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

+ Pillar 4: primordial non-Gaussianity

Pillar 7? Gravity Waves

-9< fNL  <111  (+- 5-10 Planck1)

r ≈ 16ε ≈ -8nt

r≈0.1V /(1016Gev)4

r ≈ 0.13 dlnV/dlnψ2

s t r i n g - b a s e d m a n y - m o d u l i 
inflation: roulette (hole sizes in a 
compactifying manifold) & brane 
inflation (separations), cyclic 
ensemble of trajectories

r tiny < 10-10, but some 
models give ~.03-.05

r<0.02 95% CL

r to ± 0.02

nearly uniform acceleration   

~0.03-0.3 80s-90s-03
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PRIMARY END @ 2012? 
CMB ~2011+ Planck1+WMAP9+SPT/ACT/Quiet+Bicep/QuAD/Quiet +Spider

Pillar 7? GW

+ Pillar 4: primordial non-Gaussianity

Pillar 7? Gravity Waves

-9< fNL  <111  (+- 5-10 Planck1)

TT

TE

EE

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

An ensemble of trajectories arises in 
many-moduli string models, whether 
braney or holey. Roule t te 
inflation: complex hole sizes in 

6D TINY r<10-10 & ns from 
d a t a - s e l e c t e d b r a k i n g !  
(‘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 plus 
Planck to either detect the GW-
induced B-polarization or set a 
strong blind upper limit r<0.02 
indicating  stringy or other exotic 
models. Both experiments have 
strong Cdn roles.  Bpol 2020?, to 
r~0.002 

Pillar 7? GW

+ Pillar 4: primordial non-Gaussianity

Pillar 7? Gravity Waves

-4< fNL<80  (+- 5-10 Planck1)

TT

TE

EE

BB
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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 

Figure 3. The Spider payload. Six independent monochromatic telescopes are housed in a single long hold time cryostat.
Each telescope is fully baffled from radiation from the ground and balloon. The gondola scans in azimuth with a reaction
wheel and a motorized pivot. The cryostat, mounted on bearings, can be adjusted in elevation. Solar arrays provide
power.

Multiple tracking star cameras, rate gyros, differential GPS and a sun sensor provide pointing information. The
gondola is constructed from carbon fibre tubes to save mass.

4. CRYOGENICS

The cryostat for the Spider instrument uses liquid helium-4 (LHe) to cool the instrument during its flight. All
six instrument inserts and the ∼ 1000 litre LHe tank are contained in an outer vacuum vessel fabricated by
Redstone Aerospace. The primary LHe tank is maintained at 108 kPa and a small (∼ 20 litre) capillary-fed
superfluid LHe tank will be controlled at a vapour pressure near 100 Pa. The inserts and the liquid cryogen
tanks are surrounded by two concentric vapour-cooled shields and the inner tank is mechanically supported by
G10 flextures. The use of staged vapour-cooled shields and radiation blockers reduces the radiative loading on
the optics and detectors. Closed-cycle 3He sorption refrigerators, one per focal plane, will cool the detectors to
260 mK from the 1.5K base temperature. The sorption fridges are cycled every 48 hours.

5. OPTICAL DESIGN

5.1 Telescope

The optical design is based on the successful Robinson/BICEP telescope.14 Each telescope is a monochromatic,
telecentric refractor with anti-reflection-coated polyethylene lenses, and is cooled to 4K. The aperture field
distribution of the primary is smoothly tapered with an anodized 4K Lyot stop, reducing the detector background.

5.2 Half-wave Plate

Spider modulates the polarization of the incoming light with a stepped half-wave plate (HWP) at the tele-
scope aperture. Modulating the polarization mitigates systematic errors from asymmetric beams, instrumental
polarization and relative gain uncertainty between detectors.

A HWP placed at the aperture of the telescope rotates the angle of polarization sensitivity on the sky at
four times the physical rotation rate of the HWP, while leaving the beams unchanged. It also enables a full
measurement of the sky polarization using each individual detector, eliminating or reducing many potential
systematic effects.

Spider’s single-frequency telescopes simplify the HWP design and implementation. A single birefringent
sapphire wave plate coated with a single layer of fused quartz on each side gives very good (band average of
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distribution of the primary is smoothly tapered with an anodized 4K Lyot stop, reducing the detector background.

5.2 Half-wave Plate

Spider modulates the polarization of the incoming light with a stepped half-wave plate (HWP) at the tele-
scope aperture. Modulating the polarization mitigates systematic errors from asymmetric beams, instrumental
polarization and relative gain uncertainty between detectors.

