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Dark Energy Theory:
Why [@mbda isn’t enough
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Why is Cosmic Acceleration /
Dark F{ergy Important’?
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DARK ENERGY
MAY BE The MosT

YROFND PRoBLEM
IN ALL OF SDENE TeDAY




Youbetcha
Katie, | believe
in Dark Energy —
we can see it
from Alaska!
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Drill for
Dark En‘ergy!
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The Consensus Cosmology
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Rests upon three mys

All implicate new physicé!




In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever, ‘g’ we-d

Re-collapse, or Even 3 ! (eNTIMVED
Experience a Big Rip! ) e ‘L‘E‘gl'lrfﬂ
. ""3,«(.:‘6"5”( | °° Bmlmvyri.
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erstand Our Cosmic
| We Understand What
ark Energy Is!



What\ do we kn/ow?

with increasing assumptions
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Robertson-Walker metric, no

Friedmann equation,
q(z) = -dZR/dtZ{RH2

» Five-sigma evide‘n'Ce:%or a period
with q(z) < 0’ (a C‘bel‘eratlon)
. Three~S|gma/eV|den {o] gF=!

period with q(

C. Shapiro & M.S. Turner, Ap J 649, 543 (2006)



Constant w dark energy

w=-1.05+0.06 | |
Statistical only :
|
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Qn Sullivan et al 2011




Constant w dark energy

w =-1.07 £ 0.08

| With all systematics

0.0

0.4 0.5

Sullivan et al 2011




Benson et al 2011 (SPT) Constant w dark energy
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Likelihood

w =-0.97 £ 0.06




SNLS3+SDSS DR7 LRGs+WMAP7+ H,, (Flat)

2_
W, = -0.91 £ 0.2 '_ ; w, = -0.98 £ 1.1
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Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

No Big |
‘Bang !
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0'%.0 012

Q, =0.727 + 0.015

Union2.1 SN la
Compilation
with SN
Systematics




So, it's Lambda??##

“We have testimony that you walk like a duck and you quack
like a duck. Tell the court—are you a duck?”

© The New Yorker Collection 2004 Leo Cullum from cartoonbank.com. All Rights Reserved.
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Why isn’t lambda good enough?

Short answer: no good theory for it!
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" NO EXPEHIMEN TR RESULT
CouLD BE ACCEPTED UNTIL
CoONFILMED BY THEORYY




G+A=81T

Geometry Matter

December 1998
. 282 No. 5397
ses 2141-2336 $7

18 [
Vol
Pag

i

Sciemn

Einstein added
optional A

AED>T

vacuum

QM vacuum energy’.

problem known
since 1930s (Pauli),




The Gravity of
Nothing
Is Repulsive
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- /34c > ﬂAc
/1

A

dE =-9dV (Firstlew) [} |
- Wose exsiene has hesn M'w\'al
dV 'R'Ach =7 T’th ﬁmc (Sh‘hka f IhllllC Wh LAMB zowvnk;s

sz = /%Ac 3?“’ (bv«o.& ™ Vacvyum ¢ 'lﬁgllt @"P>

(SQM@ as N\ ) '&' ("‘,,IQE‘}\){‘“ ”.‘f.m‘
finite angwer that is off by (pm) 2p)
ordd.  imagnitude JVET WRAT |5 NEEDED - -

THEDRETCAL. ESTIMATES OF AMOUKT

d*k
Pzero = = V k% +m?
Pvac = 3x 101 eV4 . 2/0 (2m)?

pzeropt < ,Ocrit = kmax < 003 ev
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Vacuum Energy and
Supersym me/try

« 'SUSY - quantum
vacuum energy = 0

+ Our world is not
.« supersymmetric
< Broken SUSY -2 p,,. ~

O(Mgysv?)
. NB don’t known if
IS broken or

ess (Pl): mm-
xtra dimensions?




The Cosmic Landscape of
Superstring Theory

« M-theory > 10°% vacua
* Pyac= O(Mp*) £ O(M*)
 Universe has a
multiverse structure & -
we were lucky
(narcissistic principle)
 Testable??

« Extravagant solution!




Now we have two puzzles:

Why does r&thing. weighs so little?
&L
“‘What is dark'energy?

Puzzles could be relat'nrelated!



RIDDLE WilL REQUIRE
A CRAZY,NEw IDEA!

NBR: Not every ¢camzyipea 1S A
SOPTENTO A PRSRND



The theory menu

Vacuum energy (see above)

Rolling scalar f|eld ’
qumte*nce) . e

Very elastic tOpO|OQI;)a| defects
Modified graylty X

Dark errergy/derk matt
models

Hole in the Univers
?7?




Raune Tan hawd

‘ ¢ MA v COSW*"l
(Wk? yevd> (—\:l Goldstoaapsson , ¢ IR

not fnere yet )

O+ 3Hp+ V' (4) =0

p= %a'? +V(9)
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BElAKE Gk DoeS NoT MARNY QM &
AAVY 5)(95'4' A THeopy Beyornd

o oy exmr NEW GV PrtyisicS
ok %m 4T Shope bisTRsS

; Ay \ ?
1
-
N ‘5, - ‘
. /




“Old Gravitational Physics” hitherto
undiscovered aspects of GR

Hole in the Center of the Universe
Bondi-Tolman (spherically symmetric sol")
P
nmoBigl grge d@%@mb gth o aterse 19

acceleratinc Yia, ¢ e, A. Notari,
A. Riotto (¢ »- ph/L 117)

On cosmi  cceleratic.  “houtdark ene , E.W. Kolb,
S. Matarre A. Riotto (a nh/050653

Commen  n Backreactio ! Cosmi  cceleration,
E. Kolb, S. tarrese, A. Riottc ‘ro-p >11073)
Cosmologicc ckground solutio Jsmological
backreactions, ‘olb, V. Marra, S arrese, (arXiv:

0901.4560)



Birther: A conspiracy theorist who believes that
Barack Obama is ineligible for the Presidency of the
United States, based on any number of claims related
to his place of birth, birth certificate, favorite birthday, or
whether or not he has heard the song Africa by Toto.
Birthers also believe cosmic acceleration is part of the

very same conspiracy.




Generic description

Defining feature of dark energy: large negative
pressurr PPN 1 N N - - Y A R - N I._...dS tO

repulsiv
Describ

matter

Log [energy density (GeV4)]

Ghostly quintessence < -1 (ppg increases with time)
W =wy+ w,(1—a)
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Moving for\t’)rd 1onlng for clues
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"‘Breaking lambda”

WFIRST Elsewhere
« w#-1(Q, MG, TD) « Solar system anomaly
© W, 70 (QMG) W o (MG) <
. “Early dark energy”(Q, * . New long-range force (MG,
MG) 70, R)
« Growth of s:tructure/(MG)' , -'o.‘CIué\,\tering dark-energy (Q)
« Gravitational lensing - Dark matter/dark energy
(MG) C , MG)
* S ole in U)

Q = quintessence, MG = modified gravity, TD = topological defect



Important

clue or
AAAAAA IIA“AA’)

At the very
least, we can
now say that

cosmology

Is the battle
between two |

dark titans

MAFTEN. DSMINANT
(ML BecBEkenen
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Dark energy/cosmic
acceleration is a big deal

Pillar of the consensus cosmology
Controls destiny of the"Universe
Involve’an agée-old ’prablem
New physics-(dark energy)

' New gra"Vify?f
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