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What is the Universe made of?

NOW: baryons + ;cold-ish) dark matter + dark energoy/inflaton + tiny
curvature energy (+light neutrinos+photons+cw) BHs ?strings/textures/?

cosmic web of galaxies/clusters

THEN: coherent inflaton /“vacuum” energy plus zero-point fluctuations in all
fields (=Gaussian RF) & then preheat via mode coupling via_incoherent
cascade to thermal equilibrium aka quark-gluon plasma

B~ 1

how was it (=GRF), is it (cosmic web) & will it be (isolating decay’.;swdiSfributed?
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Periodic Table for the 7 1ble of Isotopes™ (2001)

1dA) = 18 (VIIIA)
Moo
l e e v 0 ._H.‘.i“
Ey C = Ne, Mg o o
IJJK 0~ 35 4000002

91.0% 2 (I1A) 14 (IVA) 15(VA) 16 (VIA) 17 (VIIA) L%

Key to Table

10 (VIH) 11 (IB)

3(IB) 4(VB) S(VB) 6&6(VIB)

T(VIIB) S (VI

9 (V1)

12 (11B)

Baryometers
+ Lanthanides :‘ He
% Actinides |} Steigman07, 0
| BBN Ann Rev
cosmic baryon number R R
o = TR,
Np=0.254 +-.005 /m3 AL

LS

6 8

from the latest data: wmap7+acbar+cbi+b03+ACT+WL+LSWS+SN | +Lya
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COSMIC PARAMETERS THEN
.0, BBE1987 (vary X in xCDM]

for xCDM, predict CMB (6deg, 5min); LSS (14 Gyr, 2A=0.8, H0=75, b~c,
cluster-cluster, cluster-galaxy, bulk flows, 50uK cf 304K cobe, 08~0.72

08: redshift of “galaxy formation”

(X= sIHOl/\IOpenl is /is+ad/ h-c/ h+/ b/ b / +b /) Op+b IT IBSI IBSIZJ

Pramcnions ron Mooers

— — et et et et St et et et et ot 3.

Parameter O8s CDM Ca& VACC oPr<C 1SO,C  1SOAD HOT HC C+B B+C BCYV o CDM +dec (k" = 3000 (k" = 200)
Qo,.H oL
040, 0,

A RS GC: 14-22
NC:13-26
a R, A .
T grrrrriniiiiiian, “ee
aR, ™ .
AV) Gesearvidunate e
sl20) ... 1.5
229 ... 10
00 ... 0n
SO0 cvceivrenes 029
100 5unisosse 0.08
320 049
GalEY s 033
4300 024
A0 04
R, = 32) 610 & S0
HR, = 1% 9 & 104
R, - 25)
R, = 20 970 + 30
AT/T (4£9) ....... <2
= 10" (67) <48
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Delta T over Tea Toronto May 1987 first dedicated CMB )
conference, exptalists+theorists, primary+secondary ATIT

Primary Cosmic Microwave Background Radiation ~ a statistically isotropic
all-sky GRF on the 2-sphere Cr =<|A T LM)I2> with target C shapes

A tentative list of topiecs organized according to angular scale, with theory and observation itertwined,

18:

e very small angle anisotropies - VLA results (secondarv fluctuations via the Sunvaev-Zeldovich

e small angle anisotropies - current results, optimal measuring strategies, statistical methods for

small signals in larger noise, which universes can we rule out, the reheating issueffuture detectorspand

e intermediate and large angle anisotropies - 5% — 109 results, future experiments at ~ 1°, COBE

and other large angle analyses, theoretical C'(#)'s and their angular power spectra, Sachs-Wolfe effect in
g Ers . ‘ F Y ———— — 2

open Universes, the isocurvature CDM and baryon stories, AT /7T from gravitational waves, the cosmic

string story. Boom05 deep

ad <) Ml AUAMA REDASE
‘\‘0, 2

E o o
<

5007 e

8 /aremin
-
=
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CMB SCIENCE FRONTIERS: P I

Polarization & High Resolution Nk
CORE 899,923  WMAP 01.5;08.2
% SUta s A . PLANCK (sim) 09.4; 12.9

Lo
e

N e

ral” %) " -
c -

ACT/SPT 07.8;09.1

Point
Sources
, SZ
Clusters $ %,
; Bl = Blast

CMB in Canada: many successes | S !

AT over Tea 1987, COBE, SP, SK, ..., Boomerang, CBI, Acbar, WMAP, DASI, QuUAD
APEX, ACT, SPT, Planck, EBEX, Spider, Keck, ACTpol, SPTpol, Bicep, Quiet, ABS,..
acceleration paths for B-modes, dark energy probes.neutrino masses, non-Gaussianity
if there will be a CMBpol from space, Canada should be in it with the US & Europe
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the “Seven Pillars”

-8 r—T—TT T T T T % e e P i R R i L Y
: (a) adiabatic h=0.75 2"d,3rd,4h,
= - o 5th... peak
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RSN T 1st acoustic tal
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r ATIT ~ /3 g Rty q
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12 |~ Sachs-Wolfe o R
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Gaussianity
maximal
randomness

for given CL

pillar 5

secondary AT
nonlinear

Compton SZ

weak lensing..

