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— Kosowsky’s “Introduction to Microwave Background Polarization”
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e CMB lensing
— Lewis & AC’s “Weak gravitational lensing of the CMB” (arXiv:astro-ph/0601594)
— Hanson, AC & Lewis’s “Weak lensing of the CMB” (arXiv:0911.0612)

e Applications of CMB lensing
— Smith et al. CMBPol document (arXiv:0811.3916)

e Textbooks covering most of the above

— The Cosmic Microwave Background by Ruth Durrer (CUP)



INTRODUCTION TO CMB POLARIZATION



CMB POLARIZATION: STOKES PARAMETERS |

e For plane wave along z, symmetric trace-free correlation tensor of electric field E
defines (transverse) linear polarization tensor:

Pap = ( %<
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e Under right-handed rotation of x and y through 1) about propagation direction (z)

Q+iU — (Q+il)eT?™¥ = Q4+ iUis spin -2



E AND B MODES: VECTOR FIELDS |

e As a warm-up, can always write vector field in 2D as

Ve = gradient 4 divergence-free vector
VaVi + e’VpV3

e Consider spin-+1 components of V' on null basis m . = (9y =+ icosecho,)

— Since e,’m%4 = FimY_ have

my -V (0p & icosectiy) Vi F (0 £ icosechi,) Vi

(0p & icosectdy) (Vi FiVp)

e Define spin-weight derivatives via

Jsn = —sin® (0 + icosecdy)(sin™ " 0sn)
dsn = —sin~®0(9y — icosecd,)(sin® Osn)

— Then spin components of V' are spin-weight derivatives of complex potential:



E AND B MODES FOR POLARIZATION |

e Generalisation of E-B decomposition to 2nd-rank STF tensors
Pap(n) = V(o Vi Pp + € (V) VePp

e Components of P,;, on null basis are complex combinations of Stokes parameters
(defined in (8, —¢) basis following 1AU)

m?l:ml:)tpab =QF U
e Evaluating null components of covariant derivatives gives
Q + iU = 00(Pr — iPp), Q — iU = 006(Pg + iPg)

e Pr and Pg are scalar fields = can expand in usual spherical harmonics:
_ [—2)! . [—2)!
Pp(n) = Z ((l_|_2))|Elelm(n) Pp(n) = Z ((l+2))|Blelm(n)
Im Im
— l-dependent factors “undo” ~ 2 factors from double derivatives to give

| | o [ 55 |
Q+iU =" (B F iByn)\/ (15231 { o } Yim = Y (Eim F iBiyn)+2Yim
lm

Im
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FLAT-SKY LIMIT |

e Work near North pole and can use global =, —y basis now
e Since my = TP (2 +iy)
(Q+il)far = eT29(Q £iU)
o | 00 .

= T2 { 5 } (Pg ¥ iPp)

~ eT29eE210(9, £ i9,)%(Pp F iPp)
e In Fourier space, with e.g. Px(1) = E(1) /1 have

(Q+i)fat(D) = —e T UE FiB)(1)

— Fourier modes E(1) produces (Q polarization on basis adapted to I:

Pure £ mode Pure B mode




TWO-POINT STATISTICS |

e Statistical isotropy demands 2-point correlations of form
<ElmEl>I;m’> — ClEéll’émm’
e For Gaussian fluctuations all information in power spectrum C;

e Under parity transformations Q(n) — Q(—n)and U(n) — —U(—n) SO

P(Q*iU)(n) = (QFiU)(—n)
= Z p(Elm + iBlm)$2§/lm(ﬁ) — Z(Elm + iBlm):I:QX/lm(_ﬁ)
Im Im
— Z(_l)l(Elm + Z.Blm)Z|22Y'l777,("’:”)
Im

— Follows that E;,,, — (—1)'E},,, under parity but B;,,, — —(—1)!By,,

— Cannot have E-B or T-B correlations if parity respected in mean

o Flat-sky limit of power spectra: e.g. (E(1)E*(l")) = CES(L - ')



PHYSICS OF CMB POLARIZATION



CMB POLARIZATION: THOMSON SCATTERING I

\Hot

e Photon diffusion around recombination — local tem-

perature quadrupole
Cold
— Subsequent Thomson scattering generates (par-

tial) linear polarization with rm.s. ~ 5 uK from

density perturbations

Polarization

e Thomson scattering of radiation quadrupole produces linear polarization
(dimensionless temperature units!)

