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nonlinear Gas & Dark Matter Structure in the Cosmic Web  the 
cluster/gp web “now”, the  galaxy/dwarf system “then” 
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Steigman07, 
BBN Ann Rev

0.0233 +- 0.0005 wmap5+acbar+cbi+b03+.+WL+LSS+SN1+Lya

0.0226 +- 0.0006 wmap3+acbar+cbi+... LSS

Nobel 

Prize 84 

Willy 

Fowler + 

Chandra

-sekhar 

Baryometers



extra-“ordinary” matter 

what is 
mass?

dark matter

antimatter 
asymmetry

extra 
dimensions

LHC “first light” Sept08 
@CERN’s “cosmic” accelerator

Galileo’s Accelerator 
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Dave Wilkinson

Wilkinson Microwave 
Anisotropy Probe



first dedicated CMB conference, exptalists+theorists, primary+secondary T/T

BE87
Boom05 deep



the “Seven Pillars” 

pillar 1

T/T ~ /3 
+ISW 

Sachs-Wolfe 
effect

pillar 2

1st acoustic 
peak  @220  

~1o largest signal

pillar 2

2nd,3rd,4th,
5th,.. peaks 

pillar 6

E-polarization

phase-shifted 
peaks

pillar 3

Damping 
tail

pillar 4

Gaussianity 
maximal 

randomness 
for given CL

pillar 5

secondary T 
nonlinear 

Compton SZ  
weak lensing..

pillar 7

B-polarization

Gravity Waves



COSMIC PARAMETERS THEN 
e.g., BBE1987: vary x in xCDM

x=   s /H0 /  / Open/ is /is+ad/ h-c/ h+/ b/ b  /  +b /  Op+b / /BSI /BSI2

14 Gyr, =0.8, H0=75, b~c, 
50µK cf 30µK cobe, 8~0.72

for xCDM, predict CMB (6deg, 5min); LSS 
cluster-cluster, cluster-galaxy, bulk flows, 

8: redshift of “galaxy formation”



BJK “radically 
compressed 
bandpowers” 

an up & down 
in power       

offset log-normal 
plus correlations 

COBE,
FIRS, +

CAT

SK95, 

max, msam, +

SP91

ovro

19981990

1992

?



vintage 98 conclusions  
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CBI, ACBAR

Boom2003.1

VSA

2001



2002
pillars 1,2,3,4

pillar 5? “CBI excess”



Dave Wilkinson 
  Rashid Sunyaev  

Text

WMAP 
launch 
2001.6



2003



2003



 1st 2nd 3rd 4th 5th peaks
& damping tail

2008

COBE 
regime

CMB NOW 
pillars 1,2,3,4

pillar 5? “CBI excess”



       Primary Anisotropies

•Tightly coupled 
Photon-Baryon fluid 
oscillations

• viscously damped

•Linear  regime of 
perturbations

•Gravitational 
redshifting

D
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Secondary Anisotropies

•Non-Linear 
Evolution

•Weak Lensing

•Thermal and 
Kinetic SZ effect

•Etc.

19 Mpc

reionization

13.7Gyrs 10Gyrs today

the nonlinear 
COSMIC WEB 
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N

13.7-10-50Gyrs

z ~ 1100

z=0Lsound/
ksound



emergence of CMB polarization power

DASI02,04 CBI04 Boom05 CBI05 WMAP3,5 QUaD07,08

2008

pillar 6 E-polarization
pillar 7 B-pol upper limits



Pillar 6 
secondary 
anisotropy 

CBI excess 
02/04/05/08

Pillar 6a: thermal 
SZ effect  
Compton 
scattering 



CMBall

wmap5+
acbar

Pillar 6b: weak 
gravitational 

lensing of the CMB 



2004
2005

2006
2007

2008
2009

Polarbear
(300 bolometers)@Cal

SZA
(Interferometer)
 @Cal

APEX
(~400 bolometers)
          @Chile

SPT
(1000 bolometers)
      @South Pole

ACT
(3000 bolometers)
 3 frequencies @Chile

Planck09.2
(52 bolometers)
+ HEMTs  @L2
9 frequencies 

Bpol@L2 

ALMA
(Interferometer)
          @Chile

(12000 bolometers)
SCUBA2

Quiet1

Quiet2Bicep @SP

QUaD @SP

CBI pol to Apr’05 @Chile

Acbar to Jan’06, 07f @SP

WMAP @L2 to 2009-2013? 

2017

(1000 HEMTs)
          @Chile

Spider

Clover 
@ChileBoom03@LDB

DASI @SP

CAPMAP

AMI

GBT

2312 
bolometer 
@LDB

JCMT @Hawaii

CBI2 to early’08

EBEX@LDB
LMT@Mexico

LHC
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WMAP-BOOM-ACBAR-ACT: 
the high resolution frontier

Toby 
marriage 

01.08 for the 
act 

collaboration



ACT@5170m

CBI2@5040m
why Atacama? driest desert in the 
world. thus: cbi, toco, apex, asti, 

act, alma, quiet, clover



0.1145 +-0.0023     CMBall+WL+LSS+SN+Lya

dark matter abundance m=0.268 +.012 -.012

CMB-only history (weak-h prior). LSS-then drove to near current

dark energy abundance =0.736 +.012 -.012
& H0 = 72 +-1     CMBall+WL+LSS+SN+Lya

CMB-only  history (weak-h prior). LSS-then drove to near current value

dm/b =5.1

m/de =.30
ε=-dlnH/dlna=1+q: now =3/2[m0 +(1+w)(1-m0)]  ~0.40?, to 0? 



very early U     early to middle to now U    very late U 
string theory/landscape/higher dimensions       

inflation cyclic   baryogenesis dark matter BBN dec   dark energy
Veff (inf) ?                                                       Veff (inf) ?  
Keff (inf) ?                                                      Keff (inf) ? 

nb/n  dm/b zeq/zrec curv  de/dm  de~H2M2Planck  m/stars

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??

