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THE TIMELINE OF THE UNIVERSE HAS
FlVE MAJOR MlLESTONES
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THE ACDM MODEL: AN EXCELLENT
FIT TO OBSERVATIONS PROBING THESE EPOCHS

Redshift

COLDIDARK
MATTER

22%

5%

. . BARYONS
adiabatic, nearly scale

invariant, power law, = flatness -

Gaussian fluctuations
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THERE ARE BIG QUESTIONS WITHIN AND
BEYOND THE STANDARD MODEL

inHation

* What is the energy -scale of inflation?
* Which model?

dark sector

* |s Dark Energy a cosmological constant, or a dynamical component!?
* What is the nature of Dark Matter?

particle sector

* What are the masses of the neutrinos?
* Physics beyond the Standard Model:

- excess relativistic species during BBN?
e Sterile neutrinos?

Sudeep Das, Paris, Julg 27,2012




THERE ARE BIG QUESTIONS WITHIN AND
BEYOND THE STANDARD MODEL

inHation

. . P £
) \\//v\/:?:: r:s n:l;ed eeII:erg)' -scale of inflation? 9‘3’ *Q% |0 &“656
o o '3)60' "CO‘\OQ

* What are the masses of the neutrinos?
* Physics beyond the Standard Model:

- excess relativistic species during BBN?
e Sterile neutrinos?
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AT RECOMBINATION, THE CMB IS FORMED

inflation bbn recombination
~ 380,000 years
Proxo:wuon e fT“.Z‘s P since BB
\itdl= ] = -
SSalis : Universe has cooled

/ A , e 2 | ' enough to allow
/.ML' = N T neutral H to form.
- . 3
- . \ Free electrons get
; depleted, and photons

start streaming freely.
accelerz

expans
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THE CMB IS EXTREMELY UNIFORM BUT HAS
TINY TlNY ANISOTROPIES'

Monopole T= 2 ’726 K

_ Anisotropies
~100 uK rms

Sucleep Das, Paris, Julg 2_7, 2012



CMB PHOTONS PROPAGATE THROUGH

EVOLVING LARGE SCALE STRUCTURE

Proton Photon Heliom —
Neutron nucleus CMB radiation
Electron Helium Hydrogen |
i atom Firststars Early Modsm
o “ galaxies galaxies
*. I ‘
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~
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INTERVENING LARGE-SCALE STRUCTURE
POTENTIALS DEFLECT CMB PHOTONS
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What we observe is a subtly
distorted version of the CMB.
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This is CMB Lensing!
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DEFLECTION OF A CMB PHOTON BY A
SINGLE POTENTIAL WELL.:
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ADDING UP THE DEFLECTIONS ALONG
THE LINE OF SIGHT...

~ Born Approx.

o _ 10 da(no —n) .
d(n) = Va —2/ W (nn,n)| on
() i o da(no)da(n) ( )_
N —————
@

—

¢ is the lensing potential and d(n) is the
deflection field, which is a pure gradient field.
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A BACK OF THE ENVELOPE CALCULATION

— sl — = =

. ™ d 4 (no — 1) A
din) = =2 V ¥ (nn,n)o
() /O damy) V* (n1, m)om

14000/300 ~ 50 deflections

14000 Mpc

Assume Random Walk:
d(n) ~2 x /50 x 2 x 104

~ 7 X 10 2 4 arcmm

- = —
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A BACK OF THE ENVELOPE CALCULATION

7000 Mpc

14000 Mpc

Deflectionsare coherent over
300/7000 ~ 2 degrees.

b



DEFLECTION FIELD IS THE KEY QUANTITY

MSing is\‘essqiof the CMB fields

by the deflection field.

Unlensed Deflection Lensed
4 . Rk A > B
£% ‘A" - 2% % .
P ¥ - s yummas s ais P ¥ -
T e W -
~ —

CMB lensing can be discussed completely in terms of

ence necessary).

~_the deflection field
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CMB LENSING IN ACTION ...

—300 —200 —100 0 100 200 300 400

Simulation from Das & Bode (2008)

“ 2-3 arcmin deflections, coherent over 2-3 degrees,
mainly coming from redshifts of 2-3 I”

SE— — — __ T—
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LENSING REMAPS & MAGNIFIES/DE-MAGNIFIES
CMB PATCHES.

Simulation from Das & Bode (2008)




THERE ARE THREE MAIN AVENUES FOR
COSMOLOGY WITH CMB LENSING

Smearing of CMB Reconstruction of | Cross correlation

power spectrum  the deflection/ of the deflection
peaks and small  convergence field | field with other
scale B-mode and its power cosmological
power. spectrum. probes.

e.g. weak lensing, galaxy
counts, CIB ...

| A b A ] - break d.egeneraaes..
Q== ( nmn, - constrain systematics.