3 1
d(Q £iU)(e) = ganeUTdn > 42Yon(e) <E2m — \/;@2m>

— Purely electric quadrupole (I = 2)

e In linear theory, generated () 4 U then conserved for free-streaming radiation

— Suppressed by e~ 7 if further scattering at reionization
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PHYSICS OF CMB POLARIZATION: SCALAR PERTURBATIONS |

o Single plane wave of scalar perturbation has ©5,,, Y3, (k) = with k along z,
dQ x sin?@ and dU = 0

Scatter Modulate

Plane-wave scalar quadrupole Electric quadrupole (m = 0) Pure £ mode

e Linear scalar perturbations produce only E-mode polarization
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QUADRUPOLE SOURCE TERM |

e Consider scales large compared to diffusion-damping scale (fewx 10 Mpc)

— Temperature fluctuation seen by electron determined by conditions at previous
scattering [,, away:

O(e) + 9 ~ (O0+ 1) (—lpe) + e vy (—lpe)
. 1~ . .
~ (O +9) —1pe'0;(©0 +v) + 5%626‘7@;3]'(@0 + )
—|— € - ’U(b) — lpeiej(‘?jv(b)i —|— cee

— Dominant temperature quadrupole for each source from trace-free part of ete’
component [eliel) = elel — §%/3):
S OomYom(e) ~ 112 (e920.0:(00 4+ 1) — lpe'ied?§ vy,
2m I 2m 5 p€ €700, 0 p€" €U V()4
m
— Intrinsic temperature contribution suppressed by factor ~ ki, cf Doppler
e Polarization traces baryon velocity at recombination = peaks at troughs of AT

e Large-angle polarization from recombination small since quadrupole source
generated causally
12
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SCALAR POLARIZATION POWER SPECTRA I
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e Polarization mostly probing v; at last
scattering

— CF peaks at minima of C}/
e Correlations between 7" and E

e Additional large-angle polarization from
scattering around reionization

e B-modes are generated at second or-
der, e.g. by lensing (see later)
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CORRELATED POLARIZATION IN REAL SPACE |

e On largest scales, infall into potential wells at last scattering generates e.g. radial
polarization around large-scale cold spots

e Sign of correlation scale-dependent inside horizon

Converging velocity flow
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CORRELATED POLARIZATION IN REAL SPACE
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LARGE-ANGLE POLARIZATION FROM REIONIZATION I

Temperature quadrupole at reionization peaks around k(nre — 1x) ~ 2

— Re-scattering generates polarization on this linear scale — projects to
L~ 2(no — nre)/(nre — nx)

— Amplitude of polarization o« optical depth through reionization — best way to
measure T with CMB

10 1001000

[l(i+1)C,/2n/] / uK?
1

107%107%0.01 0.1
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GRAVITY WAVES AND THE CMB |

o Tensor metric perturbations ds? = a?[dn? — (6;; + h;j)dz'dz’] with §“ h;; = O

— Shear (anisotropic expansion) o hij gives anisotropic redshifting =

oO(n) ~ ——/dn hzjn

— Only contributes on large scales since h;; decays like a1 after entering horizon

TTH‘W T T TT1TTT
111 I

oa \
M oo r
0L il
~ S E
IS
: 8 L Density perturbations J
= Gravity waves (r=1) E
o L
— E

10 100 1000
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CMB POLARIZATION FROM GRAVITY WAVES |

e For single 4-polarized gravity wave with k along z, ©,,,, < §,,5 + J,, _> SO

dQ x (1 4+ cos?0) cos2¢ and dU x — cos 0 sin 2¢ |
Modulate E E mode

Plane-wave tensor quadrupole Electric quadrupole (|m| = 2)

Scatter

e Gravity waves produce both E- and B-mode polarization (with roughly equal
power)
18



SCALAR AND TENSOR POWER SPECTRA (r = 0.2)
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OBSERVATIONAL STATUS AND APPLICATIONS

20



CURRENT MEASUREMENTS: T'E AND EFE |
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e Super-horizon, adiabatic fluctuations from T'E anti-correlation for 5° > 6 > 1°

e Optical depth through reionization: - = 0.087 4+ 0.014 from WMAP7



TE AND EE FORECASTS FOR PLANCK
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PARAMETERS FROM POLARIZATION: ACOUSTIC PEAKS AND DAMPING TAIL I

e 30% improvement on Qbhz, Q.mh2, h and ng from Planck E modes at [ > 20

e Other beneficiaries of polarization: isocurvature modes, Helium abundance etc.
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PARAMETERS FROM LARGE-ANGLE POLARIZATION I

e Reionization: = = 0.087 4+ 0.014 from WMAP7

— Expect AT = 0.004 from nominal Planck mission

e Constraints on gravity waves (next)
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PRIMORDIAL GRAVITATIONAL WAVES AND B-MODES I