A HWP placed at the aperture of the telescope rotates the angle of polarization sensitivity on the sky at
four times the physical rotation rate of the HWP, while leaving the beams unchanged. It also enables a full
measurement of the sky polarization using each individual detector, eliminating or reducing many potential
systematic effects.

Spider’s single-frequency telescopes simplify the HWP design and implementation. A single birefringent
sapphire wave plate coated with a single layer of fused quartz on each side gives very good (band average of
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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

cosmic baryon number nb=0.261 ±.005 /m3

Ωdmh2=0.1145 ±0.0023

Ωbh2

ΩΛ=0.736 ±.012Ωm=0.268 ±.012
Wednesday, June 9, 2010



How the First Cosmic Light Illuminates 
the Dark Universe 

the dark  seen from the 70s, 80s, 90s, 00s
** the high resolution frontier: the insides of clusters via SZ (SuZie,.., 

Acbar, QUaD, ... CCAT, CARMA++,ALMA,GBT,... ACT, SPT, Planck)
the polarization frontier: down the damping tail, through Planck (and 

ACTpol, SPTpol, ...)
the CMB computational horizon: simulations & Monte Carlos

the CMB computational horizon: optimal de-nuisanced maps from 
large-format arrays; algorithmic advances, foreground/source issues

** Theory of inflation & dark energy: the non-Gaussian frontier 
(beyond fNL templates -4< fNL<80 now to fNL ~ ±5 Planck; will Gravity 
Wave B be big enough to detect r(k)? DE w (z|V(ψ),IC) trajectories

beyond the SM: in quest of the sub-dominant & the anomalous
** the polarization frontier: the quest for B-modes and primordial 

gravity waves - small-sky (Bicep, KECK, Spider), Planck+small-sky, 
need for a CMBpol??
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2004
2005

2006
2007

2008
2009

Polarbear
300 bolos 
@Cal/Chile

SZA
@Cal

APEX
~400 bolos
   @Chile

SPT
1000 bolos
  @SPole

ACT
3000 bolos
 3 freqs @Chile

Planck09.4
52 bolometers
+ HEMTs @L2
9 frequencies 

Bpol
@L2 

ALMA
12000 bolos
SCUBA2

Quiet1 Quiet2

Bicep @SP

QUaD @SP
CBI pol to Apr’05 @Chile

Acbar to Jan’06, 08f @SP

WMAP @L2 to 2010 

2011

1000 HEMTs

Spider

Clover 
@Chile

Boom03@LDB

DASI @SP

CAPMAP

AMI

GBT

2312 bolos 
@LDB

JCMT @Hawaii

CBI2

EBEX
@LDB

LMT@Mexico

LHC

CHIP

Bicep2 Keck/Spud@SP

 @Chile

SPTpol

BLAST
Herschel

BLASTpol

ACTpol

ABS@
Chile

CCAT@Chile
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2002
pillars 1,2,3,4

pillar 5? “CBI excess”
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0.1145 +-0.0023 CMBall+WL+LSS+SN+Lya

dark matter abundance Ωm=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

⇒ ρdm/ρb =5.1

⇒ ρm/ρde =.30
ε=-dlnH/dlna=1+q: now =3/2[Ωm0 +(1+w)(1-Ωm0)]  ~0.40?, to 0? 

0.0233 +- 0.0005 ordinary matter abundance (baryons)
Ωdmh2

Ωbh2

⇒ exquisite & increasingly precise determination of cosmic parameters

Wednesday, June 9, 2010



standard inflation space: ns   dns/dlnk  r =T/S @k-pivots

small field inflation (field moves < Planck mass => r<.007) 
 Bond, Kofman, Prokushkin,Vaudrevange 07, Roulette Inflation with Kahler Moduli and their Axions

Barnaby, Bond, Zhiqi Huang, Kofman 09, Preheating after Modular Inflation
monodromy (V=cosine+linear) & fibre inflation give larger r

large field inflation (field moves > Planck mass)

current r constraints (95%CL) - prior sensitive
 r < 0.16 (no running, all data sets)
 r < 0.32 (no running, CMB-only data sets)
 r < 0.27 (with running, all data sets)

inflation consistency
-nt ≈r/8 ≈2ε(k)

1-ns ≈2ε+dlnε/dlnHa
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rin=0.12 rin=0.001

Spider
96+150 GHz
~2000 bolos
24 days LDB

Planck
100+143 GHz

16 PSB+8 SWB 
of 32PSB+20SWB 

2.5 yrs@L2

2σr 
vs 

fsky
via

QU 
direct 
to r

PRIMORDIAL GRAVITATIONAL WAVE DETECTABILITY WITH DEEP SMALL-SKY CMB EXPERIMENTS

Spider

Planck

Farhang, 
Bond, 
Dore & 

Netterfield 
2010 

CMBpol white 
paper09 synch

+dust fgnd 
residuals in L
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Spider-24d (fsky) cf. Planck-2.5yr. QUIET/KECK/ABS/EBEX... similar

r-nt

r-τ

forecasting QU not EB 2σr ~0.02 for 0.02 < fsky 0<0.15 
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standard inflation space: ns   dns/dlnk  r =T/S @k-pivots

