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LEADING TO NEW POSSIBILITY

*CMB IS THE BEST MEASURED
BLACK BODY RADIATOR
® ANGULAR DISTRIBUTION
KNOWN WITH PERCENT

P | \

ACCURACY, AND WELL-"- °'°2§.h. Dans
EXPLAINED BY INFLATION AND
LCDM THEORY. \
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ACBAR/PLANCK=PRIMARY CMB NIRVANA Bt
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CMB PHOTONS TRACE THROUGH OBSERVABLE g
UNIVERSE, CREATING SECONDARIES O =

IMAGINE USING THIS WELL-UNDERSTOOD MOST DISTANT
SOURCE AS A BACKGROUND SCREEN FOR UNDERSTANDING
WHAT HAPPENED SINCE THE BIG BANG, ALONG THE LIGHT

PATH OF THE CMB PHOTONS TO US.
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1) SUNYAEV-ZEL’DOVICH EFFECTS
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CMB PHOTONS RAINING ONTO THE
HOT GAS IN CLUSTERS OF GALAXIES
EXPERIENCE A SHIFT OF ENERGY
THROUGH INVERSE COMPTON-
SCATTERING OFF RELATIVISTIC
ELECTRONS, WHICH APPEARS T0O
OBSERVERS AS A TEMPERATURE
DECREMENT AT FREQUENCIES BELOW
217 GHZ, AND AN INCREMENT
ABOVE (SUNYAEV&ZEL’DOVICH
1972).

BY USING BOTH MULTI-FREQUENCY
AND ANGULAR INFORMATION,

CLUSTERS CAN BE FOUND AND THEIR _

ICM MEDIUM CONSTRAINED.
ATszp ., - / keT.
2ISZE _ i)y = f(2) [ n. ‘ n
Tonrn fla)y=f(z) [n 20T dt

| e + 1 - |
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REDSHIFT-INDEPENDENT TRACER i S

‘o0

SZE ALLOWS STUDYING CLUSTERS OUT TO HIGHER
REDSHIFT THAN E.G. X-RAY

THIS PROPERTY OF SZE SURVEYS IS DUE TO THE FACT
THAT THE SZE IS A DISTORTION OF THE CcOSMIC
MICROWAVE BACKGROUND (CMB)SPECTRUM,

WHILE THE CMB SUFFERS COSMOLOGICAL DIMMING WITH
REDSHIFT, THE RATIO OF THE MAGNITUDE OF THE SZE TO
THE CMB DOES NOT; IT IS A DIRECT, REDSHIFT
INDEPENDENT MEASUREMENT OF THE ICM COLUMN
DENSITY WEIGHTED BY TEMPERATURE, |I.E., THE PRESSURE
INTEGRATED ALONG THE LINE OF SIGHT.

dV/dz/d0(h-3 Mpc?)
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SZE AS A COSMOLOGICAL PROBE e s s
PZm ax y *Mmnax \
’ . A i dn(M, z)  _ >
() = gi dz dM ( —= |1(M,2)" KoOMATSU&SELJUAK 'O2
Jo dz [, dM
J & . oA e
SZE IS HIGHLY SENSITIVE = | 4
TO THE NORMALIZATION OF o |
THE MATTER POWER. |
~sicMA8 7 7-8 T S Y AP b e S

DECREASES SHARPLY AT
z> 1

DEPENDS ON ABOUT A
MAGNITUDE IN MASS FROM
107 14-107 15 MsoL.

ALSO DEPENDS ON OTHER
COSMOLOGICAL
GQUANTITIES.

credits: Komatsu&Seljak




SZ SIMULATIONS s¥igx ! BERKELECCRNZEH for

NEED LARGE
DYNAMICAL RANGE
T0O.

