Title: Observational Evidence for Dark Energy
Date: Jun 02, 2009 04:00 PM
URL: http://pirsa.org/09060011

Abstract: Since Einstein first applied his equations of General Relativity to Cosmology, Dark Energy has had a major role in physicistsé&rs
efforts to explain the observations of our Universe. Many red herrings have been followed over the past 90 years, where Dark Energy has
and out of fashion. However, starting in the 1990s, a broadly supported and sustained view has emerged that the Universe is dominated
Energy &ndash; a form of matter with negative pressure. | will give a brief overview of the history of Dark Energy, describe the ranc

observations that have lead to the adoption of Dark Energy in the standard model of Cosmology, and look to future observations that will ref
understanding of Dark Energy.
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The Birth of Modern

Cosmological Theory

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

e 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

o Assumption
- Universe is homogenous and isotropic
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The Standard Model
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The Standard Model

Robertson-WaIlger Ijne elem_ent

ds? = dt* —a* (0)| -2 — + r2de?
1— ko
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The Standard Model

Robertson-Walker line element
r a3 :
ds® = dr* - a*(t)| —— +r’d6’
1-Fkr
a(t) is known as the scale factor-it tracks the
size of a piece of the Universe - - 1

eneral Relativity
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The Standard Model

Robertson-Walker line element
o -
ds* = dt* — a*(t)| ———— + r2dB?
1-kr?
a(t) is known as the scale factor-it tracks the

; . ; a 1
size of a piece of the Universe i e

Friedmann Equation
- =(g)2 _8aGp,, _k




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

wi =_1 pI ~ (Vohlme)-(lﬂv:] i a-’%{lﬂ-w ) ‘x(l-l- )3{1+w )
P;
e.qg., '
w=0 for normal matter P K V_4/3
w=1/3 for photons P x V

w=-1 for Cosmological Constant 0 A\VAx
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

P; —1+w ]

W.=— ; X VOIUIIle il ~ a‘“}‘fl""ﬁ' ) x (1+ 5)3ﬁ1+w;]
; o, | .
P,
a2 (]
'x.-‘-:f.:, l
w=0 for normal matter P <V’

-4/3

w=1/3 for photons P <V
‘ | logical Constant 0 & V
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

wm s pr(Volume] ! e w1
i

" W l
=0 far narmal masar L V
w=4{ TOl nOorMmal matiel
| ) ) P -4/3

—1/2 for nhotnne

v=1/3 TOr photons p Gk \/
§ i F | i
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy

WI' = i p - (Vohlme)%l—w_ | - a~3{1‘%‘s-‘_ ) x (1']‘ Z)E!l«-w_; |
P,
e.4., g
f-.:«,'i-if:) i P x V
_1 -4/3
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Model Content of Universe by the Equation of
State of the different forms of Matter/Energy
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Flat Universe -Matter
Dominated

( = H;('o) 2| Friedman Equation for a flat Universe

Py \ Gy

A !

I'I( k! e
y= = P ){ ﬂ] =1 for matter dominated universe
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Flat Universe -Matter
Dominated

-

1] )

Friedman Equation for a flat Universe

a‘:l df}} p!} ':I‘-]_f
[\ .\
y= e . p){a] = | for matter dominated universe
Gy \ Po )\ Gy,
&) -] -
dr. 4 ”
\ydy = H,dt
%y* “dy = H,t
3
_a (3Hjp)
) a \| 2

Page 20/119




Flat Universe - Radiation
Dominated

(&) -(2)2)

(ﬂ)( E] =] for radiation dominated universe
P, \a

i
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Flat Universe -Cosmological
Constant Dominated

(&) -={21z)

’OJ( i] =] for cosmological constant dommated universe
o /\ G,

R | &

o
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Domination of the Universe

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

- Cosmological Constant invariant
(1+z)°

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

Q 155 _ (1+z
Q, dy
£, L% _ (1+2)”
Q, Qg
Q —3w

. _[a)  _ (1+2)™
Q."i*f aﬂ
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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 = — D _—
- AnaF N

the flux an observer sees of an object at redshift z

D, =D fl+2) = Hi(1+z)-x,j."" :s{xj " :j'a’z[z Q[+ _x,,](1+z’)2] }
i 0 £

[ sin(x) k=1]

S(x) =+ X k=0}
Koy = er = Qf ) 3

’ ( E sinh(x)  k=-1
Brightness or size of object depends exclusively on what is
in the Universe - How much and its equation of state.
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the flux an observer sees of an object at redshiftz

D, =D,(1+2) = Hi(1+z) rﬂ]":s{rﬁr :j'dz[z Q1+ )™ —xﬂ(1+z’)2] | }

=(er =2‘Qi) —3 S

[ sin(x)

X

sinh( x)

k=1]

k=0
k=-1

"

Brightness or size of object depends éxc!usively on what is
in the Universe - How much and its equation of state.
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z+(g, - D(y1l+2q,z-1)_
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Age Measurements 1950-1990