———

pillar 7
B-polarization
Gravity Waves
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CMB 2010 < AT(@LM)[?>L(L+1)/27

pillars 2,3

18 2nd 3rd 4th 5th
é 6t 7 peaks
& damping tall

pillar 1

COBE -
regime ﬁ

pillar 5
SZ power

é pillar 4: as random as can be given this spectrum
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CMB 2010 < AT(@LM)[?>L(L+1)/27
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CMB 201 0 < AT(@LM)[?>L(L+1)/27
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pillar 4: as random as can be given this spectrum
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What is the Universe made of?

NOW: baryons + (cold-ish) dark matter + dark energy/inflaton + tiny curvature energy (+light
neutrinos+photons). ??a bit of strings/textures/PBHs?? web of galaxies/clusters

THEN: coherent inflaton /“vacuum” energy plus(zero-point fluctuations in all fiel@Gaussian RF))&
then preheat via mode coupling to incoherent cascade to thermal equilibrium aka quark-gluon plasma

& how was it, is it & will it be distributed?

very early U  early to middle to now U very late U

string theory/landscape/higher dimensions
inflation cyclic baryogenesis dark matter BBN ydec dark energy

o | Vet (Winf) ?
5l /| | = Keff (Ying) ?
S\:* ': | . i ACBAR 150 GHz

o Ml b pae/ Pam=2.9

cosmic mysteries ‘
nb/ny pdm/pb Zeq/Zrec Pcurv pde/pdm pde~H2M2PIanck pmvlpstars
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3 Chemical Elements:
M (other than H & He) 0.025%

Radiation:
0.005%

Neﬁfrihos:
0.47%

Dark Matter:

2

dm=24.5% +4%

Q2 -0.6%

curv
-14

-7
g2BlackHoles ~10

Wednesday, June 9, 2010

Dark Energy:
(2 =71%+2%
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May 14, 2009 | b4y
in 2nd sky survey Tl
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3 Chemical Elements:
M (other than H & He) 0.025%

Radiation:
0.005%

Neﬁfrihos:
0.47%

Dark Matter:

2

=24.5% £4%
=0.4%

dm

Q2 -0.6%

curv
-14

-7
g2BlackHoles ~10
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Dark Energy:
2 =71%+2% =0.2%




is the dark ener dyl “yacuum potential energy” ?
d

3-parameter paves even wild late-
inflaton Wde (z|V(w),IC) trajectories

best-fit

1

1+Wde

1o trajectories

all current data, 2010
SN-+cMB+Lens

0.5

S
| | | | | | | | | | | | | | | | |

TEST: within errors, energy-density does not change with
expansion =Einstein’s cosmological constant is best fit so far
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is the dark ener dyl “yacuum potential energy” ?
d

3-parameter paves even wild late-

| inflaton Wde (z|V(w),IC) trajectories |

best-fit B

1+Wde
05 |

o
best-fit

1o trajectories 1o trajectories

all current data, 2010
SN-+cMB+Lens

S
! future data, 201?

= /11

=

Planck2.5+CHIME{BOSS-BAO

S
| | | | | | | | | | | | | | | | |

1 1 | 1 1 1 1 | 1

-0. -0.5
" s 17 +JOENFSN+Eucid-WL
| | | | | a _|(1|+Z) | | | | | | | | | | | |
el now
0 0.5 1 0 0.5 1

TEST: within errors, energy-density does not change with
expansion =Einstein’s cosmological constant is best fit so far
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is the dark enerqdy “yacuum potential energy” ?
la

3-parameter paves even te-
inflaton Wde (z|V(w),IC) trajectories

best-fit ]

1#*Wde

1

1o trajectories

all current data, 2010
SN+cMB+Lens

0.5

TEST: within errors, energy-density does not change with
expansion =Einstein’s cosmological constant is best fit so far
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acceleration trajectories then & now

04 (1+Wde) = - dinpde / dina® = 2/3 €
- beSt flt 1 i b — tl)est—lfit o ik
— 1o '[I'ajs 10 trajectories

(1+Wge)3/2then [ (1*Wdejnow 7

e 0.05

GW/S=r ~16¢
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acceleration trajectories then & now

01 (14W)=-dinpde / dina® = 2/3 €

_ —bestfit [T el ']

— 1o traj S - 10 trajectories
0.5 - _

' : ———_(1+*W) now

| (1#W)3/2then * | |=

7 = _
e 0.05 I

. 0.5 — 1>
pillar 7 & — =
Gravity Wave§————

—— N\
=—— — ==
B-polarization% '

- - 0
r=16g=-8nt ™ [kMpc 'l r=0.1V /(10'6Gev)*




PRIMARY @ 20127

CMB ~2012: Planck2.5+WMAP9+SPT/ACT/Quiet+Bicep/QuAD/Keck/ABS +Ebex/Spider

T
0.3 Planck, sky=0.75
Spider, fsky=0.15 nearly uniform acceleration

Spider+Planck 80s-90s-03 r~0.03-0.3

Pillar 7? Gravity Waves

0.2 r = 0.13 dinV/diny?
b eg. r=0.12 £ 0.02
\ string-based modular inflation:
i brans separations,  oycle
o +0.02 >2003 r < 107°to ~0.04?
= V. <0. o
0.0 e.g.1<0.02 95% CL
-0.5 0.0 0.5

-2 . n
ki

| ® | + Pillar 4: primordial non-Gaussianity  -9< fy; <111 (+-5-10 Planckl)
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