® RESOLVE SMALLEST
HALOS

®* MODEL VARIATION
OF LARGEST HALQOS

MareNostrum simulation

GAS PHYSICS IS

THE MEDIATOR Previous
BETWEEN simulations
OBSERVATIONS ~100 Mpc/h

AND COsSMOLOGY...|




SZ THEORY: ANALYTIC VERSUS SIMULATION 5
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—Sehgal et al. (2010)
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L. Shaw

BODE&OSTRIKER MODEL ACCOUNTS FOR
STAR FORMATION AND ENERGY
FEEDBACK (FROM SUPERNOVAE AND
ACTIVE GALACTIC NUCLEI) AS WELL AS
RADIALLY DEPENDENT NON-THERMAL
PRESSURE SUPPORT DUE TO RANDOM
GAS MOTIONS, THE LATTER CALIBRATED
BY RECENT HYDRODYNAMICAL
SIMULATIONS.

THE SIMULATION WITHOUT STAR
FORMATION, COOLING AND
FEEDBACK PREDICTS A HIGHER
TSZ SIGNAL THAN THE ONE THAT
INCLUDES THESE PROCESSES. ON
SMALL SCALES, THIS IS
PRINCIPALLY DUE TO THE
SUPPRESSION OF THE SZ SIGNAL
IN THE CENTRAL REGIONS OF
LOWER MASS STRUCTURES AS
GAS IS EXPELLED BY
AGNs (BATTAGLIA ET AL.
ON LARGER SCALES THE
DIFFERENCE IS DRIVEN BY
DIFFERENCES IN THE CLUSTER
ABUNDANCE.

201 0).
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SZ SIMULATIONS

IMPORTANCE OF A LARGE DYNAMICAL RANGE

0.9, 150 GHz
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KINETIC SZE
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* OWING TO THE PECULIAR MOTION OF CLUSTERS AND
LARGE SCALE STRUCTURE, THE CMB

C, 1 (+1)/2m)

SHIFTED, WHICH

IS DOPPLER
IS CALLED THE KINETIC SZE.

SINCE THE KSZ DOES NOT DEPEND ON THE

TEMPERATURE OF THE FREE ELECTRONS,

IT HAS A

DIFFERENT ANGULAR AND REDSHIFT DEPENDENCE
AS THE TSZ. SPECIFICALLY IT HAS MORE LARGE
SCALE POWER AND DECAYS MUCH SLOWER WITH Z.
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1000 10000
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Zahn et al. 2006




KSZ FROM REIONIZATION

¢ KSZ IS PARTICULARLY SLOW-
DECAYING IF REIONIZATIAON IS

71077 1
NOT HOMOGENOUS, WHICH WE . .|
HAVE AMPLE REASON TO Tt
BELIEVE T
3107

* LARGE DYNAMIC RANGE 2107
IMPORTANT FOR BUBBLES AND
VELOCITIES
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VARIOUS CONTRIBUTIONS TO KSZ

ERKELEY CENTER for

SMOLOGICAL PHYSICS

C, 1 (1+1)/(2m)
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1 ZAHN ET AL.
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THE SouTH POLE TELESCOPE (SPT) £ 5 bl )

L

* LARGEST CMB TELESGCOPE AT 10 M, 960 DETECTORS,
EACH COOLED TO NEAR ABSOLUTE ZERAO.

* ALLOWS FOR IMAGING 1’=1/60TH DEGREE CMB
STRUCTURES=SIZE OF A LARGE CLUSTER AT zZz=1. AT
SouUuTH POLE (HIGH ALTITUDE, DRY ATMOSPHERE).

°* NoOow SURVEYED 2600 sSQUARE DEGREES AT 3

2008 fielda
2006 ficlda

FREQUENCIES 5010 shallon flds

SPT images
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THE SOuTH POLE TELESCOPE (SPT) i S

‘o0

®* INCREDIBLY VERSATILE EXPERIMENT ALLOWS

—EXPLORATION OF THE PROPERTIES OF DARK
ENERGY WITH CATALOGUE OF HUNDREDS OF
NEWLY DETECTED GALAXY CLUSTERS!