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

Oldest star ages
13-20 Gyr
0.53 < Hyt < 2.05
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Excess z~2 QSOs: Loitering
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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 at 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

* Requires 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

The successful coid dark matter (COM) theecry for the formation of structure in the 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 simply
reflect a modulation of the galaxy cdistribution by processes associated with galaxy formation. Better
understanding of galaxy formation is needed before the demise of COM is deciared

ments®”®'. From the point of view of a particle physicist, the
value of A needed to work these miracles is 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
urterrywn symmetry prninciple requires the cosmological constant
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Title: The Case for a Hubble Constant of 30
km/s/Mpc

Authors: ] & Bartlet Blanchard J Silk M. S. Tumer

(Submitted on ”’ﬁ .Tul 19941

Abstract Although cosmologssts have been trying to determmne the value of the Hubble
constant for nearly 65 years, they have only succesded m hmiting the range of
possibihties: most of the current cbservational determunanons piace the Hubble constant
between S0 km/s/Mpe and 90 km/s/Mpe. The ancertanty 1s unfortunate because this
fundamental parameter of cosmology determmnes boih the distance scale and the time
scale, and thereby affects almost afl aspects of cosmoloey. Here we make the case fora
Hubble constant that 1s even smaller than the lower bound of the accepted range,
arpung on the basis of the great advantages, all theoretical m nature of 2 Hubble
constant of around 30 knvs/Mpc. Those advantages are- (1) a comfortable expansion
age that avouds the current age ensis; () a cold dark matter power specttum whose
shape 1s 1n good agreement with the observanional data and (3) wihich predicts an
abundance of clusters m close agreement with that of x-rav selected galaxy clusters; (4)
a nonbaryomic to baryonic mass ratio that is i better agreement with recent
determunantions based upon cluster x-ray studies  In short such a vaiue for the Hubbie
constant cures almost all the ills of the cumrent theoretical orthodoxv, a flat Umiverse
compnsed predommantly of cold dark matter




A P NS R,
Title: The Cosmological Constant is Back

Authors: L nce M. Krauss, Michael S. Tumer
(Submltted on 3 _—kpr 19’9*1

Abstract A diverse set of observations now compellmeily sugeest that Umiverse
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 coﬂespoﬂds to a very tmy vacuum energy density.
We discuss future observational tests for a cosmological constant as well as the
fundamental 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

— , , _ Used same

| CDM-+inflation
orthodoxy, but
“‘measured” flathess

from CMB.

WI+1)C 127 ( » 10-10)
=]




Value of Q,, was not Crystal Clear

While much of the §
evidence favoured E
that Qm"O- 2,

There was also
evidence
suggesting Q,, ~1

CLUSTER X-RAY MORPHOLOGIES

Mohr et al 1995

MEaN (and rms) OF w_, i, aND x DSTRIBUTIONS
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Angular Size Distance with
Compact Radio Sources

Mean Angulor Size-milliorc seconds

K \.\ —

Hedshft

Fig. 1. Mean angelar 57 vs. redsinft for 82 compact scarces.  From
left o right each pomt is based on 8, 4, 11, 13, 20, I3, and 10
sources respectuvely. The solid curves represent the expected
dependence for Foedmann wosld medels with vanous vaines of the
decelevaion parameter @, and the Sicady Siate model. The dashed Iine
represents the finesr 177 law fonnd for the ssparation of dosbie lobed
extended sowrces.

Kellerman
(1993)

Stepanas &
Saha (1995)
showed not
that

constraining
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Number counts of Galaxies suggest A

s — - Butjéajlgiy evolution
| r_1c_:_t_ trusted




Type [a Supemovag






















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/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 Perimutter
etal. atz=0.4

Calan/Tololo Survey of 29 Nearby SNe
"«
la completed in 1994
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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...

-~ 102 5N 3t 0.01°20.2 Ry
0~ Hamuy et al. 1995 ] -
- Riess et 3l. 1998 |
" Riess et 3l. 1999 i
- "~ Germany et al. 2002 4
= | Jhaetal 2002 bl
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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
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R. Caris Svarras. 'Y 1. SpyroMiii0.” CEHRETOPHER STUBRBS.®
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MEASUREMENTS OF Q AND A FROM 42 HIGH-REDSHIFT SUPERNOVAE

S. PerimutTER.! G. ALDERING, G. Gorpaager ' R. A, Knop, P. NucenT, P. G. Castro.” S. DEusTUA, S. Fassro,®
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o 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.

« 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.
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The Equation of State

High-Z Supernova Search Team The beginnings

| of the quest to
Garnavich et al. - 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
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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
weiit from being 340 to >70




2001 - LSS & CMB

| Jaffe et al- ZUU’I

2dF redshift survey finds

Q,,~0.3 from power
spectrum and infall
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out of 3
experiments
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