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Abstract: Since Einstein first applied his equations of General Relativity to Cosmology, Dark Energy has had a major role in physicists& rsquo;
efforts to explain the observations of our Universe. Many red herrings have been followed over the past 90 years, where Dark Energy has gone in
and out of fashion. However, starting in the 1990s, a broadly supported and sustained view has emerged that the Universe is dominated by Dark
Energy &ndash; a form of matter with negative pressure. | will give a brief overview of the history of Dark Energy, describe the range of
observations that have lead to the adoption of Dark Energy in the standard model of Cosmology, and look to future observations that will refine our
understanding of Dark Energy.
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The Birth of Modern
Cosmological Theory

e 1915 General Relativity
Published by Einstein and
Hilbert

e« 1916 first Cosmological
Model published by de
Sitter (empty Universe)

e 1917 Einstein’s “static”
Cosmological Constant
Universe, de Sitter’s A

Universe.

e 1922 Friedmann’s solutions
for homogenous and
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Birth of Observational

Cosmology
» 1916 Slipher finds redshift of galaxies

e 1923 Hubble definitively shows galaxies
are beyond the Milky Way

e 1927 Lemaitre’s “homogeneous Universe of
constant mass and growing radius accounting for
the radial velocity of extragalactic nebulae”

- Independently derived Friedmann Equations
- Suggested Universe was expanding
- Showed it was confirmed by Hubble’s data.
Mathematics accepted by Einstein, but basic
idea rejected by Einstein as fanciful

« 1929 Hubble’s Expanding Universe

- Lemaitre invoking A to make Universe older
than the Solar System




By the 1930s the basic
Paradigm for Understanding
The Universe was in place

e Theory of Gravity
- General Relativity
e Assumption
- Universe is homogenous and isotropic




The Standard Model
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The Standard Model

Robertson-WaIlger Ijne element

ds? = dt* —a* ()| -2 — + r2de’
1— ko
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The Standard Model

Robertson-Walker line element
x
ds® = dr* - a*(t)| —— +r’d6’
1-kr
a(t) is known as the scale factor-it tracks the
size of a piece of the Universe % .

eneral Relativity
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The Standard Model

Robertson-Walker line element
> :
ds* = dt* — a*(t)| ——— + r2d6’
1—kr-
a(t) is known as the scale factor-it tracks the

; . : a 1
size of a piece of the Universe = s

Friedmann Equation
72 (g) _8Gp,, k




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

Ww.= i pI x (Vohlmﬂ)_{lw‘:) ~ a-3{l+wf-) f-x(l'l'Z)B{hwf)
P;
e.g., :
w=0 for normal matter P X V_4/3
w=1/3 for photons PO x V

w=-1 for Cosmological Constant O OC V

Pirsa: 09060011




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

WI_ o p - (V{Jlume)_d_w' } x a—~3’.l"ﬂr‘_ j ~ (I + :) I1+w. )
P
e.q., 1
w=0 for normal matter P K V-

-4/3

w=1/3 for photons p o \/
| for Cosmol | Constant O OC \/
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

P1 _..]___'." & | - i i %
I ;) _“J!]I_" . | Hl+W.
w.=— o, x (Volume) - < Beddad <1 F 05 ad
p:'
e.g.. -1
w=0 for normal matter p <V
-4/3
v=1/3 for photons p < V
v=—1 for Cosmological Constant p * & \/
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

W, = L] D, x (Volume)ﬁm” wa e e
P
e.g., 3
w=0 for normal matter pxV
L 4/3
v=1/5 TOI
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

—1l+w “I1+w- ) (1+w. )
W= pz.ac(Volume) " g P wleg) Y
P;
a2 (]
e.g., 1
w=0 for normal matter o= \2

4/3

photons p < V

smological Constant 0 & V
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

R —1+w; | 1+w-) Hl+w. )
w,=— pz.x(Volume) T g ey

P,

8.q., 1

w=0 Tor normal matter p X V

' -4/3
v=1/3 for photons p x V
v=—1
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Flat Universe -Matter
Dominated

P .
2o

a, dr) Po/\ Gy,
£ 3
y= =l p)(ﬂJ =1 for matter dominated universe
Gy \Po )\ G
(@) =H5(”J = Hy
dt \a,
X;d":Hﬂdt
g}": 2@=er
3

[E] Friedman Equation for a flat Universe
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Flat Universe -Matter
Dominated