—STATISTICAL DETECTION OF COMPTON-
SCATTERING/SZ BACKGROUNDM&INTERPRETATION

—STATISTICAL DETECTION OF CLUSTER PECULIAR
VELOCITIES

—DETECTION OF GRAVITATIONAL LENSING OF THE
CMB AND CONSTRAINTS ON PARAMETERS

credits: Carrlstrom&}'Iolder >=1.13 g R i e
(1) x(12) T ; oo b e
;gii Eiii ' M=1.27E15 MsaL/H : |
w (4 o (15 {
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SPT - DATA

DURING 2008 SPT oBSERVED TWO 100 SQUARE DEGREE FIELDS
OVERLAPPING THE BLANCO COSMOLOGY SURVEY (BCS). THESE
WERE FULLY ANALYZED IN LUEKER 09 AND SHIROKOFF 10. By
NOw 1600 SQUARE DEGREES HAVE BEEN OBSERVED TO THE SAME
DEPTH

1 LS

S 400 SPT collaboration

!
a

A l A A A 1 A A A

A A 1 A A A L A A A 1 e A A l A A




SHIROKOFF ET AL. 2010
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®* FULL ANALYSIS OF THE 2X 100 DEGREES OBSERVED

IN 2008 uUSING ALL THREE FRERQUENCIES. MORE
DETAILED ANALYSIS OF POINT SOURCES.
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* CMB ANISOTROPY NOW WELL UNDERSTOOD OVER
ENTIRE RANGE FROM 1 ARCMINUTE TO FULL SKY
YY'I WWW
| s 1 = WMAP 7-year |
A
| PR L ACBAR
R | | vl .
I RN R L%} ACT i
& | | e SPT
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DUSTY STAR FORMING GALAXIES (DSFG) i S St

LN

SHIROKOFF ET AL. 2010
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® KSZ ON RIGHT P
%;f 0.5¢
° DSFG ON BOTTOM &
0.0/
5.0 6.2 7.5 8.810.0
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SHIROKOFF ET AL. 2010
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LUINCERTAINTY IN TSZ MODELING $747°® COSMOLOGICAL PHYSICS

r N

¢ SYMBIOSIS OF SIMULATIONS AND ANALYTIC

MODELING: USE
SIMULATIONS.

FOR COSMOLOGICAL SCALING OF

SHIROKOFF ET AL. 2010

30

(Agsz)
o

-

fk08)

0 02 04 06 08 1
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BIASES AND DETECTION OF KSZ

* PLANCK MAY NOT BE ABLE

model| 7., Qr | wim W g A,

lo 0.0035]0.010(0.001710.00018]0.0045 |0.0050
T0O DETECT K y HOWEVER

A 0.40 | 1.18 | -1.10 1.71 2.14 0.16

B 1.26 | 1.66 | -1.54 | 2.40 3.05 | 0.78
HAVE TO TAKE IT INTO

C 225 | 289 -2.69 | 4.20 562 | 1.58
ACCOUNT IN CONSTRAINTS
FROM PRIMARY POWER ~  TABLE1 e

BIAS IN UNITS OF THE STATISTICAL ERROR |‘B| ) EXPECTED FOR

S P E BT R U M COSMOLOGICAL PARAMETER ESTIMATION WITH PLANCK, IF

TEMPERATURE AND POLARIZATION POWER SPECTRA ARE USED AND
THE INFLUENCES OF KSZ/OV AND PATCHY REIONIZATION ARE

NEGLECTE N THE POWER SPECTRUM ANALYSIS. THE MAXIMU)
* INTERESTING CONSTRAINTS e i e ioves o s, s v
IN COMBINATION WITH SPT

ZAHN ET AL. 2006

PDF

b/10°°

Zahn et al. 2006
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e

TSZ: WHAT HAS BEEN FOUND:
—AMAZING HIGH Z OBJECTS

—LOTS MORE THAN ANYBODY ELSE IN SZ (~700
CLUSTERS ABOVE 4.5 SIGMA IN 2500 sQUARE
DEGREES)

—>HOWEVER NORMALIZATION OF MATTER POWER IS
SMALLER THAN EXPECTED=>LESS CLUSTERS AND
TSZ

—>TURNS OUT THAT CLUSTERED POINT SOURCES
ARE REALLY PROBLEMATIC

—MODELING OF KSZ WILL BE MORE IMPORTANT
FOR THE FULL SURVEY

KSZ: INTERACTION WITH TSZ AND PS
—HERSCHEL
—NON-GAUSSIAN ESTIMATORS

—CROSS-CORRELATION WITH LSS
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2) CMB LENSING




