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Dark Energy (A)

1917 Einstein proposed
cosmological constant.

1929 Hubble discovered
expansion of the Universe.

1934 Einstein called it
“my biggest blunder.”

1998 Astronomers found
evidence for It.




What We “Know"

1) The matter density is dominated by cold dark matter ...

2) The overall mass/energy density is dominated by a
cosmological term (dark energy)



... or premature jubilation?




As we know, there are known
knowns. There are things we
know we know. We also know
there are known unknowns.
That is to say, we know there
are some things we do not
know. But there are also
unknown unknowns, the ones
we don’'t know we don’t know.

Donald Rumsfeld

Feb. 12, 2002
Department of Defense
news briefing

He left out the most important one!



The Unknown “Kno

ns” ?

"It ain't so much the things we don't
know that get us in trouble. It's the
things we know that ain't so."

Artemus Ward
American writer
1834-1867

Not everything “known” Is true!



Ptolemaic System
From 7he Almagest
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From Book | of
De Revolutionibus




From Book Il of
De Revolutionibus
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What Copernicus “Knew"

“First of all, we must note that the universe is spherlcal ”
Elliptical orbits!

Motions are centered on the sun
Sun at a focus!

Uniform velocities
Equal areas in equal times!




What Kepler “Knew”

Gravity Is an inverse-square force
Kepler thought it was repulsive!




“In questlons Ilke thls truth IS only tQ be had
by Iaylng together many var‘anons of er\or

b M T Vlrglma Woolf, -
. — --~A Room of Ones\ewn




The Visible Universe

Spitzer Space Telescope




The Invisible Universe

observed

expected
from stars

10 R (kpc)

B * M33 rotation curve




:Jppur'ulmt osihon of distant star

i passes close 1o the sun

apparent displocemant
of star's position







Abel 2218 HST




P(k) [h=® Mpc?]




If We Could “See” Dark Matter

Navarro, et al.
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[D)g)7A% Matter

What you don’t see, matters.

We don’t see most of the
matter.

It doesn’t seem to be
“normal” matter.




@@fk matter?

. I\/Iodn‘led Newtoman d, namlcs

. Planets

. Bwamﬁbwewged stars
Whlte o bgO;HQOBS?;(i)

: _B | 8,.l-ck holes [ e,

mass (Mo)
P e have lead you to the edge.
- A




Neutrinos

e Neutrinos exist:
three active + sterile?

e Neutrinos have mass:
Atmospheric (1072 eV)
Solar (1073 eV)

LSND (1 eV)

e Contributeto Q

hot thermal relic:
m

|4

45 eV

e Not most of dark matter
too hot! January 26
too light!




Relative abundance
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old Thermal Relic

i actual
" freeze out —

«—— equilibrium
—M /T

“0T 107
T/M,,

H rm 1T 1

Q, o« 0,7! (independent of mass)



Cold thermal relics Qy x g,
Q, = o,

e

X+qQ—> X+(

X

4

g+ —> X+ X



Hierarchy problem:

« fundamental scale is Planck mass*

e observe particles with mass much less than Planck mass
o gauge bosons protected by gauge symmetry
o fermions protected by chiral symmetry
o scalars (e.g., Higgs) defenseless!

* Introduce supersymmetry to protect scalars

Supersymmetric Standard Model:
105 parameters

Constrained Minimal Supersymmetric Standard Model:
3 parameters

Lightest supersymmetric particle (LSP) stable:
neutralino?

* Assumed here to be G."'?



Cold Thermal Relic

* Direct detection (o)

/x

s (heutralino

More than a dozen experiments

* Indirect detection (o,)
Annihilation in sun, Earth, galaxy. ..

neutrinos, positrons,
antiprotons, yrays, . ..

