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Theory: Triumph & Opportunity

“Prediction of dark energy:” major triumph of theory
(since 1984, &ssmg piece ﬁeeded to make
sense of inflatlen + CDM paradlgm)

£ '. ‘ ®
“Understanding cosmic aqcelgratlon/dark energy:”
biggest theoretical challenge(since 1998 and
SNe evidence for cosmic tion)




DARK ENERGY
MAY BE THE MosT

PrROFOUND PROBLEM
IN ALL 0F SDENE TeDAY




Dark Energy. is a profound myste
because it touches so'many other
important puzzles
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because it touches so'many other
important puzzles
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« “The bulk of thei@aergy.in the Universe

« Vacuum energy/cosmologlcal constant problem

» Destiny.of the Universes J a .

« Relatedto Dark Matter, Inﬂ@tlom NeutrinodMass?

« Connections. torSUSY/Superstrings/Extra dimensions?
 Signal of new gravitational ph
* Hole in the Universe?

« Crack in the Cosmic Egg?

* Narcissistic Principle?
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Youbetcha
Katie, | believe
in Dark Energy --
we can see it
from Alaska!
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What We Know 10+ Years On
5 Key Facts |
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F1: Expansion is accelerating

* Assumption of RW (no GR) + SNe data 2
accelerated expansion
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Hubble Diagram for
Combined Samples
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56 ESSENCE (WV07)
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Conclusions from “Friedmannless”
Analysis of Riess et al Gold Set

* Very strong evidence (50) that Universe once
accelerated: g(z) was once negative

* Strong evidence (30) that g(z) was larger in the
past

* Evidence (20) that Universe decelerated in the
past

« Universe may not be accelerating today: Model

with deceleration since z = 0.3 is acceptable at
10% cl

astro-ph/0512586



F2: Flat, ACDM fits all data

« Consensus cosmology consistent with CMB
(WMAP, ...), LSS (SDSS), BAO, SNe, x-ray
clusters, WL, age of Universe at percent-level
precision (!). This is ne,mean fegt
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CMB Provides An
Independent Line})f
\Evidqnce 17,

|

BOOMERanG




Curve = concordance cosmology
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Curve = concordance cosmology QO — 1005 + 0006

| Q,, =0.28 £0.015

only consistent if
Qp e =0.72+£0.015
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F3: Flat, ACDM and GR fits LSS
and abundance of clusters

* Very little room for deviation from “standard
growth of structure” (few pertgnt)

Mortonson Hu Huterer (2008 2009)
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VIKHLININ ET AL.

LA B |

TSI
LA LALL

Y
Tl

R |
AA uul

LA j "I
LA .u.ul

T
i
]

'T""

A lllli

T Il1l"
Laauud

T
)
T

T
Ao A A MM,
T TrTrnT
LA LULE

Ty '"]
A ll-lul
T 71 ll'lrl'l
Ll

0.025-0.25

. "

=055-0.90

LA |
LA Tl’]
A Ill.l.ll

- lllllll

1ol L | 4

]C‘" ]]'S 14 I:,‘S
Msoo, h™' Mo Msoo, h™' Mo

F1G. 2.— Illustration of sensitivity of the cluster mass function to the cosmological model. In the left panel, we show the measured mass function and predicted
models (with only the overall normalization at z = Oadjusted) computed fora cosmology which is close to our best-fit model. The low-z mass function is reproduced
from Fig, 1, which for the high-z cluster we show only the most distant subsample (2 > 0.55) to better illustrate the effects. In the right panel, both the data and the
models are computed for a cosmology with (2, = 0. Both the model and the data at high redshifts are changed rdative to the €2, = 0.75 case. The measured mass
function is changed because it is derived for a different distance-redshift relation. The model is changed because the predicted growth of structure and overdensity
thresholds corresponding 1o Acrie = 500 are different. When the overall model normalization is adjusted to the low-z mass function, the predicted number density
of z > 0.55 clusters is in strong disagreement with the data, and therefore this combination of {2y and Q5 can be rejected




F4: Success of CMB, BBN leave
essentially little room for early
acceleration
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« Highest z SNe show Cje"célleration
» CMB anisotropy-and’ po‘larl‘zatlon (see
Smoot) , ,

« Agreement of BBN and C
density

baryon




Evidence for past acceleration:
Important reality check

accelerates now
decelerates in the past

Redshift z

HST ACS Sample of high-z SNe: A. Riess et al, Ap.J 607, 665 (2004)
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h =Hy/100 km/s/Mpc ~ 0.7
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<000

CMB (first to secn eak)
(),h%=0.0225 + 0.0006

VS.
BBN (Deuterium)

Q.h? = 0.021 + 0.001

Q, =0.044 = 0.002
2



What we u‘nd/erstand




“Eddington Cri/terion”:




“Eddington Criterion”:




GR ALLOWS FolReMiGVE

AN ITY:

Very elastic
stuff (p < -p/3)
with repulsive %

gravity aka
“dark energy”

can explain-~
acceleration




Dark Energy

Defining features:
* Large negative pressure, p ~ -p, SO
that (p +@&p) <0, » <~~~
» W =p/p (equation-of-state.parameter) ~ -1
» Smoothly distribufed; ((mUch less clustered
than ' matter . ~
* Not particulate (dark m

S p ~0)

Simplest example: ‘
* Energy of the quantum vacuum: w = -1




The Gravity of
Nothing
Is Repulsive

.. But How Much Does
Nothing Weigh?