CMB LENSING TRIVIA £ .5% BERKELEY CENTER for
2% *® COSMOLOGICAL PHYSICS

e MICROWAVE BACKGROUND IS OUR MOST DISTANT SOURCE, D=10 GPC/H,
Z=1090. ITS LENSING CAN BE USED AS SCALE” TO WEIGH THE HUBBLE
VOLUME (IN CASE OF AN ALL SKY SURVEY).
¢ ORDER OF MAGNITUDE OF EFFECT: LAST SCATTERING SURFACE 10,000 MPC/H
AWAY, PEAK OF MATTER POWER SPECTRUM AT ~200 MPC/H
-FOR POTENTIAL FLUCTUATIONS ON THAT SCALE, PSI/C2~2E-5, DEFLECTION
IS ACCORDING TO GR 4 Ps1/c2~1E-4, CORRESPONDING TO 20 ARC SECONDS
-SAY OVERALL THERE ARE 10,000/200=50 LENS PLANES
-ASSUME THOSE PLANES INDEPENDENT => GET TOTAL TYPICAL DEFLECTION
OF ~2.5 ARCMINUTES FROM RANDOM WALK.

e MAIN STATISTICAL EFFECTS OF CMB LENSING:
-BOOST OF POWER IN T AND P DAMPING TAIL AND “SMEARING” OF PEAK
STRUCTURE
-CHARACTERISTIC ANGULAR SIZE OF POTENTIALS=200/10,000~2 DEG. IS THE
COHERENCE SCALE OF LENSING=>HOT/COLD SPOTS CAN GET (DE-)MAGNIFIED
BY ~1%. NON-GAUSSIAN SIGNATURE GETS IMPRINTED IN THE CMB.

025
02}

015"
0.1

0.05

Calabrese etal 09 o

0.05

SN TENES FUEES TEERR R il TSN =

0.1
S00 1000 1500 2000 2500 3000



Simulation of lensing on 10 degree patch 547 CoSMOLOGICAL PHYSICS




Simulation of lensing on 10 degree patch J545%% " COSMOLOGICAL PHYSICS




Simulation of lensing on 10 degree patch J545%% " COSMOLOGICAL PHYSICS
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convergence convergence

Input convergence, (15 deg)”2 map Reconstructed convergence, (15 deg)”2 map
(pixels)

(pixels) (pixels)




APPLICATION OF CMB LENSING

e[_ensing power spectrum 1s an integral over the mid-z universe and can be
used to constrain neutrino absolute mass scale and dark energy models.

Constraints on differences of mass states 1presently credit: Lesgourges

| IR | —— Y T

ns

\/Am3, ~ 0.05eV, from atmospheric v's 0. (xoﬁ-’;

11wy (x0.02) | -
\/Am3; ~ 0.009¢V, from solar v's M, (eV)
o
Tritium decay upper bound: 6 eV at2s °°[ N 1
sigma 8

So nu’s make up 0.5- 50%0ftheDM- °T l

=> would like to fix the absolute mass ~° | ]

scale
KATRIN promises to do~0.35 eV i Y Y Y

10 . A .
Can we do better? o

eConstraints on dark energy (esp. early) also
Interesting, see e.g. de Putter, Zahn, Linder 2009



RECONSTRUCTING THE LENSING POTENTIAL USING OPTIMAL
QUADRATIC ESTIMATOR

T
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Looking for a quadratic
estimator of the form:

First order expansion
of deflection angle:

Requirements of no bias and
minimum variance leads to

(equivalent filter for E and B
mode polarization):

Normalization

in other words

Lowest order noise
determined by

6w =~ | Tl L — g (1)g(L )

’.’II

o) =~ 6(l) — =1 -1)8()

(L-1)-LCf_, +1-LC}
L~ !

g(L,1) = Sy ot
2C} ‘Cf,;_ t

N(L) = d*1 [(L_I)LCoL—l +ILC‘IO]‘2 o
N(L) = / (2r)2 QC{O’C'L" :

, 2 (L - )Cf,_y +1CF
w(L)=.-\f(L)L./d’( )y +1
ar 20Oy,

6(1)6*(L —1)

