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Nasa’s WMAP satellite @ L2: launch
2001.5, 1yr data 2003.2, 3yr 2006.3,
Syr 2008.3, funded for 9 years

MAP & Planck orbit @ 1.2,
U the 2nd earth-sun Lagrange point
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Planck satellite @ L2: launch 2009.4
ESA+NASA+ Cdn Space Agency
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Planck satellite @ L2: launch 2009.4
ESA+NASA+ Cdn Space Agency
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fluctuations in the early universe “vacuum” grow to all structure
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fluctuations in the early universe “vacuum” grow to all structure
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fluctuations in the early universe “vacuum” grow to all structure
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BB/EE
gravity wave
template
amplitude
can be
partly

checked

qs (tensor mode template in C.*)

qy (tensor mode template in C*)

Spider 180 ° (40 days)

S
IS

e
w

o
0

0.1}

0.0 0.1 02 03 04
q¢ (tensor mode template In C5)
Spider 60 ° (40 days)
o_‘ Y L 4 T
03F
02>
0.1}F
0.0 A A A
0.0 0.1 0.2 03 04

Q¢ (tensor mode template in C5)

Spider 120 ° (40 days)

04

03f

o2f

0.1r

q (tensor mode template in C*)

0.1 02 03
qe (tensor mode template in CF)

04

Spider 15 ° (40 days)

04

03}

o2y

0.af

qy (tensor mode template in C*)

0.1 02 03
qe (tensor mode template in C5)

0.4
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reionization trajectories: expansions in modes, eigenmodes

can we detect an early reionization bump in Compton depth?
yes with Planck, no with WMAP

test case: height, z-position, width

WMAP5 Planck 2.5 Planck 2.5

100 100 100

height

20 20 S0

0 —
20 40 60 20 40 60

z-position
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the “Seven Pillars” pillar 4
-8 11T B R S B [ T e R R s e B nearIyGaussian
p maximal
randomness

2nd,3rd,4th,

L for given CL

(a) adiabatic h=0.75 5th K
o e ,-- pea
- pillar 5
| Yo
______ o : secondary AT
-10 — pillar 3 nonlin:—'?a,r
pillar 2 | Damping  Compton SZ
S ” : - tail weak lensing..
il T 1st acoustic . R
il T peak @220 , i "y
§o pillar 1 ~19° largest signal r\/{.v ' o~ pillar 7
B ATIT ~D/3 AR V' - B-polarization
- | +ISW , Gravity Waves
| Sachs-Wolfe 4 o
i effects
l

/i'l

% |
’/\ 'n
B

- 537,

pillar 6 K

2 . - F 9
polarization K E-polarization | -
- 2 phase-shifted ' '+ | 7
sl o peaks ol '
SEEY v S 1P R M5 ] By fpigas) { I Y NN Y T LY S B .

0 ! > : Y‘
log ¢ Bond & Efsthatiou 87 - L
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CBI pol to Apr’o5 @chile QUaD @sP Quietl Quiet2
@Chile 1000 HEMTs

Boomo3@LbB Bicep @SP Bicep2 Keck/Spud

EBEX
WMAP @L2 to 2009-2013? Planck09.4 ! @LDB
(52 bolometers) l 1 y !
7 :

Spider
DASI @SP + HEMTs @L2 2312 bolos
CAPMAP 9 frequencies

@LDB

CHI

201
2004 2006 2008 LHC Bpo

2005 2007 2009 @L2

BLASTpol Clover
@Chile

Polarbear
300 bolos

@Cal/Chile
SPTpol
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very early U early to middle to now U very late U
inflation stwring theory/landscape/higher dimensions dark energy

Veff (ﬂ)inf) 7 partial shape reconstruction reconstruct gradient Veff (winf) 7
Keft (Vinf) ? Ketf (Winf) ?
- 2
1-Nns~2e+ 4c x999 & I~16¢ slow roll es= (dInVidy)“4 @a,
2 solutions: nearly uniform acceleration & small g €g ™~ -.03 +.26 -.30
e~ .017 +- .007; £, <.025 95% f{om r | | to += .07 Planck+JDEM+DUNE
low energy inflation with tiny € Ge=+ 1.001d |nV/d1p /4 @aeq
2gs ~ .017 +- .007 gs ~01+.6-7
errors goto +— .0012 Planck+JDEM+DUNE to +.6—.7 Planck+JDEM+DUNE LCDM
blind b-spline blind Chebyshev _ :
Py(Ink)-r(k,) Py (Ink)-r(k,) to +.3—.3 steep-ish exp[-]
8pt scan 8pt scan
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very early U early to middle to now U very late U
inflation string theory/landscape/higher dimensions dark energy

