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Cosmic Acceleration is a central
feature of the consensus
cosmqlogy

W
No cosmic accel-eratlon no
consensus,cosmology!







Einstein & A\

* Introduced A t/o/save Mach’s
principle and create a static
Universe solution

- s \ was V. present\

».No sense that itwas repulsive
~gravity (/X 6rth& geometry — LHS
— of équaticghsg N '
- Great man,
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Two Technological Enablers:

1. Large (100 Mpixel) CCD
Cameras

2. SNe la: Bright,
Standardizable Candles
(1.4 solar mass bomg
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Discovery! — 1998

~
= -
=

Supernova Cosmology Project
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The Discovery Data

Riess et al, 1998




Carl Sagan:

Extraordinary
Claims Require . W
Extraordinary .

Evidence ~ /']

Now Certified by Stockholm!
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Q, =1.005 + 0.006
Q,, =0.28 + 0.015

only consistent If
Qe = 0.72 £ 0.015




1000 SNe from:
the original teams +

SNLS, E&SENCE SDSS,
CfA CSP
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33 nearby (JRKO7)

103 SDSS-II (this paper)
56 ESSENCE (WV07)
62 SNLS (Astier06)

34 HST (Riess07)
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Evidence for past acceleration:
Important reality check

always accelerates

accelerates now
decelerates in the past

always decelerates

| 1 |

1 1.5
Redshift z

HST ACS Sample of high-z SNe: A. Riess et al, Ap.J 607, 665 (2004)




Baryon Acoustic Osclllations (BAO):
Zel'dovich’'s Standard Ruler

60 80 100
oving separation (h"' Mpc)




New stand alone evidence for
cosmic.acceleration from
clusters observed'by Chandra

v

A.Vikhlinin et al, ApJ 692, 1060 (2009)arXiv:0812.2720]
36 Clusters w/<z>~0.55 and 49 w/<z>~0.05



VIKHLININ ET AL.
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Fra. 2.— Iustration 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 = = Dadjusted) computed for a 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 €1, = 0. Both the model and the data at high redshifts are changed relative to the 01, = 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 to A = 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 Cipg and 24 can be rejected.




onsistent with
all observations:

+=0.71+0.02
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. In any case, the
extraordlnary evidence Is

nAW in place

% w\ 0 -

'




Eddington
Criterion

EdpI0 TN
" NO EXPEIMENTRL RESULT

ClouLd BE ACCEPTED UNTIL-
CONFIMMED BY THEORY
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bLAK Poles wiren
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LEPLSIVE GRAVITY
when P<L - LA




Test of (p + 3p) Term In
2"d Friedmann Egn

» (p + 3p) powggs aceelerated expansion
+ BBN = testof the (p +.3p).term
- Negleet 3p (i.e., Newtonian limit)

— Friedmann Equation becomesi.H? = 41Gp/3
instead of H2 = 81TGp/3

— BBN predictions no long
observations ,

with



Describing Dark Energy

Defining feature of dark energy. large neqative
Dressur(\ PSRV 1 2N (WA FP2N 17 ST V- IRV W1 2SN 2 IAr\dS to
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radiation matter

Log [energy density (GeV4)]

Ghostly quintessence < -1 (ppg increases with time)
W =w,+ w,(1 —a)



The Gravity of
Nothing
Is Repulsive

Z 7~ 7~
/
/3A|c > Pmc

/1

dE=-pdV (Firstlew) 8 K ~=
PVAC-d V= ‘RACdV = T’th: -ﬁfkc e —~

ngc = Rmc @rv ' ’0‘ N

[ same as A )
finite ang wer that is off by
orde “magnitude

L > — _ &k 1
Pzeropt = 5 /0 VEkZ+m?2—— = k2

(271')3 167T2 max
Pzeropt < Pecrit = kma.x < 0.03eV

Oyee = 3 X 1011 gV/A4



Vacuum Energy Problem Solved
by Supersymmegry or ?

(5} SUPERSYMMETRY
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Now we have two puzzles:

Why does rgthing. Weighs’ so little?
&1
“What is dark‘efergy?

Puzzles could be relat 'nrelated!