Apparently, Way Too Much
or Possibly Nothing

to be more precise, the
answer is nonsensical
(infinite) — not as bad as a
finite answer that is off by
orders of magnitude

Pyac = 3 X 101 eV4
Epe =0.03 eV
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The Gravity of
Nothing
Is Repulsive

V4c > ﬂACE

dE =-9dV (Firstlew) [}

Wieose evskence has hesw bhzd'al

AV=- “BadV 7 B “foae ( Sk‘hka f otivaic leveld w

W. ’/\M) NW(fnk%
e o v p e .
T - g (Nowhim vacm 15 Slasic s

VE :
[ Same as A? g r/c‘{., .,‘ ‘/2?’“ e § A

it Ul ivvvul Llidl 1v Vil v : 4 N
J . (D13 =-2P)
PT7P="4()

orders of magnitude JUST WHAT I3 NEEDED - - BYT ... "
TREDRETCAL. BSTIHATES OF AMOUNT
. 10”"‘ x Whatsneeded+o
Pvac = 3x 10" eV ¢ﬁp1mn aCLB“fM’M? Uquc
EDE ~ 003 eV “Hovsh M, W have a greblem
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The Gravity of
Nothing
Is Repulsive
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F5: w=-11%%“0.2” (SNe et al)

« See Kessler talk




New Results 400d Survey

Alexey Vikhlinin et al, CCCP




variation of w not constrained at all
Allow w to vary:

W =w, +w,(1-a)

+SN
Sl ()= 0.76 £ 0.02
Wy =-1%0.2
w,~0*1

Possible variation is
not well constrained

bl



Summary of “The Facts”

F1: Expansion is accelerating

F2: Flat, ACDM fits all data~

F3: Little room for dev1atton from
standard - structure’ gnowth

F4: Little room for e'arly acceleration
F5: w=-1%"0.2" (SNe)




The Big Queétions




For Astrophysical Cosmologists

1. Is the background cosmological model
ACDM to £1%? (the current £10% has
led to tremen@lous progress‘ in
understanding astroph.ysu:al evolution)

2. Destiny of the Umver,se N\
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From I;j rg to Efe










In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever,
Re-collapse, or Even
Experience a Big Rip!




In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever,
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Experience a Big Rip!

gderstand Our Cosmic
il We Understand What
Dark Energy Is!




1.

. The mix?:-ratios of baryo

For Fundamental Cosmologists

How much does nothing weigh? (the
vacuum energy problem that traces back
to Pauli, Zel@wch and \Weinberg)

. What is causing the expransmn of the

Universe to acceleratei’

cold dark
1S, dark

matter, hot dark matter,
energy (not photons/ne
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Important
clue or
coincidence?
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At the very
least, we can
now say that %
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1.

2.

3.

Dark Theory: Three Classes of

Solutions

Assume GR, RW, focus on dark energy; e.g.,

vacuum energy, quintessence, topological
defects or ?? ‘ ' >

L - -

¥ 4 .

Assume RW, but not'GR*tocus on.modified
gravity, e.g., DGP-of f(R’) theories

Assume GR, but not RW;
(hole in the Universe)

models




Vacuum Energy Problem Solved
by Supersymmeyry or ?

JURGENS & |
BREEDING .



Kuune Lear, HEJ.D
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Theorists:
When in
doubt, just
add a
scalar field




?hm»egaumﬁbu>

TQ&54 wt
L-qd% ) O esseasa,
M jgl‘sz)

b+3Ho +V'(¢) =

(ULL.\C« MC‘?’




?hm»egaumﬁbu>

TQ&54 wt
L-qd% ) O esseasa,
M jgl‘sz)

b+3Ho +V'(¢) =

(ULL.\C« MC‘?’




?hm»egaumﬁbu>

TQ&54 wt
L-qd% ) O esseasa,
M jgl‘sz)

b+3Ho +V'(¢) =

(ULL.\C« MC‘?’




NEfiwonk of (AsmareD)

/Ydom OefFecrs
BG STRING 4 vk B

Pen -Sparyel ‘7€

vm m‘C: ?S OPA
JNEEELLY. . p- N4 p




NE
f M

“

e <

D

y
N
DM
&XQAN
l
\ R

” /)
9{.
C |
Cj”"n‘
| lr; e
7
Al X)
.\' ITY
DF: 3
'\ : f
“ A:; i0
» --ﬂ -;a
- ')f-. %/C”'
AT m:




NN GRAGITRNA.
PRYSICS

BelAke G boes NoT MAMYY QM &
MV £XP‘6¢—T A THEORY BeYoND

EISTEW
o CX W GV Privs
- ‘DAR NF—AP;— Mmsrbn mm\nfess

@nY: i ?@%

\muw& uf EXTPA DImeEnions

AP, DV

L\. = v f . H/} “
SMM Ca”imopw N
9= e | 1FR (R-10): L




Summary of Dark Theory

— Quantum Vacuum Energy (static)

+ it exists(!), same as A, w = -1 (F1 — F5)
- 55 orders-of-magnitude discrepancy (or more!)