\ 2
(ldﬂ = H;( P )( E] Friedman Equation for a flat Universe

a, dr Po/\ Gy
a(p\a - -
y=—, J J = | for matter dominated universe
ao 'u,\p{j J a‘.]‘
(@) -Hi[aJ =H,y"
dt \a, )
1;‘-'1["' =H r:edt
g}:_: :'.'d'_y =H-,r
3 :
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Flat Universe - Radiation
Dominated
2 -{2)2)

(ﬂ)( E} =] for radiation dominated universe




Flat Universe -Cosmological
Constant Dominated
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Domination of the Universe

As Universe Expands
- Photon density increases as (1+z)*
- Matter density increases as (1+z)3

- Cosmological Constant invariant
(1+2)°

Note that exactly flat Universe
remains flat - i.e. ZQ.=1

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

Non accelerating(w>-1/3) models
tend away from flatness over time.

09060011

Qrad - a — (1+ E)
Q, dg
o 3

A _ i — (1 + Z)—3
Q, ay
Q. _(a| _ 1+ 7)™
2., \a
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Classical Observational Tests
1950s-1995

e Distances

- Luminosity distance (How bright an object
appears as a function of redshift)

- Angular Size Distance (How big an object
appears as a function of redshift)

 Age -
- how old an object is as a function of redshift

 Volume
- how many objects per unit redshift

Sandage “[Observational Cosmology is the quest
for two numbers H. and a.1”



L [
D=J—— [I)=—
= 4aF g

the flux an observer sees of an object at redshiftz

D =D+ 2 = e pef :S{’% | dzb Q,(+2)" —x,(1+2F ]}

0

[ sin(x) =
=(th=29£)_1 S(x)={ «x k=0!
: sinh(x)  k=-1

Brightness or size of object depends éxclusively on what is
in the Universe - How much and its equation of state.
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E [
D, =,—— D,=—
4aF 6
the flux an observer sees of an object at redshiftz

D, =D (12 = Hi(1+z)xn]"" ls{xﬂr :j'dz[z Q 1+ ™ —xn(l+z’)2]‘ }

(sin(x) k=1
=(th=295)_1 sw={ x k=0
: sinh(x) k=-1

Brightness or size of object depends éxclusively on what is
in the Universe - How much and its equation of state.
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fainter/smaller

| T ' 11 I T T ] o
- -30%

- 50%
- 100%

1 150%

ssauybliq/ezis ane|e.

redshift brighter/larger
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L N |
Sandage, Humason & - / i - __
Mayhall 1956 =
Baum 1957 = a4 ]
Peach 1970 EX €/ E

Gunn and Oke 1975 S
Gunn and Tinsley 1975 it cratme Lniverse

tade {srwalnes [ aafrre insircie of Techmology, (armegs imsstcion of Wasr g, Poacbeny, i aisforms @8 123

Beatrice M. Tinsley**

abiones ar SEnE LIur \Sisormes Y0t

i Tinsley 1976 showed Evolution dominates ...

r‘ﬂﬂmrﬁ.lﬂﬂl!




Age Measurements 1950-1990

Hubble Constant Measurements Difficult!
40 < H, < 100 km/s/Mpc
24.5 > 1/H, > 9.8 Gyr

Dldest star ages
13-20 Gyr
0.53 < Hyt < 2.05
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Excess z~2 QS0s: Loitering

Fig ¥ The intesated intensity function F plotted agait seddidt = Corves are Dbeled by §
valoe of the cosmoiogaal cosstant = Sofid histograss for opticall data, deshes ‘or radbo.

Petrosian, V., Saltpeter, EE. = S
& Szekeres, P. 1967
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1970s & 80s
Inflation + Cold Dark Matter

addition to Standard Model

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.




Different Ways of Looking af the Universe

It was widely presumed that Universe
was made up of normal matter
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Different Ways of Looking af the Universe

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

(Theorists) (Observers)
Inflation+CDM paradigm correct Q4,-0.2
Q -~ 1 H, =50-80km/s/Mpc
H, <=50km/s/Mpc Inflation/CDM is wrong