. d1 [(L-1)-LC§, +1- Lc}
3(0){([L(L)[) " =NL) " = | 5 ot
(27'[')" ZCI tCl_tL|

Hu&Okamoto, Lewis



RECONSTRUCTING THE LENSING POTENTIAL USING OPTIMAL

QUADRATIC ESTIMATOR
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LN

& (1-L)e=5w)c? - [EX[r-a-1wa-neme-1)
FI-(1-L -1 (- L-1)eWe 1) + ow?
=6(L)CF + 5 [(L 1) LOEy, +1-LOP] (L) + O?)
Combine T and P esti Ny = :
ombine T and P estimators S N D ag
ST X 21 (000 L —
OQE apphc.atlon in H(L) = N(L)Li, . / d“l zl(/:, a(1) 6(L —1)
practice. Rewrite e.g. 2nd —1 2m 2Ct Cltft "
term as
. . T S AT d’z —zLx
convolution->product in Y(L) =iN(L)L - o © Fi(x)Fa(x)
real space, so summation
over I-pairs can be 10801 B(L—1)
_ —ilcoa(l) (L —
conveniently done via F.(l) = Gt BL-1)= Ciety
FFT’s
#(L) = —;L%;(L)

Hu&Okamoto, Lewis
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LENSING CROSS-CORRELATION WITH LSS ;f".‘i,‘-.. COSMOLOGICAL PHYSICS

NRAO VLA ALL SKY SURVEY: 1.8 MiILLiaoN 1.4 GHZ
RADIO SOURGCES ABOVE 2.5 MdY, FSKYy=0.77, OVERLAP
wWITH WMAP AFTER MASKING IS 0.58, W4 SOURCES PER
WMAP RESOLUTION ELEMENT

6X10_6|||||||||||||
1 T T T T T T
09 B
08 n
g 07°f
= )
3 <
§ 06 O 2%x10-6
; 05 CMB lensing kernel C\'L'
_g fiducial NVSS distribution
T 04f
3
Z 03 0
02 ] | | -
0.1 . = -
—2X10_6""|""|""
0 1 1 1 i 1 1
0 0.5 1 15 2 2.5 3 35 0 100 200 300
’ Multipole 1

Smith, Zahn, Dore 2007
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L

Gaussian random field reconstruction



LENSING RECONSTRUCTION BIAS
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Simulation kappa field reconstruction
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LENSING RECONSTRUCTION BIAS
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BIASES IN LENSING RECONSTRUCTION

pixel count

pixel count

®* THERE ARISES A LOW BIAS IN THE LENS
RECONSTRUCTION DUE TO MIXING OF THE LENS
WITH THE GRADIENT SCALE.

GRF Convergence, 200 backgrounds

100000 | Input ¥ 4
Reconstructed x --------
Reconstructed k using lgrad=2000 ----------
10000 [ i
1000 | i
Zahn, Hu 2009 (unpublished)
100 i
11 - . —— . -
10 i
1.05
1 I H I I I I : | I I
-1 -08 -0.6 Simplated Convergenge, 20Qbuckgrounds 06 0.8 1
T T T T K T T T T
100000 [ Input - 1}
Reconstructed K =-------:
L d K using lgrad=2000 ..........
10000 1
0.95
1000 | i
09 r
100 i
0¥ 1 085
10
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SMIDT, COORAY, ET AL. (201 0)
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COSMOLOGICAL PHYSICS

* CLAIM 2-SIGMA DETECTION OF LENSING IN WMAP-7
DATA, HOWEVER AT CONCORDANCE PHI
INCOMPATIBLE WITH FISHER ANALYSIS

¢ APPEAR TO BE COMBINING A_L AND CL” PHI
ESTIMATORS AS INDEPENDENT OBSERVABLES.

1(_.";_ 1
1 4
10 ¢ [
: —t
-
[
N
$_ 10%
< :
10 'L '.. N
I N
: - \\‘
1070 » a . . PP | - a
10 100
|
Fic. 2 I'he constraints on (',' “ using the K'%-2) estimator. In

the larger plot, the red squares are the constraints by the V-band
and the green circles are for the W-Band. The result of the null
test is given in the smaller plot. These error bars represent lo

Crrors.