» Accelerator production (op)
Tevatron, LHC, ILC




old Thermal Relic

Cryogenic Dark Matter Search

-1

= 10 htrp:.l'.l'-:lmt-:.fu:-]s.l:lmwn.:dp_
» SUSY shaded areas g DAMANalfl- Sese=ieign
= 4 3o region g
i
* Probing significant regions o
of MSSM model space =
:
e Light-mass region largely E
ruled out 5. g
=
8
* Another factor of 100 0
may be needed g
> ].D-H 5 1100 LL 1701

L

10 107 10
WIMP Mass [GeV]



Indirect detection

 Neutrinos from the sun or Earth

« Anomalous cosmic rays and y rays
from galactic halo(s)

 Neutrinos, y rays, radio waves from
our galactic center

* Role of halo substructure [rate oc (density)?]

Galactic center: spike cusp, ???
Black hole in the galactic center
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The nature of dark matter is a complex
natural phenomenon.

The neutralino is a simple, elegant,
compelling explanation.

“For every complex natural phenomenon
there is a simple, elegant, compelling,
wrong explanation.”

- Tommy Gold



Dark Matter'>

* Neutrinos o TR A (hot dark matter)
. sterile neutrinos, gfavit_in-d's . (warm dark-matter)
« LSP-(neutralino; -axino"_,l,'_:'..; (Ciol"d dark matter)
.« LKP'(lightest Kaluzasigi§ 5 | |

» axions;.axion clusté,

» solitons (Q-balls; B- balls Odd balls, Screw*balls )
. supermasswe WlmpZIllaS “

Mass*anqe ) e Interacu@n streTthhfanqe

10"eV (107 409) axmns -f:'": “ Nonlnteractlng W|mpzNIas
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Epicycle Il — Dark Energy
What is the nature of dark energy

“In questions like this, truth is only to be had
by laying together many varLatlons of error.’

Wi - V|rg|n|a Woolf
A Room of Ones Own

.%:;_. J



Robertson-Walker metric Perfect-fluid stress tensor

a(t) = cosmic scale factor p= energy density

k=0,+1 (m G, =8zGT,, m) p= pressure
+ rzdﬂzj T#, =diag(p, p, p, p)

dr
ds? = dt* —a’(t
( )[1—kr2
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a<0
’ p+3p>0

scale factor a

time

deceleration

HZE(EJZZ@,O

a 3
. A
a:—%(p+3p)

acceleration

C >0

@)

5 po+3p<0
o J fluid with

© w=p/p<-1/3
@ “dark energy”

time
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High-z SNe are fainter than expected in the Einstein-deSitter model
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cosmological constant, some changing non-zero vacuum
energy, or some unknown systematic effect(s)

The case for A:
1) Hubble diagram d, (z)
2) subtraction




Subtraction
Q=ple  po=3HAAG
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Cosmo-illogical constant?

—

lllogical magnitude (what’s it related to?):

p, ~10%gcm* ~ (10 eV)4~ (10°° cm)_4

A=87Gp,~ (10 cm) ~ (10%eV)’

lllogical timing (why now?):
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Practical Tools for Dark Ener

scalar fields

anthropic principle




Store * Gallery * Boards

?[ow Far ‘Wz[[ ‘Zﬁey go?

CDF - DO + Extra Dimensions
SUSY « Dark Energy - Dark Matter

How Far Wz[[ The go?




Take sides!

e Can’t hide from the data — ACDM too good to ignore
— SNla
— Subtraction: 1.0 - 0.3 =0.7
— Age
— Large-scale structure

H(z) not given by
Einstein—de Sitter

3H2+k/a?# 871G pyatter = Goo = 87 G T (matter)

« Dark energy, p, (modify right-hand side of Einstein equations)
— Constant (“just” A)
— Not constant (dynamics driven by scalar field: M ~ 10733 eV)

e Gravity (modify |left-hand side of Einstein equations)
— Beyond Einstein (non-GR: branes, etc.)
— (Just) Einstein (GR: back reaction of inhomogeneities)




e 10733 eV scalar fields!!!
 modification of gravity

e extra dimensions

e branes and bulk

e Lorentz violating vector fields
 Friedmann equation incomplete

e (then there are the crazy ideas)



The nature of dark energy is a complex
natural phenomenon.

There are no simple, elegant,
compelling explanations.



The Dark Side of the Universe

06% of the
Universe Is Dark!
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