) - constrain galaxy bias

la(m)da(r

potential

Effective Lensing Potential

Highest science impact expected on: neutrino mass sum, (early)
dark energy, test of GR, and understanding galaxy evolution.

Sudeep Das, Paris, Julg 27, 2012 7



TO STUDY THE LENSING EFFECT WE NEED TO
LOOK AT THE CMB AT
- .. COBE

Planck

(simulation)

Atacama | South Pole
Cosmology| Telescope

Telescope |
, point

sources

SZ
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ONGOING EXPERIMENTS ARE PUSHING
RESOLUTION AND SENSITIVITY TO NEW LlMlTS

- LIz e

/CK

lm&'ngbocinot‘td h
Ucagord we

Planck South Pole Telescope Atacama Cosmology
(SPT) Telescope (ACT)
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THE ATACAMA COSMOLOGY TELESCOPE

o [ ¢ O @WPERERERE@ oo

L4

{CITA-ICAT

The Atacama Cosmology Telescope (AC‘I‘)
is a six-metre telescope on Cerro Toco in
the Atacama Desert in the north of Chile. It
is designed to make high-resolution,
microwave-wavelength surveys of the sky
in order to study the cosmic microwave
background radiation (CMB). At an altitude
of 5190 metres (17030 feet), it is currently
the highest permanent, ground-based
telescope in the world.

Mato Grosso
do Sul

Paraguay

Swetz et al. (2010) 20



LENSING BROADENS THE SIZE
DISTRIBUTION OF ACOUSTIC FEATURES

Simulation from Das & Bode (2008i

—-300 —-200 —100 0 100 200" 300 400
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LENSING SMEARS OUT ACOUSTIC PEAKS

—_—— = — = m— = = - _— -

Unlensed

LL+1)C,/(2m)

500 1000 1500 2000

Multipole ¢
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HIGH RESOLUTION POWER SPECTRUM
FROM ACT -

Angular Scale Das et al.,
: 1o ApJ, 7291, 2011
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Power, £({ + 1)C, /27 [uK?]

500 2000 3000

Multipole /¢
_ Pipeline based on Das, Hajian, Spergel (2010)
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SMEARING OF ACOUSTIC PEAKS IN ACT’S

Das et al. 1500 ——— -
A
ApJ, 729, 1 (2011) 1600 | AU Y
qb qb ¢ ¢ 1400F I
o (LR
Cg — Ach % 1200 | 1Y M-/
. Wi g
T T T T T T T QlOOO N A
1.0 K . - - Unlensed Sim | S | \V ,
—  ACT+WMAP = 800} | -‘\.
0.8 | ] 600 HT
1 ==\ .
400 |
06 i 500 1000 1500 2000 2500 3000
= (
o,
0.4 1  eTest for lensing in spectrum by marginalizing
over (unphysical) parameter A , scaling lensing
02} . potential. [Calabrese et al 2008]
* Expect A =1, and unlensed has A =0. See

0.0
0 05 10 15 20 25 30 35 40 ;
A, lensing at almost 30 level.
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Likelihood

SMEARING OF ACOUSTIC PEAKS IN THE
RECENT SPT SPECTRUM LETS US SEE LENSING

AT ~ 50

Keisler et al. (201 1)

SPT+WMAP -
WMAP

C\% 1000 SPT, -
= This work ]
by
&
%
100
11111 b |
0 500 1000 1500 2000 2500 3000

¢
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SMEARING OF ACOUSTIC PEAKS IN THFE

| el o S
RECENT SPT <SP B ISING
e ———— 1o 10 - \ -
4 2 \ . ]
AT ~ 4 A\ \’\7}.‘1:\1" (Larson et al. 2010) - :::;5_8‘—
10 -_ al. 2011) ' pte = 0.82 1

ot al. in prep)

Keisl N  ACT (Das, Nolta

1.0 '

0.8} '

(6 S

Likelihood
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0.2 »
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LENSING INDUCES NON-GAUSSIANITY

Difference between lensed and
unlensed CMB

-39 2 392 u K
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LENSING INDUCES NON-GAUSSIANITY

Taylor-expand lensed CMB in powers of deflection field:

T(n)lensed = T(n s d(n))unl
= T(n)unl a5 d’i(n)viT(n)unl

1
+§di(n)dj ()V;V;T(n)yn + -

All terms beyond the first are non-Gaussian
=> statistics not fully determined by power spectrum

Sucleep Das, Paris, Julg 27,2012
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THE QUADRATIC ESTIMATOR FOR LENS
RECONSTRUCTION

For the primordial CMB, which is a Gaussian random
field, different Fourier modes (I,I’) are independent.