Observers are wrong on
H, and Q,,



1990 - CDM Picture conflicts

with what is seen

* Regquires flatness, but Q,,~0.2
from clusters

* Too much power on large
scales in observations

» Efstathiou, Sutheriand, and
Maddox showed that compared
to Q,,=1,

a Q,,~0.2, Q,~0.8 fixed both
problems




CDM theorists took this

approach

The end of cold dark matter?
M. Davis, G. Efstathiou, C. S. Frenk & S. D. M. White

he -_m,,wbbf | coid dark matter (CDM) thecry for the formation of structure e Universe has suffered
recent setbacks from observational evidence suggesting that there 1s more large-scale structure than
it can explain. This may force a fundamental revision or even abandonment of the theory, or may simp
ﬂEf" 3 Todu** on of the galaxy distribution by processes associated with galaxy formation. Better
nderstanding of galaxy formation is needed before the demise of COM is deciarea

ments®®'. From the point of view of a particle physicist, the
value of A needed to work these miracles 1s extraordinarily
small, 10'* times smaller than its ‘natural’ value® . Such fine
tuning seems sufficiently unattractive that most cosmologists
regard this solution as a long shot, preferring to think that some
urtkreown symmetry principle requires the cosmological constant

e kﬂ :'h.i..‘.-'\-‘\f‘l1- e e




1990 - CDM Picture conflicts

with what is seen

* Requires flatness, but Q,,~0.2
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* Too much power on large
scales in observations
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CDM theorists took this

approach

The end of cold dark matter?
M. Davis, G. Efstathiou, C. S. Frenk & S. D. M. White

he successful cold dark matter (COM) theory for the formation of structure in the Universe has suffered
recent setbacks from observational evidence su t

it can explain. This may force a fundament
*-=ﬂ-Ef:T. a maodulation of the galaxy distribution by processes associated w

understanding of galaxy Tormauon Is needed before the demise of

L
I

ments®”®'. From the point of view of a particle physicist, the
value of A needed to work these miracles 1s extraordinarily
small, 10'*° times smaller than its ‘natural’ value® . Such fine
tuning seems sufficiently unattractive that most cosmologists
regard this solution as a long shot, preferring to think that some
urtkrrwn symmetry prninciple requires the cosmological constant
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Title: The Case for a Hubble Constant of 30
km/s/Mpc

Authors: ] G Bartlett Slanchard J Silk M S. Tumer
(Submmed on 20 .Tul 1‘994)

Abstract Although cosmologssts have been trymng to determmne the value of the Hubble
constant for neaﬂ‘r. 65 years, they have only succeeded m hmiting the range of
possibilities: most of the current observational determinations place the Hubble constant
between 50 km/s/Mpc and 90 km/s/Mpe. The uncertamnty 1s unfortunate because this
fundamental parameter of cosmology determines both the distance scale and the time
scale, and thereby affects almost afl aspects of cosmology. Here we make the case fora
Hubble constant that 1s even smaller than the lower bound of the accepted range,
argumng on the basis of the great advantages, all theoretical m nature, of a Hubble
constant of around 30 kmy s.\{pc Those advantages are- (1) a comfortable expansion
age that avouds the current age cnsis; (2) a cold dark matter power spectrum whose
shape 1s 1n good agreement with the observational data and (3) which predicts an
abundance of clusters m close agreement with that of x-ray selected galaxy clusters; (4)
a nonbaryomic to baryonic mass rano that is in better agreement with recent
deterrmnanions based upon cluster x-ray studies In short, such a value for the Hubble
constant cures almost all the ills of the cumrent theoretical orthodoxy, a flat Umiverse
compnsed predommantly of cold dark matter




T T T e
Title: The Cosmological Constant is Back

Authors: Lawrence M Krauss, Michael S. Tumer
(Submutted on 3 Apr 19931

Abstract A diverse set of observations now compellngly suggest that Universe
possesses a nonzero cosmological constant In the context of quantum-field theory a
cosmological constant corresponds to the energy density of the vacuum_ and the wanted
value for the cosmological constant coresponds to a very tiny vacuum enerpy density
We discuss future observational tests for a cosmological constant as well as the
fundamentsl theoretical challenses—and opportumties—that this poses for particle
physics and for extending our understandmg of the evolution of the Universe back to
the earhest moments.

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




The observational case for a
low-density Universe with a
non-zero cosmological constant

J. P. Ostriker™ & Paul J. Steinhardt™

NATURE - VOL 377 - 19 OCTOBER 1995

1)C, /27 (= 10-10)

i+

Used same
CDM-+inflation
orthodoxy, but
“measured” flatness

from CMB.



Value of Q,, was not Crystal Clear

While much of the |
evidence favoured E
that QH"O- 2,

There was also
evidence

suggesting Q,, ~

CLUSTER X-RAY MORPHOLOGIES

Mohr et al 1995

MEaN (and rms) OF w_, n. AND x DisTRIB
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Angular Size Distance with
Compact Radio Sources

Mean Angular Size-milliarc seconds

-

Redshift

Fig. 1. Mean angnlar sz vs. redsinft for 87 compact somrces. From
left to right each pomnt is based on 8, 4, 11, 13, 20, 13, and 10
sources respectively. The solid curves represent the expected
dependence for Foedmann world models with vanous valones of the
decslevainm parameier o, and the Sicady Siaie model. The dashed Ime
represents the finear 1/7 law found for the ssparation of doubie lobed
extended sources.