THEN: coherent inflaton /“vacuum” energy plus zero-point fluctuations in all fields. 
& then preheat through mode coupling to incoherent cascade to thermal equilibrium 

aka quark-gluon plasma  



1980

2000

1990

-inflation Old Inflation

New Inflation
Chaotic inflation

Double Inflation

Extended inflation

DBI inflation

Super-natural
 Inflation

Hybrid inflation

SUGRA inflation

SUSY F-term 
inflation SUSY D-term 

inflation

SUSY P-term 
inflation

Brane inflation

K-flation
N-flation

Warped Brane 
inflation

inflation

Power-law inflation

Tachyon inflation
Racetrack inflation

Assisted inflation

Roulette inflation Kahler moduli/axion 

Natural pNGB inflation

Old view: Theory prior = delta function of THE correct one and only theory

Radical BSI inflation variable MP inflation

ekpyrotic/
cyclic

New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE
6/7 tiny extra 
dimensions



INFLATION 
THEN 



INFLATION 
THEN 

PROBES 
NOW



ns = .962 +- .013 (+-.005 Planck1) 

        .959 +- .011   CMBall+WL+LSS/BAO+SNunion

r=At / As < 0.40cmb 95% CL (+-.03 P1) 

The Parameters of Cosmic Structure Formation
Cosmic Numerology: april08 cmb +LSS/WL/SN     includes  wmap5 

-9< fNL  <111  (+- 5-10 P1)

dns /dln k=-.016 +- .019*(+-.005 P1) 

WMAP5+ACBAR08 run



very early U     early to middle to now U    very late U 
string theory/landscape/higher dimensions       

inflation cyclic   baryogenesis dark matter BBN dec   dark energy
Veff (inf) ?                                                       Veff (inf) ?  
Keff (inf) ?                                                      Keff (inf) ? 

nb/n  dm/b zeq/zrec curv  de/dm  de~H2M2Planck  m/stars

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??

THEN: coherent inflaton /“vacuum” energy plus zero-point fluctuations in all fields. 
& then preheat through mode coupling to incoherent cascade to thermal equilibrium 

aka quark-gluon plasma  

-dlntot /dlna /2 
=ε(k) =1+q, k~Ha

-dln /dlna /2 

=ε(a)=(1+w)2/3 

trajectory probability trajectory probability



partially-blind acceleration trajecteries obeying 
tensor/scalar consistency relation. May08 data

TT

BB



INFLATION 
THEN 

PROBES 
THEN



Planck1 simulation: input LCDM (Acbar)+run+uniform tensor 

and Ps Pt reconstructed 
input of LCDM with scalar running & r=0.01 to 0.5

blind order 5 expansions analysis recover input r to r ~0.05

B-pol simulation: ~10K detectors > 100x Planck

stringent test of the ε-trajectory method:  input recovered to r <0.001

Can we measure GW/scalar curvature: r to +- .02 PL2.5+Spider; Bpol .001 ?    
BUT foregrounds/systematics? But r(k), low Energy inflation



http://www.astro.caltech.edu/~lgg/spider_front.htm

No Tensor

SPIDER Tensor Signal
• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
CL with BB polarization (+- .02 PL2.5+Spider), .01 target; Bpol .001 BUT 
foregrounds/systematics? But r(k), low Energy inflation

Pillar 7 
Gravity Waves from Inflation 
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• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
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http://www.astro.caltech.edu/~lgg/spider_front.htm

SPIDER Tensor Signal

Tensor

• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
CL with BB polarization (+- .02 PL2.5+Spider), .01 target; Bpol .001 BUT 
foregrounds/systematics? But r(k), low Energy inflation

Pillar 7 
Gravity Waves from Inflation 



PRIMARY END @ 2012?

An ensemble of trajectories arises in 
m a n y - m o d u l i s t r i n g m o d e l s . 
Roulette inflation: complex 
hole sizes in 6D TINY r<10-10 
& data-selected braking ns  
(‘theorem’: Δψ< 1 -> r<.007) 

nearly uniform acceleration     
(power law, exp, PNGB, ..potentials) 
r~.03-.3 is Δψ~10 deadly? 
Even with low energy inflation, the  
prospects are good with Spider and 
even Planck to either detect the GW-
induced B-polarization or set a 
powerful upper limit to point to 
stringy or other exotic models. Both 
experiments have strong Cdn roles.  
Bpol is ~ 20x0

Pillar 7? GW

+ Pillar 4: level of non-Gaussianity

Pillar 7? Gravity Waves



PRIMARY END @ 2012?
CMB ~2009+ Planck1+WMAP8+SPT/ACT/Quiet+Bicep/QuAD/Quiet +Spider+Clover

An ensemble of trajectories arises in 
m a n y - m o d u l i s t r i n g m o d e l s . 
Roulette inflation: complex 
hole sizes in 6D TINY r<10-10 
& data-selected braking ns  
(‘theorem’: Δψ< 1 -> r<.007) 

nearly uniform acceleration     
(power law, exp, PNGB, ..potentials) 
r~.03-.3 is Δψ~10 deadly? 
Even with low energy inflation, the  
prospects are good with Spider and 
even Planck to either detect the GW-
induced B-polarization or set a 
powerful upper limit to point to 
stringy or other exotic models. Both 
experiments have strong Cdn roles.  
Bpol is ~ 20x0

Pillar 7? GW

+ Pillar 4: level of non-Gaussianity

Pillar 7? Gravity Waves
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