Params. WMAPT WMAPT+A;, WMAPT+A, +C

1050, h* 22.51 4+ 0.62 22.59 4+ 0.63 22.60 + 0.58
10¢Qparh®  11.08 £ 0.57 11.04 + 0.54 11.09 £+ 0.54

0.089 + 0,016  0.090 = 0.015 0.089 + 0.015

n, 0.967 +0.015 0.968 = 0.014 0.968 +0.014

Qa 0.734 £ 0.031 0.737 = 0.028 0.735 + 0.027
Age /Gy 13.8 4 0.114 13.7 £+ 0.14 13.7 +0.13
Hj 71.0 427 713425 71.1+24
Ay 1.0 0.87 + 1.05 0.97 + 047

TABLE 1
CONSTRAINTS ON THE COSMOLOGICAL PARAMETERS USING
COosMOMC. FROM LEFT MOVING RIGHT: WMAP 7-YEAR DATA
ONLY; WMAPT with Ap ALLOWED TO RUN; WMNAPT WITH THE
CONSTRAINTS ON C7 COMING FROM OUR A':." “) ESTIMATOR FROM
IHE COMBINED W-BAND AND V-BAND DATA. THE ' Unirs oN Hy
ARE (KM s~ 1 Mpc—1),
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TEMPERATURE LENSING SYSTEMATICS ABOL® SERKELEY.CRNTER Jor

‘o0

° ONE WAY AROUND IT IS TO CROSS-CORRELATE WITH
LSS (ONLY WORKS ON LARGE SCALES)

* OR USE 21 CM TO BEAT SHAPE NOISE TO DEATH BY
ADDING MORE AND MORE SMALLER SCALES

®* NOTABLY, TEMPERATURE RECONSTRUCTION IS
RELATIVELY “DIRTY” BECAUSE OF GAUSSIAN NOISE

®* BEST FORESEEABLE LENSING RECONSTRUCTION
TOoOL IS POLARIZATION. °‘[—————

F1)CP f2x

credit: Antony Lewis
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LN

* QUADRUPOLE INCIDENT ON FREE ELECTRONS
DURING LAST 10% OF RECOMBINATION PRODUCES

LINEAR QUADRUPOLE

®* THIS CAN BE USED AS SENSITIVE PROBE OF
RECOMBINATION (E.G. GALLI ET AL.) AND BECAUSE

THERE IS NO PRIMORDIAL B, FOR LENSING

-

E-mode

Quadrupole

Thomson
Scattering »

B-mode k —>»

R Linear
< Polarization

credit: Wayne Hu
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POLARBEAR (EBEX, ETC) s e MR e xR o

L

USING ALL-SKY DATA OF THE WMAP SATELLITE, ARE ABLE TO FIND RELATIVELY
WEAK EVIDENCE LENSING, USING THE HELP OF RADIO GALAXIES.

APPLYING METHODS TO SPT, LENSING SHOULD BE DETECTABLE internally At >10
SIGMA!

POLARBEAR, A DEDICATED CMB POLARIZATION EXPERIMENT, IS AIMING TO
CONSTRAIN:

*cosmic reionization, 1~2-20 in EE
Xinflationary gravity waves, 1~10s-200s in BB
*recombination science, |~100s-1000 in EE

*Iensmq({g onstruction (neutrino mass scal etc),llO ~100s-1000s in EB -
x..? POLARBEAR | ] - POLARBEAR-II
10!
N, 109 |
= -
= -
= 107°
1079
107 i ) ) \\\\\\‘ J\\\\\‘ JLO 4:7 | \\\\\\l \\\\\‘

10 100 1000 credit: PoleﬂtthearcollabWO ﬂ 1000
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POLARBEAR Measurements of TauA Bearretassy

| Q
: :
:
: s
< <
ARA (aremin) ARA (aremin)
sqrt(Q2+U?)
10

delta DEC (arcmin)
o

0
delta RA (arcmin)

5

ADec (arcmin)

ARA (arcmin)

Pol. Angle + Fraction
agree with Aumont et al.

é credit: PolarBear collab.