(T(e)T(€))cmp = 0 for £ # £
But after lensing:
T(n) ~ T(n) + d(i) - VI'(d)

off-diagonal modes become weakly correlated:

~

TETK> — £(0.0)d(L+ 2
(TOT@)) = fee)dE+t)
Therefore, we can construct an estimator for the

deflection field that is quadratic in temperature.

Sucleep Das, Paris, Julg 27,2012

29



LENSING RECONSTRUCTION

Given only the lensed CMB sky, can we estimate the deflection field?

!!!!!!!!

"""""""

Statistics
Altered

“““““““

\\\\\\\\\

Unlensed Deflection Lensed
CMB Field CMB

./, - -~ Reconstruction
RO N *Noise

4
. - / T T v
e ‘
- . ] / / \ 1 . \ -

2 Bz wilies | U Hu (2001), Hu & Okamoto
(2002)

— o
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THE QUADRATIC ESTIMATOR FOR LENS
RECONSTRUCTION (HU AND OKAMOTO 2002)

e — — g . - o - == = =

T'(1,)T(2)
(Cﬁl T NEl )(sz = Nfz)

d?1;

a(l) XX [11031 -+ 12C£2]

(2m)?

— u / -
’ S X ¥
— v >_./ o SSGSRERSESER N /

Courtesy: Kendrick Smith

Lensed CMB Reconstruction + noise




DETECTIONS USING HIGHER POINT STATISTICS

)T

~ d?l,
d(l) X / [llCel =} 12032]

(2m)*

,,,,,,,,,

ooooooo

Lensed CMB Reconstruction + noise

4 point d=Vo¢ / 2+ | point

estimator,— . estimator

dxd

(Ce, + Ng, )(Ch, + Ng,)

Courtesy: Kendrick Smith
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LOGIC: GALAXIES TRACE THE SAME LARGE
SCALE STRUCTURE THAT LENS THE CMB:

Therefore, a non-zero cross correlation is expected between

galaxies and reconstructed deflection field
Smith, Zahn, Dore & Nolta 2007 (see also Hirata et al 2008)

Courtesy: Kendrick Smith

Mostly extragalactic sources:
AGN-powered radio galaxies
Quasars
Star-forming galaxies

NVSS: NRAO VLA SKky Survey

1.4 GHz source catalog,
50% complete at 2.5 mJy

Well-suited for
cross-correlating
to WMAP lens
reconstruction:

gala.xy counts (masked

Nearly full sky coverage (fsky = 0.8)
Low shot noise (by = 2, Nga1 = 1.8 x 10°)
ngh redshift (Zmedlan = 2)

Sucleep Das, Paris, Ju|9 27, 2012 23



WMAP-NVSS ANALYSIS
First detection (3.40) of CMB lensing, via 3-point signal

6x10-%
[ Statistical ]

T Stat + systematic .
4x10-% 1+ -
[ 1 | Smith, Zahn, Dore & Nolta
é’ 2x10-8 -:10:- _ (2007)
= i \.%._;:‘ ) (see also Hirata et al 2008)
ol N

_2x10-°-lllll|llllllll
0 100 200 300

Multipole 1
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DETECTIONS USING HIGHER POINT STATISTICS

)T

~ d?1,
d(1 oc/ 1,C, + 120y
( ) (2’”)2[ 1 2](031 +N£1)(C£2 +N£2)
,,,,,,,,, E
b 1 , pé
2 S s 5
v .
""" . o
Lensed CMB Reconstruction + noise G
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estimator
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FIRST INTERNAL DETECTION OF LENSING (4-
SIGMA) FROM THE CMB 4-POINT FUNCTION

le—=7
4.0 LS T Ll "1"] LS g v Y""I

A, =1.1640.29 Das, Sherwin et al., PRL
B 1 107:021301 (201 1)

g 20 . Cgsqb HALCEW_
» First CMB-only
detection of CMB
e I lensing.
10’ 10° 10°

FIG. 2. Convergence power spectrum (red points) measured DeteCt|On IS from
from ACT equatorial sky patches. The solid line is the power

spectrum from the best-fit WMAP+ACT cosmological model 3 20 SCI . deg rees Of
with amplitude Ar = 1, which is consistent with the measured ;
points. The error bars are from the Monte Carlo simulation ACT equato rlal

results displayed in Fig. 1. The best-fit lensing power spec-
trum amplitude to our data is Ay = 1.16 £ 0.29 data— on I)’
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FIRST INTERNAL DETECTION OF LENSING (4-
SIGMA) FROM THE CMB 4-POINT FUNCTION

