. 
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Dark Energy looks a lot like 
Λ

• In total, as near as we can tell the Universe is 
expanding just as a Cosmological Constant would 
predict. 

• Observers are searching blindly, hoping to find 
something that distinguishes it from Λ.

• Current currency that describes our progress is 
★ uncertainty in the measurement of w 
★ future progress is to be measured in the 

   w=w0+w1(a) plane

We need to remember this is parameterized 
ignorance. The Goal is to constrain physics based 
models, not essentially meaningless numbers. 

Friday, 22 July 2011



Dark Energy Futures
  SN Ia

• 2nd Generation Surveys Provide distances to 
1000s+ objects at 0.05<z<1.5 (include SNLS, 
Higher-Z, Essence, SDSS-II Experiments, 
SkyMapper, Pan-Starrs, PTI ...)

• Most Precise Measurements of Dark Energy’s 
Properties of any experiments to date - but 
are we reaching a systematic wall?

• Blue-Chip stock over the short-term, but 
long term future is hazy 
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Dark Energy Futures
CMB

• WMAP =7 may have milked the Sky for what it is 
worth when it comes to Dark Energy

Possible excitement through improved 
measurements of H0
Through tying distance scale to NGC4258 Maser 

Distance rather than LMC. (Riess et al)
Potential for Future Geometric Distances (more distant 

NGC4258s, or Gravity Waves from merging black-
holes)

WMAP/Planck Detection of Polarization B-modes 
could confirm/revolutionise basic Inflation-
CDM picture 
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Dark Energy Futures
BAOs

• Low Risk Growth Stock
– BAO experiments are by very simple and 

promise precise measurements 
potentially immune from systematic 
error.

– WiggleZ now
– BOSS soon
– BigBoss, EUCLID for the future?
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Dark Energy Futures
Growth of Structure

• High Risk - High Growth Stock 
– Measuring the growth of Dark Matter structures as 

a function of redshift is potentially the most 
powerful probe of Dark Energy we have.

– Weak Lensing and Clusters provide ways forward, 
but questions about systematics abound.There will 
be  surely be lots of 
interesting astrophysics,
but maybe too much!
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Dark Energy Futures
The Unexpected
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Dark Energy Futures
The Unexpected

– Astronomy is full of Mysteries besides Dark 
Energy

– By continuing to explore the Universe around 
us from the solar system to 13.7 Gyr ago, we 
might well gain insight in Dark Energy from an 
Unexpected Place
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Dark Energy Futures
The Unexpected

– Astronomy is full of Mysteries besides Dark 
Energy

– By continuing to explore the Universe around 
us from the solar system to 13.7 Gyr ago, we 
might well gain insight in Dark Energy from an 
Unexpected Place

This is my Best Bet for Understanding 
Dark Energy 
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Type Ia Supernovae 
The Accelerating Cosmos

 and Dark Energy

Type Ia Supernovae, The Accelerating Cosmos, and Dark Energy

Brian P. Schmidt

Mount Stromlo Observatory
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