2 hours of data

52



PB-I

C " L (L+1)/(2m)

1e-05

w'1/2=7 uK-arcmin, 1000 sq. deg., 36 ¢, dmnu=0.15eV

-’
o
' -

-
PR L
Pt

[+

i S%@ BERKELEY CENTER for
22°® COSMOLOGICAL PHYSICS

- T T T T T T T T ] T T T T T . I I -
C : :
[ Cl :
K
L A Cl -------- :
L "L
| MV sEEEEEEE® ,"“‘ E
$"“
TT TNy » ""

16_06 | . autt 14 A3 |
| TE o anma gy vyt ll“" :
| EE ‘

0““
TB N EE EEN EE BRI ““‘
=----..-.---.-- “‘i“ -
-------. EB EEE EEE EEE ® ) i
16-07 = '~.."~... et qanss Y ]

le-08

1e-09

NN NEN NEN NN NN NEN NNN NON SN NEN NGN SN0 SEN EEN NEN NN ENEE ||-.ﬂ~‘-| LRI
~ paann!

N
Yo

Y YR e

10



-
PR L

s

- ;
- 2% .3® BERKELEY CENTER for
PD LARBEAR I I DEEP 2°%°°® COSMOLOGICAL PHYSICS

[+

C " L (L+1)/(2m)

1e-05

1e-06

le-07

le-08

1e-09

w'1/2=3.5 uK-arcmin, 1000 sq. deg., 57 ¢, dmnu=0.11eV

MV saamEEEan 1

B -
&
I EE v
0
*
5 o _
>
B " -
'
TB N EEN EE EEN NI ‘.‘I
1 3
B PO et -
.
----------...-_. -“.i
LLT T . gant
— T — .
b su ws maiuyw un 8% st
I_Il I ! A0 EN SN NN NN NN NN NN NN NN EN NN II"-".II (AN ] N Em EE NN EE EW ER uW BB _
n
~ -
B Tug ]
w
5 - -
L Sa, "
..~ -« "
5 tas
~ Cd
N mniun g e
= < ;"Il‘l"llll it f"|||'ll|||ll|m||||f|l|L
~ hN“ pnnetd oF
- . ASSTYLILAALLILLY
IIIIIIIIIII|||IlII|IlI||IIIIIIIIIIIIIIIIIIIIIII||lIlII|IlIIIIIIIIIIIII||||||||IIII|IIIIIIIIIIIIIIIII||||||| " ~~~

10



- £ i BERKELEY CENTER for
POLARBEAR-Il WIDE 22%°°® COSMOLOGICAL PHYSICS

[+

C " L (L+1)/(2m)

1e-05 . — . ——y

0
=

‘}‘llllll

| MV TR ‘.“
TE S ..“"“ ;

1e-06

EE

T T X Trr

N
*0’
&
- +F -1
IB AN EEN EE EE NI '4"
4
R R A
-
»*
L
ES g
L
1
-
e_ - o —
LT ] L S -
N ---.....-.' Y wns sume? as ]
TR TEN TR N PN L] Fﬂ-.u.-;;-:: EEN EEN EEN NN NEN NNN NNN NUN ENN HEEH LT NEL .l‘““‘”"nlll"‘"llul||u||||||||||||||Il“'“"""“""""“"“’””“"'—
n iy
B l ] nntk p
- 1
L ....,; I,,.nn.nnl““ . L Rl
Lt g ek g P Tt gunts?

0t L e P e L A R Lt T B LT LA R0 P AT P LA R R0 e a8 Gt et 5 R .5

~ e E

Sa,
Ny
~
L
w,
L}
.I.
~

le-08

1e-09 - e - N —
10 100 1000



SUPERPB DEEP

C " L (L+1)/(2m)