What is predicted? ??? 
0<r<0.5, -12<log(r)<-0.3

What can be observed? 
forecasting QU not EB 

Spider 2σr ~0.02 for 0.02 < fsky 0<0.15 
Planck2.5yr 2σr ~0.02 => ~0.05 (foregrounds)

Marzieh Fahrang, Bond, Dore & Netterfield 2010
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partially-blind scalar ln-power  trajecteries & usual 
r-nt tensor - no consistency relation. Nov09 data

TT

BB

compress data onto non-top-hat k-modes
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partially-blind acceleration trajecteries obeying 
tensor/scalar consistency relation. Nov09 data

TT

BB

compress data onto non-top-hat k-modes

Wednesday, June 9, 2010



0.05 0.1 0.15 0.2

0

0.5

1

r(0.002Mpc - 1 )

P

Planck2.5 7 knot forecast with inflation 
consistency; input r=0.12 m2φ2

compress data onto non-top-hat k-modes
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7 knots, cubic spline

Spider-24days + Planck-2.5yr + ... 7 knot lnPs 
+r-nt forecast for r=0 (+ fgnds)

compress data onto non-top-hat k-modes
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−1.2 −1 −0.8

−0.5

0

0.5

w0

wa

EUCLID
 WL Pk 
 BAO
 WL Pk + BAO
 Target (BAO + WL Pk & bk)

All with PLANCK2.5yr prior
BAO with BOSS prior

 CHIME BAO

w0 =
−0.99+0.05−0.06 
if wa=0

−0.98+0.14−0.11

−0.05 +0.35−0.58

DE EOS & the CMB - 

constrains Ωm
w = w0 + (1-a)wa 
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εs= (dlnV/dψ)2/4 @pivot a
eq

 

     =.00 + .18 -.17 current 
 to =.005 + .031 -.025 future

Quintessence V(ψ)
& KE<0 Phantom?

3-parameter paving of trajectories 
w(z|εs αt ςs )

εs

αt ~tracking parameter
      =.00 + .21 +.58 current 
  to =.00 + .034 +.093 future

ςs ~d2lnV/dψ2

        ~ not constrained

Huang, Bond, Kofman 10
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Window functions for the δr/r* response to relative uncertainties in EE,BB 
power spectra: complementarity of Planck & small-sky Spider etal
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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

brane inflation

Power-law inflation

Tachyon inflationRacetrack 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 running (nee variable MP) inflation

ekpyrotic/
cyclic

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

2003 KKLT

moduli fields

moving brane  
separations

monodromy

D3,D7 

φ|| 
     φ⊥

87/03

KLS94 preheating

fibre inflation
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0.95 1
0

0.2

0.4

0.6

ns

r

small-field

large-field hybrid

λφ4

m2φ2

−0.06 −0.04 −0.02 0 0.02
0

0.2

0.4

nrun

r

forecast for r=0 
Planck2.5yr

Nov09 data

Nov09 data

r  

ns   

dns/dlnk 

r  
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0.05 0.1 0.15 0.2

0

0.5

1

r(0.002Mpc - 1 )

P

Planck2.5 forecast with 
inflation consistency

Planck2.5 r=0 forecast for 
13 knot semi-blind Ps +r-nt
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Standard Parameters of Cosmic Structure Formation

+ subdominant 
isocurvature, cosmic string,  

&  fgnds, tSZ,kSZ, ...

1+w0, wa ne(a)

& r(kp)
 lnPs(lnk) & lnPt(lnk)(x)= G(x)+ fNL (G2(x)-<G2>) 

local smooth

primordial non-Gaussianity

 DBI inflation: non-quadratic kinetic energy 

(x)= G(x)+ FNL(χb)-<FNL> 
resonant preheating

cosmic/fundamental strings/defects 
from end-of-inflation & preheating 

new parameters: trajectory probabilities for early-inflatons & late-inflatons
(partially) blind  cf. informed “theory” priors

εϕx2/3=   1+w(a)   
= - dlnρϕ/dlna3
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−5 0
0

0.05

0.1

ln  [ k/Mpc - 1 ] 