2.0 1 : : : ' ' .
i *SPT |
1504 | pror van Engelen et al. (2012)
2 I f
§ 1.0 7
5 | : .
~ osf v A 6.3 sigma
| i ! [ detection from
0.0 -
S O SPT
0 300 600 900 1200 1500
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FIRST INTERNAL DETECTION OF LENSING (4-
SIGMA) FROM THE CMB 4-POINT FUNCTION

A ——rrrr —rrr £
Al A, =L10£020 | %6&&0
e ) 0
¢ 20} | ng 7 ALngq ‘9‘9@6}
W . 9 -
i 3&;3’20'\")\ oS
@90' N > .
00f = = = = = = = = - ®"C .QO\B' e A %“.
-0.5 : " YT W, WS | + %‘® ?’&‘a” X)v 9.3'0
10 7:\ =% ,):Q% ,&6{\, “win et al.
PP X S 7 (2011)
. 2. Cony 6‘0
from ACT equ. @It is, 0«(}
spectrum from t 9,1: o 9‘)» .sodel
with amplitude A ‘\&6 60 . measured
points. The error "C _arlo simulation
results displayed in ‘9 iensing power spec-
trum amplitude to ou -1.16 £ 0.29

Sudeep Das, March 2011 %3




CMB LENSING IS GOING TO EXPLODE AS A FIELD
IN THE NEXT FEW YEARS

sl S ————— = _— -

ACT-I

ACT Full
SPT-| | |
SPT Full |
Planck "
+PolarBear/ACTpol/SPTRSI

ACTpol Large Sky

Sucleep Das, Paris, Ju|9 27,2012
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LENSING MAKES THE CMB UNIQUELY
SENSITIVE TO GEOMETRY AND STRUCTURE

CMB lensing can be fully described via the deflection field:
O(n) =0 (n + Vo)

Lensed Unlensed Deflection
Field

= da(mo — 1) |e
e 2/CZA( )dA(Uo)A(I)(n e

Effective Lensing Potential GRGRat Matter
' potential

Affected by parameters that affect distance s and growth of
structure in the late universe.

ign Zz enses C US ers ga aXIES [ e on y SOUTCQ

Sucleep Das, Paris, Julg 27,2012 40



THE DEFLECTION POWER SPECTRUM IS A
CLEAN AND UNIQUE PROBE

The primary CMB can be kept nearly unchanged under variations of
neutrino mass, dark energy equation of state or curvature. But the

deflection field cares about these:

Lensing breaks the
angular diameter
distance

degeneracy! x
- o
= (% 200)

Sudeep Das, Paris, Julg 27,2012 41




AN EXAMPLE

Example from Hu 2001: w=-1 and w=-2/3 models with same D,

-9 r T
.
-
3

2

I(I+1)CP°12n

10-11 -

aaal . P 1 A 1

10 100 1000
[

107

I(I+1)C 2x

10-%

dd
Y

= < —

P |

B 1deal
Adod 1 ek

rryy

[ ] Planck

10

100 1000
[

CMB lensing is especially constraining for the so-called early DE models

(see, dePutter, Zahn, Linder, 2009
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A COOL FIRST APPLICATION: DARK ENERGY
FROM CMB ALONE (3.2 SIGMA)

— = e = — = - -~ = = == =

6000

5000 |
4000
3000 |
2000 |
1000 F

L(£+1)C, /27 [uK? ]

_1000 " a2 aaaal A aa aaaaal " a2 aaaal
10° 10" 10° 10°

£ /4

Sherwin, Dunkley, Das et al.,
PRL 107:021302(2011)
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A COOL FIRST APPLICATION: DARK ENERGY
FROM CMB ALONE (3.2 SIGMA)

i ()1\' :0
— without ACT-Lensing

ey, Das et al.,
302(2011)

Sudeep Das, March 2011 aa



A COOL FIRST APPLICATION: DARK ENERGY

FROM CMB ALONE (3.2 SIGMA)

6000
5000
4000
3000 |
2000 |
1000 |

L(£+1)C, /27 [uK? ]

-1000

10°

4.0

2 aaaal
10°

39 F

£ /4

— ACDM -

10p

‘ ()1\' :0

— without ACT-Lensing

0.8F

0.6}

0.4F

0.2F

0.0

Sherwin, Dunkley, Das et al.,
PRL 107:021302(2011)
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USING CMB POLARIZATION IS THE NEXT

,’ : P : : / / d ' - \ - ’
7’ ’ /
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STar AN lensed polarization lens + noise
deflection + unlensed (observed) (statistical reconstruction)

polarization (unobservable)

From pure E-modes lensing will create a mixture of E
and B-modes.