1e-05

1e-06

le-07

le-08

1e-09

w'1/2=1 .75 uK-arcmin, 1000 sq. deg., 87 o, dmnu=0.093eV

ACS mmmmeees
| MV sansannan
3 TE
: EE

TB TEIEIRIET

I\
]
]
]
]
]
]
]
]
]
’
]
’
’
]
v
’
’
’
’
’
’ =
Y -
v =
’ =
’ =

L 4
&
W NN NN NN NN NN NN NN NN NN NN NN NN NN NN NG NN NN NN NN NN NN NN NN NG NN NN NE HW NEEE NHR n\g:] Aw an®

10 100



S Ties -
t®' 2@ BERKELEY CENTER for
S U P E R P B M I D r%°*® COSMOLOGICAL PHYSICS

[+

C " L (L+1)/(2m)

w'1/2=3.5 uK-arcmin, 4000 sq. deg., 126 ¢, dmnu=0.058eV

1e-05 . — . ——y

0
=

| MV saamEEEan 1

1e-06 J
TE ]

o
4
o 1
9. 1
- E
=
S
i 'L et *
IB (IR THTRY N ‘-I.'
et
- (N4 .
an
an wa anunv? e
B BN NN NN EE NN NN NE NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN IIEBII MufarEaiEE BA BN NS WE BN
1e-07 p— _
o -------..... "2
- ey, & -
- >
LIy o
B i Ty & -
agy, R
..... “|“ulunlnn|nuu||||||||n|||||||||nul|||||n||||||“du.||n|u|||u|
- ~ D N -
Say RTTIILCIIN R
:ﬂ.-.-,,‘<|.|.|nl||||llll .
SO L L L T L L T T T T TN T R DAY LI TR LA SR B ‘-““. ]
~ -
L ]
o .~. TR A [
EE NEW EES NEN NN NEN NN SUN SO0 NN NEN NN SEN NN NN NN NEE -’w- snn man pumg wug wnn #
§.~
N
L ]
L ]

le-08

LY
gpanutd
gununus
AEEEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEAREEE

1e-09 - e - —
10 100 1000



£ 2% BERKELEY CENTER for
S UPER P B WIDE 2°%°°® COSMOLOGICAL PHYSICS

[+

C " L (L+1)/(2m)

1e-05

1e-06

le-07

le-08

1e-09

s =% NN NN NN EE NE EE NN NN NN RN NE NN NS NE NS NN NN NN NS NN NS NS NS NN NE NG NG NS AN NN NN GE NE AN EE SR W

K ]

c —— :

A CIK """" ]
I"L

MV EEEEEEEE® “"“ ]

TE S ..“"“ ;
EE ]

el
uIll-IAI.nIIi|l-||1IlnIi|.li|||l||||||||||||||||||||||I||"|‘ﬂ"|-n.|\u||--ll"l|"ll arvm PR AT
bl ]

N
*0’
&
& T
IB (IR THTRY N 4
oF
+* -
-
»»
EB IETIRLLE .
Ll
[ 3} ot
st
. -'\.“ —
. -
ag mmE ¥ -.I-‘I‘ -
fEEEEEoERE EER mER mes see " . ll“|||II\ItI‘|‘I‘IlulIIIIIIIIIIIIIIIIIIIH‘IIIIIIIIIII|||||lltl‘lll‘lllllﬂllll_
III“
Ty

- it
bl T !

n
by
Ny
]
~....
~
~
~
L]
L]
~
~
~
-

L
Illlll'l“ ~

10
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credit: Sudeep Das and
Kendrick Smith
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CMB LENSING SUMMARY 5898 ” commoLoaIcA, PHYSICS

® WE HAVE DETECTED LENSING AT LOW SIGNIFICANCE IN
CROSS-CORRELATION WITH LSS
®* HAVE ENOUGH DATA TO DETECT IT AT HIGH
SIGNIFICANCE INTERNALLY WITH WMAP
® FOR CROSS-CORRELATION STUDIES ADVANTAGEOUS TO
HAVE LARGE FIELD
®* POLARIZATION IS THE BEST TOOL TO DETECT AND
CONSTRAIN CMB LENSING:
B)WE DON’T EXPECT SMALL-SCALE PRIMORDIAL B-
MODES, HENCE THERE IS NO SHAPE NOISE
B)EB BETTER THAN TT AT PB-Il LEVEL, HUGE S/N
IMPROVEMENT
B THERE SHOULD BE LESS ASTROPHYSICAL
CONTAMINATION (SZ, POINT SOURCES)
B HOWEVER GALACTIC FOREGROUNDS PROBABLY MORE
IMPORTANT, AS WELL AS EXPERIMENTALS
B SUPERPB COULD BE THE DEFINITIVE CMB LENSING
EXPERIMENT!