ε

best fit
1σ trajs

−2 −1 0 1 2

−0.5

0

0.5

(φ - φpivot)/Mp

ln
 (V

/V
pi

vo
t)

best fit
1σ trajs

−1 −0.5 0
0

0.5

1

ln a

εv

best fit
1σ trajs late inflaton 

acceleration
dark energy via 
quintessence

early inflaton 
acceleration
trajectories

V reconstruction 
from ε

−2 −1 0 1 2

−0.5

0

0.5

(φ - φpivot)/Mp

ln
 (V

/V
pi

vo
t)

best fit
1σ trajs

−2 −1 0 1 2

−0.5

0

0.5

(φ - φpivot)/Mp

ln
 (V

/V
pi

vo
t)

best fit
1σ trajs

direct V to 4th 
order about pivot direct V small 

field constraint

 εV=(dlnV/dψ)2/4εx2/3= - dlnρ/dlna3
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28

TEST: within errors, energy-density does not change with 
expansion ➪Einstein’s cosmological constant is best fit so far

all current data, Nov 2009

➪

SN+CMB+Lens

is the dark energy “vacuum potential energy” ? 

cannot reconstruct the quintessence potential, just the slope εs & ~hubble drag

semi-blind mode expansion

 εs=(dlnV/dψ)2/4 

 ςs= d2lnV/dψ2 /4  hubble drag as

a 3-parameter expansion paves 
even wild late-inflaton trajectories

Wednesday, June 9, 2010



29
TEST: within errors, energy-density does not change with 
expansion ➪Einstein’s cosmological constant is best fit so far

all current data, 2009 future data, ~2012

➪ ➪

SN+CMB+Lens Lens+Planck+SN

is the dark energy “vacuum potential energy” ? 
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30

GPC: 3780 nehalem nodes=30240 cores 
306 TFlops debut as #16 in Top500

TCS: 104 P6 nodes=3328 cores            
60 TFlops debut as #53 in Top500 ->80

1.4 Pbytes storage GPUs@UofT & CMB?

CMB DATA ANALYSIS 
Computing Life with 

~3000 detectors 
ACT ~200 GB/night   

WMAP - 50 GB/7 yrs, 
Planck 2-4 TB total

  2 weeks of ACT=all of 
Planck

+ huge Monte Carlo 
simulation needs 

hydro etal
25M+5M hours/year

NERSC > 100000 cores  (DOE Planck access)
NCSA > 300000 IBM cores
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400 
Mpc

ΛCDM

WMAP5

gas 
density

Gadget-3 
SF+ 

SN E+ 
winds
+CRs

5123

CMB gets 
entangled 

in the 
cosmic web

aka the  
descent 
into the 

real 
astronomy

of
IGM/ISM
weather,  

dust 
storms

& 
turbulent 

times

Wednesday, June 9, 2010



400 
Mpc

ΛCDM

WMAP5

gas 
pressure

Gadget-3 
SF+ 

SN E+ 
winds
+CRs

5123

aka the  
descent 
into the 
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of
IGM/ISM
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in the 
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400 
Mpc

ΛCDM

WMAP5

gas 
pressure

Gadget-3 
formation 
shocks 

only aka 
adiabatic

5123

aka the  
descent 
into the 

real 
astronomy

of
IGM/ISM
weather,  

dust 
storms

& 
turbulent 

times

CMB gets 
entangled 

in the 
cosmic web
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Variations in SZ with cooling and feedback

• 1st - adiabatic (no star 
formation).

• 2nd - + gas cooling + star 
formation +CR

• 3rd - + “AGN” feedback as 
well.  Note pushing out of gas, 
softening of cluster cores

Cooling+SFR+Feedback 2*2563 ~20 hours on 96 cores (out of 30240)

All 3 prescriptions have the same basic KE/Thermal Energy content ~20%
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+ gas cooling + star formation +CR

Variations in SZ with feedback

+ “AGN” feedback

high res ICM follow-ups are essential to make a robust 
cluster catalogue for cosmology ...

Battaglia, Bond, Pfrommer, Sievers, Sijacki 2010
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the high resolution frontier: SZ power spectra

Planck regime, SZ 
templates ~degeneracy
thermal E+ “turbulent” 
KE ~ gravitational PE

SZ hi res 
probes 

feedback  
..@z>0.8 

SPT 
DSFG
150
-0.32
*220

primary

Acbar QuAD regime

Battaglia, Bond, Pfrommer, Sievers, Sijacki 2010
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ACT@5170m

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

act, alma, quiet, clover
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 1st 2nd 3rd 4th 5th peaks
& damping tail

2009.1

COBE 
regime

CMB 

pillars 1,2,3

pillar 5? “SZ excess”

pillar 4: as random as can be given this spectrum

<|T(LM)|2>L(L+1)/2
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