Kellerman
(1993)

Stepanas &
Saha (1995)
showed not

that
constraining
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Number counts of Galaxies suggest A

-+ e But Galaxy evolution
not trusted
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High-Z SN la History

Zwicky’'s SN Search from 1930s-1960s
giving Kowal's Hubble Diagram in 1968
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High-Z SN la History

Zwicky's SN Search from 1930s-1960s
giving Kowal's Hubble Diagram in 1968

Ib/lc SN Contamination realised in 1984/5

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

* / SNe discovered in 1994 by Perimutter
etal.atz=04

* Calan/Tololo Survey of 29 Nearby SNe
la completed in 1994




” SMITH
S Calan-Tololo SN

Search




Refining Type la Distances

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




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



Proof is really that it works...

i 102 SN 3t 0.01>20.2
0~ Hamuy et al. 1995
- Riess et 3l. 1998
- Riess et 3l. 1999
- Germany et al. 2002
|~ Jhaet3l 2002

€
e

I

m-M (mag)

36 —

01 02 05 1 2
redshift
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EUREKA?




EUREKA? _
Adam Riess was

leading our efforts in
the fall of 1997 to
increase our sample
of 4 objects to 15.

He found the total sum of

Mass to be negative -
which meant acceleration.
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OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN ACCELERATING UNIVERSE
AND A COSMOLOGICAL CONSTANT

ApaMm G. RmEss.! Arexmr V. Fireeengo.! Perer CHAILS - ATEIANDRO CLOCCHIATTL® ArLaN DErcEs*

Perer M. GarNavicH.- RoN L. GiLimann.” Craic J. Hocan.* SaurarH JHa - RoBerT P. KIRSHNER. -
B. LemunDGUT.” M. M. Panimrs. Davip REss® Brian P. SceMibT.** RORERT A. SCHOMMER.
R. Curis Ssarw. ' '? J. SeyroMin.” CERISTOPHER STUBBS.*
NicEoLAS B. Suntzere. AND JoBN TonrY''




OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN ACCELERATING UNIVERSE
AND A COSMOLOGICAL CONSTANT

ApaMm G. Rmss.! Arexmn V. Fiurerengo.! PETER CHALLS - ALEIANDRO CLOCCHIATTL® ALaN DERcCks.*
Perer M. GarNavicH.- RoN L. GiLim anp.” Craic J. Hocan.* SaurasH JHA - RoBERT P. KIRSHNER. -
B. LermunDGUT.® M. M. Panimrs. Davip Ress® Brian P. ScaMiDT.** RORERT A. SCHOMMER.

R. Curis SMiTH,” J. SeyroMI 0).” CHRISTOPHER STURBS.™
NiceEoLAS B. SuntZEFE. AND JOoBN ToONRY'







MEASUREMENTS OF Q AND A FROM 42 HIGH-REDSHIFT SUPERNOVAE

S. PErimuTTER,! G. ALpERING, G. GorpHaser.' R. A, Knop, P. NucenT, P. G. Castro.” S. DeusTUA, S. Fassro,’
A GooBar." D.E GrooMm. L M. Hook." A G. K. " M. Y. Kv. J. C. Lee. N. J. Nunes.- R. Pain.”
C. R. PennyPackeER.” anD R. Qummey
Institute for Nuclear and Particle Astrophysics, E O. Lawrence Berkeley National Laboratory, Berkeley, CA 94720
C. LDmanN
European Southern Observatory, La Silla, Chile
R. S. ELus. M. [RwN, anp R. G. McMasonN
Insutuie of Astronomy. Cambndge. Fagiand UK
P. Ruiz-LapueNntE
Department of Astronomy. University of Barcelona Barcelona, Spain
N. Warton
[saac Newton Gronn [ a Paima Spain
B. SCcuaerER
Department of Astronomy. Yale University. New Haven CT

B. J. Boyie
Angio-Australian Observatory, Svdney, Australia
A V Foreenko anD T. MATHESON
Department of Astronomy. Umiversity of Califorma, Berkeley, CA
A S FrucHTER anD N. Panacia®
Space [ descope Saence [nstitute. Baltimore. MD

H. J. M. NEwseERG

Ferrm National Laboratory, Batawia, IL
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W. J. Coucnm
Imiversity of New South Wales, Sydney. Australia

HE SurerNOva CosmoLoGY ProuecT)



e Riess et 21 1998

c Perimutter et al. 1990
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- — Riess et al. 1998 1
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« High-Z SN Observations directly measured
distances which were incompatible with any
matter-only Universes.

e But SN la themselves might be affected by

Dust, evolution or measurement difficulties,
and Community felt they were not to be
completely trusted on their own.