Veff (lpinf) ! partial shape reconstruction reconstruct gradient Veff (winf) ?
Keff (Yinf) ? Keff (Winf) ?
1-ns~2e+ 4c, x999& r~16¢ slow rol £s= (dInVidh)%s @a,
2 solutions: nearly uniform acceleration & small C¢ €g ™~ -.03 +.26 -.30
g~ .017 +- .007; £, <.025 95% f\rom r | to +— .07 Planck+JDEM+DUNE
low energy inflation with tiny € — 2 2
W energy Inflation with tiny c¢ Gs=+ 1.001d“InV/dy“/4 @a,

2¢, ~.017 +- .007

errors go to +— .0012 Planck+JDEM+DUNE

blind b-spline , blind Chebyshev _ :
InPy(Ink)-r(kp) " InPy(Ink)-r (ko) to +.3-.3 steep-ish exp[-]

8pt scan 8pt scan

Cs~ 0.1+6-7

to +.6—."7 Planck+JDEM+DUNE LCDM
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PRIMARY END

CMB ~2009+ Planck1+WMAP8+SPT/ACT/Quiet+Bicep/QuAD/Quiet +Spider+Clover

20127 5

Pillar 7? Gravity Waves

50 1000 2000 3000
2000 :IIIIII. T 1 I e R T I_GOOO
o ~ Jun 2003’ .
- 4000
1000 :
500 - 2000
0 - - 0
5 E _i —E 100
~ O : 10
% _s E :
S | P S P I B Ry
N 04 - f < 40
o 0.3 \ [\ & EE 430
0.2 EATRTAW 4 20
01k /. v PN ] 410
0 lll“l 1 1 1 | | 1 | | lj'zl | | l: O
0 04 E—U_'] L I;E ) L} L 1 r 1 ) ) 1 Ll 1 L ) 1 :
03 E /3 b3 BB
o O A ‘ - 0.05
0.01 B/” P|IIar 7?2 GW 5
0 lllill'I 1 l—r 1 rT 1 L I ) — rTl 1 - O
___ 50 1000 2000 3000
/

+ Pillar 4: primordial non-Gaussmmty

-9< 1y, <111 (+-5-10 Planckl)
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PRIMARY END

CMB ~2009+ Planck1+WMAP8+SPT/ACT/Quiet+Bicep/QuAD/Quiet +Spider+Clover
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0 04 E--l_lll I;E l L] 1 1 ‘1 L l l 1 L 1 I U L E
0.03 F / = o~ BB -
0.02  ,/ < L &
00LE6 3 Pillar 72 GW -
' - L l—r 1 FT 1 L I ) - | I |
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'
4

/

20127 5

Pillar 7? Gravity Waves
GOOOA" ensemble of trajectories arises I\
many-moduli string models, whether

4000braney or holey. Roulette
ogoginflation: complex hole sizes in
0 |6D TINY r<10-10 ¢ ng from
data-selected braking!

0 |(theorem”: Ay< 1 -> r<.007)
—100K <

nearly uniform acceleration)
30 (power law, exp, PNGB, ..potentials)

20 I~.03-.3!is Ay~10 deadly?/
10
0 Even with low energy inflation, the
prospects are good with Spider plus
0.1 Planck to either detect the GW-
induced B-polarization or set a
0.05 [strong blind upper limit r<0.02
indicating stringy or other exotic

0 models. Both experiments have
strong Cdn roles. Bpol 20207, to
r~0.002

+ Pillar 4: primordial non-Gaussmmty

-4< fnL<80 (+- 5-10 Planckl)
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partially-blind acceleration trajecteries obeying “~ e CD TR S 7 s T
. . l . totCls, | @
tensor/scalar consistency relation. May08 data STy Lo, 1o
102 I TT spectrum
Ll L} Ll L] ] Al L L) Ll l L] L) Al T
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Nongaussianity from Preheating

