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...for the discovery of the accelerating expansion of the
Universe through observations of distant supernovae



WHAT IS DARK ENERGY?

makes gravity
push out, instead
of pulling together




WHAT IS DARK ENERGY?

makes gravity
push out, instead
of pulling together

can allow “steady state” universe = Einstein’s greatest blunder
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EXPANSION OF SPACE
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imagine: double each dimension



MATTER DENSITY
DILUTES MORE SLOWLY



RADIATION ENERGY DENSITY
DILUTES QUICKLY



DARK ENERGY DENSITY STAYS
(NEARLY) CONSTANT!

N - I



Matter v. Radiation




Matter v. Dark Energy
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OBSERVATIONS




REDSHIFT TELLS US
AMOUNT OF EXPANSION




NEEDED: ANOTHER
DISTANCE MEASUREMENT

e Luminosity distance: known brightness

BT ANDARD CANDLE

* Angular size distance: known size
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NEEDED: ANOTHER
DISTANCE MEASUREMENT

e Luminosity distance: known brightness

BT ANDARD CANDLE
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* Angular size distance: known size
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SUPERNOVAE: MAIN TYPES
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SNE IA: EX-WHITE DWARFS




CHANDRASEKHAR MASS
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ATOMS GETTING TOO CLOSE
FOR COMFORT

gravity




CHANDRASEKHAR MASS:
1.4 SOLAR MASSES




ACCRETION GETS YOU THERE

white dwarf




SNE IA:
“STANDARDIZABLE’ CANDLE
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SNE IA:
“STANDARDIZABLE’ CANDLE
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RESULT: EXPANSION RATE IS

ACCELERATING

NO

mag. residual
from empty cosmology

S o
o o
T T

-
o

©
(63}
LN I

< — DISTANCE—>

-4
L
-
i
o
i

4
a2
pras
/
bil
/

:’ Calan/Tololo

& CfA

Supernova
Cosmology
Project

QM, Q/\
0.25,0.75

0.25,0
I, O

: QM,QA

4 0.25,0.75

----10.25,0

eed 1L 0

llions of years ago

~2000



NOT JUST

SUPERNOVAE




OTHER DARK ENERGY

1.4

OBSERVATIONS

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010)
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THEORY SAYS?




WE DON’T UNDERSTAND
ACCELERATION

theoretical prediction

~ 10128
observed value



SO: WHAT Is A?

e Observed: I . .
O — e 107 g/cm
e Implies...
u~10"%eV

e Problem because ...



The Cosmological Constant Problem

Particles of mass m

m,~10"" eV should make effective u » m:
o
o
o
mu~ 10° eV
m, ~ 10° eV
mv= 107 eV

(argument from Cliff Burgess)
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The Cosmological Constant Problem
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The Cosmological Constant Problem

Particles of mass m

m,,~10"" eV should make effective u » m:
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(argument from Cliff Burgess)



MANY ATTEMPTED SOLUTIONS:

BT LA L D g Quintessence

— /——’ to matter

DE is dynamical

/ (new dof) : Brans Dicke
' S~ Non-minimally j eg. f(R) Eternal

Graviton » coupled to matter inflation
is spin-2, massless
field ' m —
S /" DE is not dynamical :
\’ 3 > A

(no new dof)

\’ Landscape

of vacua .
Anthropic

What is Bt arguments
ackreaction
Dark Energy? -

‘ Graviton has : y \.
mass (resonance) X .': : : i’
Graviton f
is not spin-2, massless | — : :
\ : ‘ . Consistent IR Cascading
\. field , - . :
‘ /  Lorentz invariance

modification of Gravity
is broken gravity Self-

, \‘ acceleration

Ghost
Nonlocality ~ condensate

de Rhara, Tolley 2008

Taken from: Claudia de Rham and Andrew J. Tolley, " The Cosmological Constant Challenge”
Nordita summer school on de Sitter Cosmology, 9-17 August 2008, to appear




MANY IDEAS, NONE
CLEARLY RIGHT:

CRISIS!




MAIN POSSIBILITIES

A
1

anthropic
principle?

new predictions




OUR HOPES

That observations will show:

1. Dark energy isn’t exactly constant
(or)

2. A clear deviation from General Relativity
will show up -- something, anything!



WHAT’S NEXT?
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SPECULATIONS IN COSMOLOGY |
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MASSIVE GRAVITY

SPECULATIONS IN COSMOLOGY I
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