PolarBeaR, ACTPol, SPTPol are gearing up to be
premier CMB lensing experiments using polarization.

Sudeep Das, Paris, Julg 27,2012 .



POLARIZATION GIVES EXTRA LEVERAGE
FOR LENSING RECONSTRUCTION

Gravitational lensing remaps the prlmordial CMB temperature and
polarization fields through the deflection field d(n):

~

T(h) = T(h-+d(®))
[Q T Zﬁ](fl) — [Q T ZU](fl —+ d(fl))

In the Fourier space, lensing introduces correlations between
different Fourier modes ¢  ¢’, which are uncorrelated for the
primordial signals. This correlation is used to write down an
estimator of the deflection field from the observed fields.

Schematically:
dxy (L) < X ()Y (L - £)

where XY & (T E )

Sudeep Das, Paris, Julg 27, 2012 47




HIGH RES. POLARIZATION EXPERIMENTS
ARE POWERFUL CMB LENSING MACHINES

Assumlng no systematlcs other than mstrumental noise, these plots
show the signal and noise power spectra for the ACTPol Deep and Wide configurations.

ACTPOL-DEEP: ACTPOL-WIDE:

150 sq-deg @ 3 uK-arcmin (temp) 4000 sq-deg @ 20 pK-arcmin (temp)
and 5 uK-arcmin (pol) and 28 pK-arcmin (pol)

Sucleclo Das, Paris, Ju|9 27, 2012 48



ACTPOL: DESIGNED TO BE A POWERFUL
CMB LENSING MACHINE

Assuming no systematics other than instrumental noise, these plots
show the signal and noise power spectra for the Deep and Wide configurations.

ACTPOL-DEEP: ACTPOL-WIDE:

150 sq-deg @ 3 uK-arcmin (temp) 4000 sq-deg @ 20 pK-arcmin (temp)
and 5 uK-arcmin (pol) and 28 pK-arcmin (pol)

Sucleep Das, Paris, Ju|9 27,2012 49



ACTPOL: DESIGNED TO BE A POWERFUL
CMB LENSING MACHINE

— e — = _ _ = - -

Assumlng no systematlcs other than mstrumental noise, these plots
show the signal and noise power spectra for the Deep and Wide configurations.

ACTPOL-DEEP: ACTPOL-WIDE:
150 sq-deg @ 3 pK-arcmin (temp) 4000 sq-deg @ 20 pK-arcmin (temp)
and 5 uK-arcmin (pol) and 28 pK-arcmin (pol)

—————————— D e e

Sucjeep Das, Paris, Julg 27,2012 50



THE DEFLECTION PS AND TOTAL NEUTRINO
MASS - A CMB LENSING APPLICATION

Some Facts about Neutrinos

neutrino oscillations imply a minimum sum of
neutrino masses of 0.05 eV

Am2_ | ~24x1073eVZ AmZ, ~8x107° eV

atm

Normal Inverted
Hierarchy __Hierarchy

Sucleclo Das, Paris, Ju|9 27,2012



SUB-EV NEUTRINOS ACT AS RADIATION AT
Z<1000 AND AS MATTER AT LATE TIMES

Non-relativistic neutrinos have large thermal speeds:

c, ~ 81 (1+ z) (%) km s—1

[ 74

Compare: Velocity dispersion in a galaxy ~ 100 kmls.

. _ | 8mcl 14+z[eV] , -
free streaming ;\FS=1 ~4.7 h ~ Mpc
length scale 342 _H . Q,.0\m,

27T
frequency Kps= T
EFS

Non-relativistic neutrinos do not cluster for A < Apg
(small scales or large k’s)

Sudeep Das, Paris, Julg 27,2012




MASSIVE NEUTRINOS DO NOT CLUSTER ON
SMALL SCALES

A > \pg A <K AFS

. Clustering — potential

wells become deeper .\
T

Some time later...