http://www.youtube.com/watch?v=6Uczz-\WBBjU

Preheating After Roulette Inflation

http://www.youtube.com/watch?v=FW__ su-W-ck&NR=1

DEFROST: V =2 m? @? + 2 g% @? y?: Density p

http://www.youtube.com/watch?v=3xySN-gcbxg&feature=related

DEFROST: V =2 m? ¢? + > g? @? p?: Potential ¥

http://www.youtube.com/watch?v=YahXIBEKXPQ&NR=1

DEFROST:V="%m?@*+ % o ¢ g2+ Y% A g*: Composite p & ¥
http://www.youtube.com/watch?v=rBizdnSaBoA&feature=related
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http://www.youtube.com/watch?v=6Uczz-WBBjU
http://www.youtube.com/watch?v=6Uczz-WBBjU
http://www.youtube.com/watch?v=FW__su-W-ck&NR=1
http://www.youtube.com/watch?v=FW__su-W-ck&NR=1
http://www.youtube.com/watch?v=3xySN-gcbxg&feature=related
http://www.youtube.com/watch?v=3xySN-gcbxg&feature=related
http://www.youtube.com/watch?v=YahXIBEkXPQ&NR=1
http://www.youtube.com/watch?v=YahXIBEkXPQ&NR=1
http://www.youtube.com/watch?v=rBizdnSaBoA&feature=related
http://www.youtube.com/watch?v=rBizdnSaBoA&feature=related

Observables and conclusions
D(x)= D(x)+ faL (Pc?(x)-<Ds>>)

local quadratic non-G constraint: -9< fn<111= -4< fne<80 WMAPS (+ 5-10 Planck1yr)

=D (x)= Da(x)+ FNL(yp)-<Fnr>

resonant preheating form
modulated curvature fluctuations from preheating are superimposed on the usual
curvature fluctuations from the inflaton

the peak values have dln a ~10~ = comparable to standard Gaussian

temperature fluctuations, but spiky Fn. = non-Gaussian?

As long as g%/ A< O(1), the v field has very long wavelength perturbations

(similar to, but uncorrelated with, the inflaton field)
Large Scale Structure statistics of spiky Fn. mapping: under investigation

Rich possibilities in theory space & on the sky

e.g, <[FNLILF> ~By aer + e

8+ FNL(0) ~Zp Fp exp(-(o-1) /25’
e.g., FnL() ~2p Fp exp(-(p-3)*/27p%) = non-G & rare spot non-G
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INFLATION NOW  PROBES NOW

wia) = @) [Wiaywgrw,(1-a)

pla) | 14wy = -0.01 +/- 0.1
[+Wg = -0.0 +/- 0.06 o= 001019
—m————————t W, = 0.0 +0.6-0.8

piecewise parameterization
4,9,40 modes in redshift
CMB + SN 119 & 40 into Parameter eigenmodes

data cannot determine >2 EOS parameters
DETF Albrecht etal06, Crittenden etal06, hbk08

- 0:=0.13 0:=0.33 05=0.58

T T
-
= -
- - -
SN - : -~
. s A\ .
-~

A A A i A A _l i . . . . l
02 0.3

B a
.E ¢O= 0.0 +/- 0.09 if constant, € ¢0= -0.015 +/- 0.3 if a-linear model
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Cosmological
Constant (w=-1) I N F LATI N
. -0.4
Quintessence V(9) = (l+cos(¢/j))‘ |
(-1<w<1) s ooy | 0

¢| —-0247tf /,‘
f= 12x10”‘0 V/ :

Phantom field 06

(w<s-1
Tachyon fields P RO B E S
-1=w<0)
K-essence N OW
(no prior on w) A 2

trajectory probability: ~1 e-fold => blind is bad => slow-to-moderate roll +

-d/nc|>/dlna /2 €= (d|nV/d1P)2l4 @pivot 2,
— 2 2 .
=8¢(a) =(1+w)2/3 Cs= +-1.001d“InV/dw* /4 @pivot A,
=g f(a/a, a/a, :Co) Cg =dingg dina xiz @pivota,,

Saturday, November 21, 2009



Beyond Einstein panel: LISA+JDEM

Forecast: JDEM-SN (2500 hi-z + 500 low-z)

+ DUNE-WL (50% sky, gals @z =0.1-1.1, 35/min? ) + Planck1yr
now ESA /Eucid ESA (+NAS CSA)

ra

INFLATION =
NOW

=Ll Supemova (JDEM) -
- f‘\ f"‘ "phn L -
1 BAO JDEM) 1

o -
0k -
- -

€ —O OO+O 07 i B Weak Lensing Du NE., 5 bins) ]
' -2 . 4 . ,  WCMB4SN-WL-BAO |

. +0.6 2 )3 ¥

Cg~dingg/dinarz _0.174°7 0 " ( 04

A3}

‘(cannot reconstruct the quintessence potential, just the slope € & ~hubble drag
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measuring €, ¢ a0 tracking (SNeuiontCMB

wmag)5+acbar+cbi5yr+b03++W chhtls+cosmosiLS_S_sd§iBGiZd_liL¥a_),

€= (dinV/ dlp)2l4 @pivota,

€ 01 + .25 -.28 1

-03+ .21 -25 3

-.03 + .26 -.30 2
é’s= +-1.001 dzan/dlpz /4 @pivot A,

Zs =dIn€g /dIna x1/2 @pivot A
ill-determined now

() 1+0.6

0.2 0.25 0.3 0.35 - [ 1

‘(cannot reconstruct the quintessence potential, just the slope € & ~hubble drag
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CITA iz —Dick Bond #7 CIAR
ICAT nets.
Constraining Trajectories of Dark Energy Inflatons