RIDDLE WiLL REQIRE
A CRAZY,NEw TDEA

NBR: Not eveny ¢amayipea IS A
SOPTIPNTO A PRSRND
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NN GRadIToNAL
PRYSICS

BeAKE G o6 NoT MARAY QMR
ené'\lml EXPECT A THEORY BEYOND
o EXPECT NEW GV
o AXNE)}(\P{ MPE .m*r M'sm

; \\ \ '
={
A
A (Y - A
-




Important
clue or

I\f\llﬁ\f\lf\lf\v‘\hf\r)

At the very
least, we can
now say that &

cosmology PANC EREREY. DMiAT

s the battle -
between two

dark titans
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In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever, “Biepp' | we-t

Re-collapse, or Even | (enTIWVED
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erstand Our Cosmic
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DARK ENERGY
MAY BE ThE MosT

ProronD ProkLEM
IN ALL OF JUENE TeDAY
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Two Big Dark Questions

Does Dark Energy change with time
(i.e., is dark @mergy vacuum energy)?

Does Cosmic Aceeleration require
going beyond Gene lativity?




Where We Are Today

Dark Energy:
(Qpe=0.76 £ 0.02
w =-0.94+0.1
(£ 0.1 sys)

|
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No Reason to Believe w I1s Constant

Allow w to vary:

W =W, + w,(1-a)
a = scale factor
Pl (O.-=0.76 +0.02
W, =-1+0.2
w,~0%x1
Possible variation is
not well constrained

+SN




Probing Cosmic Acceleration
and Dark Energy

* Primary effect is on the expansion rate

G

3 \par + PDE]

« EXpansion rate controlsdi-s’s,tépces, structure growth

i S

dr, = (1+ 2) /-,,, dz/H(z) O + 2Hoy, — AnGppde = 0
0

« Two Qualitatively Different Pr
— Geometric: distances
— Dynamic: growth of structure

— NB: if not GR, changes in grovvth,‘lensing



Distance/volume

— Q,=02,w=-10
— Q,=03,w=-1.0
-=-0,=02,w=-15
e Q= 0.2, Ww=-0.5
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NB: d(z) = (1+2)r(z) NB: d?V/dzdQ = r?/H(z)



Clusters:
Cosmic Frogs:
very sensitive

to cosmic

environment
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- QB eDES, ACT, Chandra > eROSITA
- TARRS 2 LSST, EUCLID & JDEM
RRS = LSSF, EUCLID & JDEM

BIACT/SJ,DT’PIanG\k — cosmological
2'many other lons valuable

ant tests of
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Mapping out/w(z)




Determining w, w, = dw/dR




Lecture 2 “take homes”

Cosmic acceleration well established

Simplest explanation:  repulsive gravity of quantum vacuum
energy within General Relativity *

Two big questlon‘ . Is the simpleSt-hypothesis-correct?
2. Does GR self consistently.describe cosmic acceleration?

Kinematic (SNela, BAO).and dynamlc tests (growth of
structure,"WL, Clusters). '~ ~

Dark Energy/Cosmic Acceleration'may take many decades
to solve (cf, WIMP decade)




eROSITA 2011




Neutrinos have mass!

“normal” hierarchy

2.4+0.1x 103 eV? ﬁ

8+ 0.5x 10°eV?

_—

| . \'x-\

V. - electron neutrino flavor
v, "= muon neutrino flavor
v, tau neutrino flavor

“inverted” hierarchy

increasing
mass

v,

— ?7eV




The Complicated Universe

* Matter: 28.5%
— Baryons: 4.5%

— Neutrinos: 0.1% p

—CDM: 249« +/ . =
* Radiation:0.01%. . 5 °_

—Photons: 0.005% § "

hotons
physics:

— Neutrinos (for T 3> m):0
— NB: ratio determined
p./p, = (21/8)[4!

* Dark Energy: 71.5%

.



3 Epochs
3 dimensionless ratios

1+ Zoe = [Qpe/Qy)Y3 = 1.37

1+ 2y = Q/Qr= 3300 '

NB: 1+ Zpee 31 00 -f[1..3:6 eV/3 K]/In (1/n)
, & ";',‘. -

Qe Q=77 "

Q./Q, ~ 40

(1 + /(1 + Zpge) ~ 3




Some Numerology

Turner/Carr, MLPA 2, 1 (1987)

* Qeon/Qg=7

' 4

— Neutralino: mgg~ 10 & mp, Agep << Mp?
— Axion: f,/my=10€ - "us

”', "l.‘ -

* QB/QV~4:O & 'Q.“ N
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— Neutrinos: m,~ 10" € Aqc
. F 4 2
— See-saw: Mgyt ~ 107 my,

* Zgo ~ Zpec: NIn(n™) ~ 13.6°
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The Complex Universe
Challenge

_ JRNK A
Understand the-mix!
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