— "Quintessence” (dynamical scalar field)

+ temporary, related to.cosmic inflation?, great variety of
models, dark energy pSs, wvanes W< 1 possible (F1=
F4)

- doesn’t solve vacuum energy,coup%g te the world(F5)

— No Dark Energy, Modified Gravb‘y' N

+ Einstein didn’t getlast word, superstring inspired, no dark
energy, inconsistencies when analyzed 1, F2, F4)

- Cosmology good, gravity bad (F3, F5)

- Hole in the Universe (GR, but no R
+ no dark energy (F1)

- Reconciling the rest of cosmology, we're at the center of
the Universe (F2, F5)

F3: Little room for non standard structure formation
F4: Little room for early acceleration

F1: Expansion is accelerating
F5: w=-1%%0.2" (SNe)

F2: Flat, ACDM fits all data
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Theory has provided strong
guidance & interpretation

« Smooth, very elastic, non-particulate (medium)
dark energy w/in.GR, important at’late times

* Simple physics ggodel: ‘quantim-vacuum energy
(current null hypothesis)* "
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Theory has provided strong
guidance & interpretation

« Smooth, very elastic, non-particulate (medium)
dark energy w/in.GR, important at’late times

» Simple physics @godel: ‘quantum-vacuum energy
(current null hypothesis)* . °

« Dynamical models: roJIirig%ciaIar field
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Physical parameter that describes and
discriminates between model =p/p <-1/3
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Theory has provided strong
guidance & interpretation

Smooth, very elastic, non-particulate (medium)
dark energy w/in.GR, important atlate times

Simple physics ggodel; ‘quantum-vacuum energy
(current null hypothesis)* " .°

Dynamical models: roﬂlngqcalar field

Physical parameter that describes and
discriminates between modelsaawe=.p/p < -1/3

Look out for new gravitation
Framework for treating GR a
Other effects: Long range forces, ...




Goals for Stage IV

Test null hypothesis: GR + dark energy = quantum
vacuum energy

Falsify by w # -1, variation of w, “percent level measurements”;
or clustering of dark energy

Test consistencygaf GR by multlple independent
measurements a8 dynamic measurements

[Rule out LTB % direct meagure-of acceleration or
make untenable y other posmoleglcal measurements]
A
” / X

control of systematic erroris cr

focus on z < 2 most profitable (
dark energy less important, cha

synergy — complementarity betw
IS essential \

on to believe
hi-z)

und and space
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Some Comments on Techniques

« SNe: proven, direct, geometric, warts but no cancer, not
the most powerful

« Clusters: detection dynamic/geometric huge numbers/
multiwavelength Ing,’mass proxy; gaussian
assumption (flipside: very s‘ensmve)

« BAO: someresults, Iargely.(a&l’?) geometric, no obvious
systematics (blasmg’?) coarsg- drained, powerful

« WL: yetto be proeven, could be limited by image quality
or power spectrum, potentially m rful (but not
most sensitive probe, cf, Mellier

NB: CMB and other data (e.g., H,) pr portant priors

.



How Much |s Enough?!#
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No prediction or clear goal to
guide thinking

Stage 1V spgnd.to the break in the
cost curve dlmlnlshlng returns)
“one really good go. ‘on a really big

problen!
..but then what?'Stage V?



Four “Stage IV”_',_OF,t‘Jtures

R
N e ~ - Ny

P S

Large Synoptic Survey Telescope




1. w = -1 & theory breakthrough

Percent level measurements of wand w, and LSS
consistent with ACDM

I
Theoretical understanding of small vacuum
energy,
r "‘ N
” / \

-

Problem Solved for Co ists and

Particle Physi



2. “w = -1” & theory breakthrough

Percent level measurements of w and w, and LSS
consistent with ACDM

_ SRS
New compelling theoretlcqj prediction for time
variation of w and/or \‘va\—\just beyond the
reach of Stage I

Problem Solved for C
Particle Physicists thin

gists,
ut Stage V

.



3. “W#F-1"orw_#0

Detection of signature that DE is not
vacuum energy

. S AP

Potential implications for_both particle
“physics and pOsmoIogy

o =

With or without theoreti

both Cosmologists, Pa
think about what to meas

kthrough

ysicists
In Stage V



4. w = -1 & no theory breakthrough

Percent level measurements of wand w, and LSS
consistent with ACDM

+ -
No theoretical u?derstandmg of small vacuum
energy .

- —

r— ' -
Problem solved for cosmolog1$
particle physi

but not for

“Time out’”: take a break an ard about

what to do n



Last but not least, don’t forget
Stage IV theory

Better parametric/nonparametric probes of
dark energy ’

Better modlfle.grawty theorfes and ways
to test them

New/testable ideas abput J;he MiX
|deas for testing Clusterlng 0 dark energy

Laboratory predictions of ergy
models

Vacuum energy problem

.