Inflation Now €4(a)= ggl(a/a, ;aj/a, . C)
8¢=-dln|]>/d/na /2 ~0 now, to €=-dlnE|ot /dIna /2 ~0t0 2, 312, ~.4

cf. w(a): wO,wa; w in z-bands or z-modes; £(a): in modes, jerk

~1 good e-fold. only ~2 params. priors matter

Inflation Then €(k)=(1+q)(a) = mode expansion in resolution (InHa ~ Ink)
~r/16 (Tensor/Scalar Power & gravity waves) ~ 10 good e-folds CMB+LSS

Cosmic Probes Now CMB(Apr08), CFHTLS SN(Union 307),WL, LSS/BAO, Lya
Cosmic Probes Then JDEM-SN + DUNE-WL + Planck1

Zhiqi Huang, Bond & Kofman 09 SS=-0.03+-0.28 now, inflaton (potential gradient)2

to +-0.07 then Planck1+JDEM SN+DUNE WL, weak as <0.36 now <0.21 then
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.. ‘ 5 z | 3
3-parameter formula| ¢+ 3H¢ +V'(¢) =0 ,_ { sin~
- . ~ | sinh™ —-‘:—
+ Friedmann Eqn+DM+B
- 1 2(__5 ( %2 ')3—3.605Ifsll:'l—Q,,,o).:l 1
P i ('(1 ) —\ o B 2 { 1 K a.‘ 'G—a 2a,lel|(1-2,0)
accurate \ 3| | -8
ﬂ:s tot 7 ) Qs a s [ a .a,
slow-to- +[ 1+[ —(—) 24+ J14+(—) )](l-—g\'
moderate V a ufq \.‘ Aeq
roll & even / a \2
wild risin ) ) \ ) (
baroque J +0.365,(1 — Q,,0) “‘*’ [(J 0—0.7— — 0.045( —, ]
late-inflaton Lo a,q teq teg
trajectories .) >
: Gega, | Ca o
trajectories. 3 \' Ueq S \" e -
(non-oscillating | Aoy v
where = T =yewasedh
e ~15% thﬂWlng, Ao = ( *fm0 ) 3|1_.j.,3gg:.;1_<_‘_>m,:, T s 0 fits |
8% freezi o swe 20 e aal
o Ireezing, ml tracker
with flat priors 52 ) cas”e
. o we
‘/|(:‘-| ‘/ [1 + g '.T ]_)] _1 L's 1 ! —_— n
4'{] .
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“To me every hour of the light
and dark is a miracle. Every
cubic inch of space is a miracle.”
— Walt Whitman

In every cubic centimetre
- cosmic radiation 412 cm3

« dark matter ~amu m=3-~

compressed in MW to ~0.1 amu cm-3for
LHC-type DM, ~ 1 every 10 cm

 dark energy ~4 keV cm™ ~(milli-eV)*
* neutrinos ~ CMB photons
- gravity waves

® virtual particles - vacuum fluctuations
« vacuum potentials - Higgs origin of mass

» extra dimensions here, now?
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detect $2 1 inlab; annihilation in space; early U $2 vy v CMB

pA(time,space) vacuum E

Then (10-37s) inflation
Now (13.7 x 10° yr)
=dark energy mysteries
na landscape of
different vacuua

our CIfAR future: to the
early & late Universe thru

Theory+Experiment (CMB+Lens+SN+clusters

+ LIGO,LISA,BBO for gravity waves +
SNOlab,CERN,..,Planck,Fermi,.. for dark matter)
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detect $2,5,,, in lab; anninilation in space; early U $2;yy va CMB

p (time,space) vacuumE B J&F~
Then (10-37s) inflation Pl
Now (13.7 x 10%yr) ~™
=dark energy mysteries
na landscape of
different vacuua

our CIfAR future: to the
early & late Universe thru

Theory+Experiment (CMB+Lens+SN+clusters

+ LIGO,LISA,BBO for gravity waves +
SNOlab,CERN,..,Planck,Fermi,.. for dark matter)
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detect Q m [N [ab; annihilation in space early U C2 Wwa CMB

p (time,space) vacuum E

Then (10-37s) inflation®
Now (13.7 x 10%yr) ~
=dark energy mysteries
na landscape of
different vacuua

our CIfAR future: to the
early & late Universe thru

Theory+Experiment (CMB+Lens+SN+clusters

+ LIGO,LISA,BBO for gravity waves +
SNOlab,CERN,..,Planck,Fermi,.. for dark matter)
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pA(tlme space) vacuum E