.\

Both CDM and

neutrinos cluster Only CDM

0000000

clusters

Graphics from Y.Wong

Sucleep Das, Paris, Julg 27,2012
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MASSIVE NEUTRINOS SUPPRESS
STRUCTURE FORMATION ON SMALL
SCALES

A Y = A Y
- Wavelength, A [h~! Mpc]
X
®- = .
% 105 EI I'ITT[I L] L] I"'II L] L
_g ! clustering e
9 surveys 7
o 10*E *r
B M
- ~
) 5
= i3
Q 3
a 10°¢
5 3
= B f, = Neutrino
© —xm =0.0 eV O, | fraction
E el . ] 5~
— 2 F _Sm=1x12 eV — 2
© : 5 P [=F
O ee=xm =3X%X0.4 eV —}5—068fv=8_(2m‘1m
8) lo L llllll | A 1 llllll L | L lllll[ . yCDM
a 10-2 101! 1 Q h2=z m,
- i 93eV
Wavenumber, k [h Mpc-!]
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CMB LENSING IS A CLEAN AND SENSITIVE
PROBE OF NEUTRINO MASS

CMB lensing is sensitive:

Smaller Scales >

The deflection field contains
cumulative information from a
large range of redshift, peaking
around z~ 2-3.

CMB lensing is clean:

*CMB redshift known

*Most contributions from linear
scales.

*No confusion from galaxy bias.

Deflection power spectrum

Sudeep Das, Paris, Julg 27,2012
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ACTPOL CAN HELP CONSTRAIN NEUTRINO
HIERARCHIES!

Present status

WMAP7 only

— LB PR P R A A
> _ Komatsu et al. 2010
e 95% C.L. upper limit
E 1 JURRERRE lllllllllll* e Ga'axy C'USterlng
: Reid et al. 2009
g JUREEREERRREREE R nmmm T
0.5 ummnm————————"——A
" :
S R Gk N + Galaxy + SN + HST
g Reid et al. 2009
= Break degenercies
> 0.1
e
S 0.05 |
= —Normal + Weak lensing
= —llm’m‘l-(-‘d Tereno et al. 2008

T Ichiki et al. 2008

Lightest neutrino mass, m, [eV]
+ Ly-alpha... and many more.

 Graphic fromY. Wong _ Seljak et al. 2006
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ACTPOL CAN HELP CONSTRAIN NEUTRINO
HIERARCHIES!

lllll L] L] ll'lll'

T 95% C.L. upper limit

E

]

% 0.5

(o]

E ...............

(@)

: — Planck

o 0.1

- —— Planck + ACTPol
f el ANy 0.06 €V
o~ el IIVEI'LE

n e e CMBPO

Lightest neutrino mass, m, [eV]

7 /Graphic fromY. Wong
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COMBINED WITH PLANCK, HIGH RES

EXPERIMENTS WILL BE VERY POWERFUL
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THERE ARE THREE MAIN AVENUES FOR
COSMOLOGY WITH CMB LENSING

gSmearlng of lZReconstruction
CMB power of the deflection/
spectrum peaks  convergence field
and small scale B- and its power
mode power. spectrum.

O = —2 / AUIEE) ;
’ ) [da(n)da(r

Effective Lensing Potential Nt Matter
potential

DCross |

correlation of the
deflection field

with other
cosmological

probes.

e.g. weak lensing, galaxy
counts, CIB ...

- break degeneracies.

- constrain systematics.
- constrain galaxy bias

Highest science impact expected on: neutrino mass sum, dark

energy, test of GR, and understanding galaxy evolution.
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CROSS CORRELATIONS: SYNERGY WITH GALAXY AND

WEAK LENSING SURVEYS (BIGBOSS DES, LSST)

CMB Iensmg X Galaxy denS|ty X Galaxy Lensmg

0.25}F
-+ Planck
— 0.20} ACTPol + Planck
3 ACTPol + cross Boss + Planck
0.15
Eh _______________________
w . ». ACTPol cross Boss
0.10 . cross HSC + Planck
0.05}F
0-9%50 0.775 0.800  0.825 0.850 '
03

2.y [eV]

0.5

0.4

0.3

0.2

0.1

0

Planck + ACTPol + HSC
-------- CMB
L .
S,
! B td+y -
0.1 011 012 013 0.4 0.15

In Q,,h?