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

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

*Q,,=0.25, Q,=0.75 Universe
compatible with most
Cosmological measurements
except for lensing limits

(Kochanek 1996)
and high Q,, measurements.

dispersion a. (km s ')

g § & § F 8 0 § % M #

a 1 z 3 i 5 ] ;4 3 ] 9!




The Equation of State

High-Z Supernova Search Team The beginnings
| of the quest to
Gamavich etal. measure the

1998 | equation of

state of Dark
Energy

EOS was new
stuff to us, so
we had no
problem giving
the constant
the name a




1994-7
c+lnﬂaﬁon applied to

| L ‘;’L -l { — "‘: k F o ‘4"; nd

(({+1)C, (Power)
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1994-7

CDM+Inflation applied to

(({+1)C, (Power)

0.1
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1994-7
CDM*lnﬂa applied to

CrOwavye oaCXaround
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(({+1)C, (Power)
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1994-7
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CMB - mid 1998




CMB - mid 1998




2000 - Boomerang & MAXIMA
Clearly see 1st Doppler Peak

Once a Flat Universe was measured, the SN |la measurements
werit from being 340 to >70




2001 - LSS & CMB

T daffeetal: 2001

2dF redshift survey finds

Q,,~0.3 from power
spectrum and infall




Getting Rid
of Dark
Energy
requires 2
out of 3
experiments
to be wrong
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2003 - WMAP+2dF+SNI
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2003 - WMAP+2dF+SNla+H,




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 15t peak has a
size of 147:x2 Mpc (co-moving), from WMAP-5




Eisenstein et al. 2005

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, have yielded a detection of the BAO at <z>=0.2 and
<z>=0.35




Where we Stand now
SN la (SNLS, Higher-Z, Essence, low-Z stuff) +

WMAPS5 +BAO(SDSS)+ HST H,

Kowalski et al 08




Where we Stand now

SN la (SNLS, Higher-Z, Essence, low-Z stuff) +
WMAPS +BAO(SDSS & 2dF) + HST H,
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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,q,)...

Supernova Data
are good enough
now to show the
acceleration
independent of
assuming

Geiveral Relativity.

redshift o
Nalhv at al 200
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only if the Universe is not
homogenous or

iIsotropic - 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.




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
Enerqgy. This is the only way out | can see - But coniroversial!



Dark Energy looks a lot like
A

e |n 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 A.

e Current currency that describes our progress is
uncertainty in the measurement of w
- future progress is to be measured in the
w=w,+w,(a) plane
We need to remember this is parameterized
ignorance. The Goal is to constrain physics based
models, not essentially meaningless numbers.
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Dark Energy itself
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BAO can measures effects of

Dark Energy itself
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Measuring a astronomically

Measure wavelengths of various transitions of lines
seen in Quasars
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Measuring a astronomically

Measure wavelengths of various transitions of lines
seen in Quasars
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Do | believe a has been measured? Not yet.
Has this result been disproved? Not Yet.
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Dark Energy Futures
SN la

 2nd Generation Surveys Provide distances to
1000s+ objects at 0.05<z<1.5 (include SNLS,
Higher-Z, Essence, SDSS-ll Experiments,
SkyMapper, Pan-Starrs, PTI1...)

» Most Precise Measurements of Dark Energy’s

Properties of any experiments to date - but
are we reaching a systematic wall?

e Blue-Chip stock over the short-term, but
long term future is hazy




Dark Energy Futures
CMB

« WMAP 5 may have milked the Sky for what it is
worth when it comes to Dark Energy

Possible excitement through improved measurements

of H,
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



Dark Energy Futures

BAOs

e Low Risk Growth Stock
Future BAO surveys
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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 systematlcs
abound. e e

11111111111




Dark Energy Futures
The Unexpected

- Astronomy is full of Mysteries besides Dark
Energy




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



Where we Stand now

SN la (SNLS, Higher-Z, Essence, low-Z stuff) +
WMAPS +BAO(SDSS & 2dF) + HST H,
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BAO can measures effects of

Dark Energy itself
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