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@ Gravitational lensing of the CMB }:(,

Lensing effect (Hu 2000):

X(n) = X(n+d)
X = T7 Qa U

Displacement field:

d=Vo

Lensing potential:

P da(n —nrss) 0
o) = -2 /0 dndA(ﬁ) - dA(nLSS)\I]( i
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Lensing potential
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Lensing in action
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@ Gravitational lensing of the CMB -
the E-modes

Lensing effect to 1st order (Hu 2000):
X(n) = X(n+d) ~ X(n) + VX(n)Vo
X =T,Q,U

In harmonic domain:

CEP = [1 (24 0g— 4)3} CFE |

| 2

1 |2F£~E£q>£E
L Z Wr +1

£<I>9£E

(1-(=1)") C& Cr”

L =10+ ¢+ lg

Radek Stompor 7 CFFP’14, APC, Paris, June 10, 2014



A

E-mode lensing L 4

1—d E lensing kernels
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E-modes lensing P
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% Gravitational lensing of the CMB - > (
the B-modes -

In harmonic domain (Zaldarriaga, Seljak 1998, Hu 2000):
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B-mode lensing kernel ?

1—d B lensing kernels
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E vs B-mode lensing kernels - /‘347\
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@ Quick recap }:ﬂ |

CMB lensing is bound to be there (detected in TT: Planck, SPT, ACT);

Theoretically well understood (within GR) (Hu, Okamoto, Challinor, Lewis, ..):

Simulation tools are available (Lewis 2005, Basak et al 2010, Lavaux, Wandelt
2012, Fabbian, Stompor 2013, Louis et al 2013) but need some care in the
case of B-modes.

BUT CMB lensing is more than merely a consistency test !
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@ What lensing T/E-modes are good for ..
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What lensing B-modes are good for ...

® Neutrinos total mass:
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What B-mode lensing is good for ..

Ym, (eV)

e Neutrinos total mass and mass hierarchy:

10°

Current Cosmology (95% U.L.)
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Future Cosmology - -
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e But also N which will be constrained to better than 0.02
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A
What B-mode lensing is good for ... é\:{é

e Dark energy at z = 1:
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% What B-mode lensing is good for ... L4

But also

- modified gravity models ..
- models which produce small-scales CMB ...

- delensing (if r = 0.2 < needed for nT, otherwise may need to constrain r
itself).

And then there is also EB cross-correlation = parity violating physics
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K
% CMB lensing from cross-correlations %fé

e Easy way to increase s/n if the 301 dCB ./ dz
high and reliable s/n template is
available

e CIB seems to provide an
excellent template to cross-
correlate CMB with.

e CMB lensing was detected
through cross-correlation of the
CMB T map from WMAP and
galaxy surveys (Smith et al
2007, Hirata et al 2008).

e A caveat: it can measure only

The Planck Collaboration, 2013, arXiv:1303.5078

the lensing B-modes. 0.05 1 > 3 4 5 6
z
mm M/M, <10 3 M/M, <102 @ M/M, <10
B M/M, <10 M/M<10¥ @l M/M <10

Radek Stompor 20 CFFP’14, APC, Paris, June 10, 2014



A
@ Flux density for sub-mm galaxies g\:(}
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A
Planck internal: CMB x CIB cross-correlation é‘:@
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A
Herschel/SPIRES év!é

The closest kernel to that of the
CMB lensing (Holder et al, 2013)

Herschel /SPIRE 600GHz
Credit: D. Hanson
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Q SPTpol in a nutshell

Evolution of SPT;

Since 2012 1,600
polarization-sensitive
detectors:

e 2 frequency bands: 95 and
150 GHz:

e 1 arcmin resolution at 150
6Hz (1.6' @ 95GHz);

Deep patch 100 sq. degrees:
e 9 uK arcmin in polarization.

Radek Stompor
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@ South Pole Telescope

SPTpol
~100deg? Deep Field

(2012) ‘et.al.2012

Radek Stompor 25 CFFP’14, APC, Paris, June 10, 2014



Oh 23h Oh 23h Oh 23h

E150 ~CIB ~ lens
’ .n\.,g.".( ‘):!“(? A "."" 2 % ‘ . v . ’ y o ;a
:',, :; s ,\p' A ‘..\ e Shaye e ‘\ 7.4
510 BN e A Fow» -~ eI A < v -51°
e P
L]

ol g, 8 AR et o A e £ e I A
wa Lo et o0 ar Vi U ~ 5 R R IS e 2 L
ABRR R SRy A RSP - » RS 30 Mg
."(v".""\’ Sadr N g - . . Eige e s NS00 VAN LN
\Y ATl Oy i) *. B T P X LA e ) b
B Sy Rt X/ » [Ee o L, JS N LR SN

_540 b 3 LN | ) ",./ S ’-‘o'.:--}: .'" - ol s Wi -\’,-Z_ -
s %
‘

\{ -~ ’ .‘,'_Af ‘ g
A '..,; S L R ¥ ,’\'- "-I
e, 0% 27 BOWA TRALYT) -, bih | T SSSEPOL Y Pl )
o AN “y __“f..? s Yy VY ' . AP T f"!\- ST o
-57 P f.‘~f,‘f_.??:.l":’:,:.§.‘.‘ e oo e ’ » 1 g ot 4 )&3\.{"5"‘ ’t' -57
N, 7 W A

DEC (J2000)

-60°| £15.K 11.6x10°9 +0.5K -60°

RA (J2000) RA (J2000) RA (J2000)

p— ———  ee— —

Wiener filtered map Wiener filtered map
of E (from SPTpol X | of & (from Herschel -
data) 600 GHz data) ofBrE®

—— —— S——

Synthesized map—

Q

Hanson et al 2013, arXiv:1307.5830

26 CFFP’14, APC, Paris, June 10, 2014

Radek Stompor



SPTpol: B-mode perspective
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% SPTpol: Lensing perspective }“‘ |
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POLARBEAR

At ATACAMA

Operating since 2013;
1,200 polarization-
sensitive detectors;

1 frequency bands:
150 GHz:

3.5 arcmin resolution
at 150 GHz;

3 deep patches of 10
sq. degrees each;

6-8 uK arcmin in
olarizati
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CMB-CIB cross-correlations a la

POLARBEAR
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A
@ Internal cross-correlations %‘%

EExEB + EBxEB: 2

e 4.20 rejection of the null
hypothesis;

e 2.30 detection of the
lensing amplitude
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The POLARBEAR collaboration, 2013, arXiv:1312.6646
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Direct BB power measurement
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The POLARBEAR Collaboration 2014, arXiv:1403.2369
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A
« Global view » /@;17\6\
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A
« Global view » - a LAMBDA alternative
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\
Summary }q(,

e There is a lot to learn from the CMB B-modes on small-angular and CMB B-
mode lensing in particular.

e The sensitivity is finally (and nearly) there !

e Indirect, high significance detections are there but use lots of modeling and
assumptions : consistency tests , lower limit on CMB BB ?!

e First measurement of the CMB BB spectrum with uncertainties on order of
the expected signal have become recently available ...

e More work needed and prospects as exciting as ever (CMB-S3/54, satellite
missions, ..)
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