Namlkawa et al (2010)
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CROSS CORRELATIONS CAN BE USED TO
CONTROL SYSTEMATICS IN OTHER PROBES

Example: Cosmic shear multiplicative bias

Ropt = TN X Rirye

Gopt(m) \ ( gcms(n) = B
dn (20 ) (252 P ()

CMBLxWL _ (romsron:

CMBL x CMBL (Cjcusrenms —L_l gemsm)\? p (1
0.06 ~ v v - v PN
q) 0.04 O 1
: 0.02¢ . \\\ 1
- ‘ ‘ :
=5 i | (Vallinotto 201 |)
g— > . (Das, Spergel et al. in prep)
-0.02} L e 1
QL "
=0. 0%.06 - 0 02 0. 00 0. 02 O.bd 0.06

Mult ""Blas

Sudeep Das, Paris, Julg 27,2012 4




CROSS CORRELATIONS CAN BE USED TO
MEASURE BIAS OF TRACERS

600 , , v 1077

Total S'N = 34.4
SN (TT only) = 30.2

500 “ g X d

100} | ol = 5H()

300}

dN/dz

200
10°°

100}

% i 2 Reds'jhiftz 1 5 6 107 10! (m'—’ 10°
Assume 80 QSOs/sq. degree. (Also Interesting
Linear Bias = 3 is the IR/submm xcorr)

Total S/N =34 (1000 sq. deg.)
For LCDM, translates to measurement of bias to 3%.
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CROSS r~—~ _
MEASUF 4 First A8~ (4-sigm)
: -S
B Lensing
600 y 2
o |
- Total S'N = 34.4
200 17 X S/N (TT only) = 30.2
—
400} L
0 — |
. 500 2000 ol ()
= 300} 500 1099
: ° 2 543
4 N\
200 Das Hajian et dl |207' < ppes-
rwin, ’ cross-powe
| Sh o ar de ythe covariance be-
100 CMB le plue ( : e of
FIG 2. The nts S m Slgnlﬁcanc
2 " yith the dat po negligibl Th?-rh green SO d
g ) : 7 p : . . -
0 ‘ tween diff€ L cross-sp m a ias am
0 1 tijon of the um f "
the detei ory line a\CU‘?‘t o 10°
i B e
A ,
Assume 8 %

Linear Bia (see also, Bleem et al. 2012)

Total S/N =34 (1000 sq. deg.)
For LCDM, translates to measurement of bias to 3%.
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SUMMARY

e CMB lensing is a new and powerful tool. First measurements and
applications and coming in.

* High resolution polarization experiments like PolarBeaR,ACTPol and
SPTPol will be primarily CMB lensing machines.

e CMB lensing will provide new constraints on neutrino mass, dark
energy, curvature, ...

* A large array of cross-correlation projects are possible with the
wealth of data in multiple frequencies. These will help constrain galaxy
formation models, GR. geometry, and other cosmological parameters.

* Be prepared to witness a very productive interplay of CMB, fundamental
bhysics, and astrophysics in the coming years!

Sucleep Das, Paris, Julg 27,2012
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Thank YOU!
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HIGHER ORDER PEAKS HELP CONSTRAIN
PARAMETERS BEYOND ACDM

T T T T
2000 - ACOM ——— ]
dn_/dink=-0.075
» S -
i ! N ff=‘|O —_—
A Yep=0.5 7
P ™ ) -
~N — \ | -
! 500 - | A ]
£ . ., \ | -
~ -
& i ‘\ / ,
N ™ -
N 1000 \/ : | ACT 148 GHz _
(@) . W\ B
~
+ I -
~— i N -
ML 500 WMAP 7yr = ~ 4 -
N The sl)tittl:él index continues to lie below the
- scale invariant ng; = 1, now at the 3o level from the
" CMB alone, with ng, = 0.962 + 0.013.
0 ] ! )
100 500 1000 2000 3000

Multipole moment |
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ACT+WMAP CONSTRAINS NUMBER OF
RELATIVISTIC SPECIES IN THE EARLY UNIVERSE

e == ——— = = =

Y. =1301 )] ISR T S R A S A ‘
| ACT+WMAP ‘
ACT+WMAP +BAO+H

3600:' 0 - - /4 4/3
| i Pr = 1+_( ) Negt

g \ 11

In standard BBN

Neg = 3.04
For ACT+WMAP we find
Neff= 5.3 £ 1.3
Changing Nesr increases radiation density
and leads to enhanced Silk Damping (Hou (The first time CMB
etal. 2011) constrained it from above !)

== e—— — = E— = e

Dunkley et al. (2011)
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ARE HIGH RESOLUTION CMB OBSERVATIONS
POINTING US TO AN Ngrr> 3 ?

" In standard BBN
Nos = 3.04

WMAP 7: > 2.7 (95%)
Komatsu et al. (201 1)

ACT+WMAP: 5.3 +/- 1.3 (68%)
ACT+WMAP+BAO+H,:  4.56 +/- 0.75
Dunkley et al. (201 1)

SPT+WMAP: 3.85 +/- 0.62

SPT+WMAP+BAO+H, 3.86 +/- 0.42
Keisler et al. (201 1)

Not shown:

ACT+ SPT+WMAP+BAO+H, 4.0 +/- 0.18

Smith, Das, Zahn, (201 1)
Archidiacono et al. (2011)

Summary of recent Neff constraints from
cosmology.
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Cross correlation studies with
CMDB |ensing

e S — s e e i SN —
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A

d X galaxies

Great Signal-to-noise!