Then (10-37s) inflation
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CITA Canadian Instiute for 25)
Theosetical Astrophysics Y / I8
ICAT Linstitut canadien ~y (’IAR ( ll 11}
C
dasmophysique theorgue

Planck satellite, CMB all-sky, 9 frequencies, & polarization: B+ Nolta (SrRA),
Netterfield (Prof), Marzieh Farhang (GS), Miville-Deschenes (SrRA), Peter Martin,
Francine Marleau ( CLTA) + Contaldi, MacTavish, Crill (ex-CITAzens)
Early Universe non-Gaussianity: B+ Zhigi Huang (GS), Kofman (Prof), Frolov ex-CiTAzen
probing CMB non-Gaussianity: B+ Zhigi Huang (GS), Kofman (Prof), Nolta, Frolov
Cosmic Background Imager, CMB®@ hi res: B+ Sievers (SrRA)
Acbar, CMB @ hi res: B+ Contaldi - completed
Atacama Cosmology Telescope, CMB@very hi res: B+ Nolta, Sievers, Hajian (PDF)
lusters & Cosmic Web Gasdynamical Simulations, & the Intracluster Radio Web:
B+ Nick Battaglia (GS), Pfrommer (SrRA), Sievers
pider, a balloon-borne CMB expt targetting primordial gravity waves and the
; J

universe’s ionization history: B+ Netterfield, Farhang (GS) + Contaldi, MacTavish
Boomerang (first high precision CMB expt): B+ Netterfield, Contaldi, MacTavish still pape

GW and Inflation Trajectories: B+ Zhiqi Huang (GS), Kofman (Prof), Vaudrevange (ex-GS),
Contaldi

Preheating in Stringy Roulette Inflation: B+ Zhiqi Huang (GS), Neil Barnaby (PDF),
Kofman

Late-time Inflation Trajectories and Dark Energy: B+ Zhigi Huang (GS), Kofman
(Chime, Baryon Acoustic Oscillations & Dark Energy: B+ Gojko Vujanovic (GS), Uej

Li Pen (Prof), ...
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CAT = wan(7)
CMB Polarization, Past, Present & Future

Dick Bond canadian Institute for Theoretical Astrophysics, University of Toronto

theory of CMB polarization

E/B modes

detection history

future CMB polarization experiments
reionization ‘trajectories’

inflation & forecasts of the gravity wave level: is the
energy scale of inflation high (80s/90s) or low (00s)?

the quest for gravity wave induced B-modes
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Standard Parameters of Cosmic Structure Formation

I
C S

1+Wo, Wa dn/dInk

New Parameters of Cosmic Structure Formation:
carly-inflaton & late-inflaton trajectories

41+ w(@)az
FCTEICWENSESRIN N P (k) |In P4(k)

+ subdominant isocurvature/cosmic string/ tSZ ...
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Pillar 7? Gravity Waves

many-moduli string models, whether
braney or holey. Roulette

+ Pillar 4: primordial non-Gaussmmty

-9<1y, <111 (+-5-10 Planckl)
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Spider/Keck: best fsky for E/B-demixing via direct max-L filters for r 7
» test LDB flight: 2-6 days, 10.3 Alice Springs
» main LDB flight: 20-40 days, 11.9 Antarctica

40days,24hrs/day (Nside=32) Nt~2.5 Tbytes, Np~10 Mb
oo — v~ T T T T T .
o2 p main flight
0,202—
< 0150 E

oof  r=0.2 input is easily
oo recovered ... but fgnds -

oo ... .,,...... . . . o4 . oo
0.0 0.2 0.4 0.6 0.8 1.0
0
Son Marzieh Fahrang, Bond, Dore, Netterfield 09
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Beyond Einstein panel: LISA+JDEM

Forecast: JDEM-SN (2500 hi-z + 500 low-z)

+ DUNE-WL (50% sky, gals @z = 0.1-1.1, 35/min? ) + Planck1yr
now ESA /Eucid ESA (+NASA/CSA)
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“The most beautiful

| thing we can

experience is the
mysterious. It is the

| source of all true art
| and all science. Those
1| to whom this emotion

Is a stranger, who can
no longer pause to

wonder and stand rapt

in awe, are as good as

A | dead: their eyes are
| closed.”

Albert Einstein

Beyond Einstein
in the Final Frontier
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