Galaxy 7 A/10° z. b CMB Expt. (S/N) Ab/b(%)

Survey

0

PLANCK 5.8 17.3
SDSSLRG 124 3.8 031 2 PACT 11.4 8.8
IDEAL 20.4 4.9
PLANCK 10.8 9.3
BOSS1 40. 10 03 2 PACT 25.5 3.9
IDEAL 52.5 1.9
PLANCK 17.0 5.9
BOSS2 110. 10 0.6 2 PACT 39.4 2.9
IDEAL 78.2 1.3
PLANCK 52.8 1.9
ADEPT 3500 27 1351 PACT  107.5 0.9
IDEAL  228.3 0.4

Acquavivia, Hajian, Spergel and Das,
PRD 78, 043514 (2008)



If we cross-correlate the
reconstructed deflection field
with the galaxy number counts,
we go one step closer to the
truth by directly measuring the
galaxy-dark matter correlation.

CMB lensing is particularly
relevant for high z objects,
behind which there are no
galaxies to be lensed!




TESTING GENERAL RELATIVITY

e(k, a) — O—-(a) dlnD T | v(2) =~ 0.557—0.02z is accurate at the 0.3% level
T dlng
: 2 ADEPT Bo= 10‘3 :
EE zc= 135 10 ™ eeniiaanias E
3 212 EE BO 0 &"CDM) :.:
P°(k) = (1+ Bui)°P(k), ~ % :
q F — o T .
X7 e :
1dlnD O+ e &
bla) bdlna > 2 // :
:: - T -~

5 it o sk
?”' —+__..:" {"’ ....... I ----- I =

0.001 0.010 0.100

Acquavivia, Hajian, Spergel and Das, k (h Mpc™)

PRD 78, 043514 (2008)
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CMB LENSING: SYNERGY WITH GALAXY AND
WEAK LENSING SURVEYS (BIGcBOSS,DES, LSST)

Y m, [eV]

0.5

0.4 f

0.3

0.2

0.1 |

0

Planck + ACTPol + HSC

CMB lensing -
X 7
Galaxy Lensing

0.1 0.11

In Q,,h?
Namikawa et al (2010)

0.12 0.13 0.14 0.15 0.16
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CMB LENSING: SYNERGY WITH GALAXY AND
WEAK LENSING SURVEYS (BOSS,DES, LSST)

2. my [eV]
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- ety
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X 33 " QP ooV
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Namikawa et al (2010)

Das & De Putter, in prep.
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CMB LENSING: SYNERGY WITH GALAXY AND
WEAK LENSING SURVEYS (BOSS,DES, LSST)

0.5

Planck + ACTPol + HSC ' '
........ CNe =
0.4 |
E. 0.3 F
2 k|
g
AREL:
Galax-
0.1 ]
Sit
0 yll
0 046 02 026
rm

v

Namikawa et al (2010) F Putter, in prep.
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MEASURING GEOMETRY WITH CROSS-CORRELATIONS

— e .

[Lens: Galaxies

Y ., . e
N s R P A e Ty
. /' .“.“” “:!‘. RO NE 3 0 “'.-,‘:

LY 8 (Y > - - r 4 4

: ' ' 1! al BN R
o : :

n h ! = L T e
| s &5 B n

s |

poMe® da(no — mg)da(ngal)
e dA(Mgat — 1f)da(10)

 —

L
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MEASURING DM GROWTH, AND EARLY DE

s =
]Oh 3 > - R
Cross-correlating =1 ‘
CMB lensing with Ve WasPlanck 3
cosmic shear in | W 100oPlanck 3
} H——
S . - <
redshift slices will & 104 2 " J
probe growth of & P =
structure directly! 210 '
- o ;
Deviations from € t AL A kRS
GRQ I(H’:r 1
107 E
Das, de Putter, et al | *
in prep | 1 M " M 2 el i i (N S % T 1
10 100 1000
Hu (2003) I
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THINGS | LEFT OUT

Primordial B-modes: confusion due to lensing, and the
idea of de-lensing using polarization.

Systematics in temperature and polarization lensing.

Cross-correlation with Lyman-alpha (see Alberto’s
talk)

And maybe some more applications ....

SUCJCCP Das, Paris, Julg 27,2012

/8