Well motivated by inflation models
— Amplitude depends only on Hubble parameter during inflation

— Should be detectable in CMB in large-field models (A¢ > Mp, requiring
GUT-scale inflation)

Detection would rule out some models (e.g. cyclic)

— Also problematic for many string-inspired models
Current best limit from WMAP7 (AT and E) alone: » < 0.36 (95% CL)

Improves to » < 0.24 with inclusion of BAO and H (degeneracy breaking)
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GRAVITATIONAL WAVES IN THE CMB |
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e Cosmic variance of dominant scalar fluctuations limits Ar = 0.07 from T and
Ar = 0.02ifinclude E

— Degeneracies make actual limits worse; WMAP7 alone » < 0.36 (95% CL)
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CURRENT CONSTRAINTS: BB |

[(1+1)C,PP J2m (uK®)
0.1

0.01

10

e BICEP limit (Chiang et al. 2009) on » from B-modes alone: r < 0.73 (95% CL)

e B-modes will improve on » < 0.24 in next generation of experiments (Planck,

BICEP2, EBEX, SPIDER etc.) 07



THE (NEAR-)FUTURE OF CMB

Better measurements of higher peaks and damping tail

— Sub-percent errors in acoustic parameters from Planck and shape of primordial
power spectrum

Better £-mode polarization

— Some improvements in parameters and tests of large-angle anomalies
Direct detection of weak lensing effect in CMB temperature and polarization

Physics from scattering secondaries (reionization and clusters) and lensing
reconstruction

Tighter constraints on non-Gaussianity (A far7, ~ 5 from Planck)

— Polarization improves A f, by up to factor 2

Gravity waves from B-mode polarization (E;,s and improved inflation
phenomenology)?
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INTRODUCTION TO CMB LENSING
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CMB LENSING |

CMB photons gravitationally deflected by LSS in propagating from last-scattering

surface

Geometric deflections conserve surface brightness so no effect on uniform
2.275 K CMB

CMB anisotropies and polarization mostly sourced around last scattering over
distance ~ 100 Mpc

— Narrow compared to 14000 Mpc distance to last scattering: approximate CMB

as single source plane

Only consider transverse displacements here

— Radial displacements are suppressed geometrically

30



CMB LENSING ORDERS OF MAGNITUDE I

laSt scattering surrace

A

e Bending angle 68 = —6xV | (¢ + )

— Typical potential ~ 2 x 107> so ex-
pect 68 ~ 10~4

e Coherence size of potentials

~ 300Mpc so random walk with

X 14000/300 ~ 50 steps from last
scattering

— Net deflection typically +/50 X
10~ ~ 2 arcmin

— Coherent over 300/7000 ~ 2° for
lens midway to last scattering

31



QUALITATIVE EFFECTS ON CMB OBSERVABLES |

Acoustic peaks on degree scales:

— Deflections much smaller (2 arcmin) but coherent over size of acoustic features

— Typical CMB hotspot has its size increased/decreased by 2/60 ~ 3%
smoothing out primary acoustic peaks

Primary CMB smooth on arcmin scales (diffusion damping):

— Arcmin scale lenses imprint (non-Gaussian) small scale power exceeding
primary CMB

Only relative deflections are important!
Transforms E-mode polarization to B (and vice versa)

Introduces non-Gaussianity to CMB

32



SO WHY SHOULD YOU CARE? |

Must include effect on power spectra to avoid biases in parameter determination

— Can use this to break (some!) degeneracies

Lens-induced B-modes act like white noise for primordial gravity wave searches

Use non-Gaussianity to reconstruct deflections

— Further constraints on dark parameters
Must account for “local” bispectrum in f]'\?ga'

Constrain cluster masses at high redshift

searches
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COMPARISONS WITH GALAXY LENSING I

Single source plane at known distance (fixed by background cosmology)

Statistics of sources on source plane well understood
— Given by linear-theory power spectrum

— Magnification and shear equally useful so work with deflection angles directly

Sources are large, i.e. CMB is smooth on small scales

— CMB features do not “point-like” sample shear and magnification
Source plane very distant — most efficient lenses at z ~ 2 — and large linear lenses

Full-sky observations so account for spherical geometry for accurate correlation
results

34



LENSING DEFLECTIONS I

e Lensing preserves brightness; simply re-maps temperature and polarization from
recombination

O(n)=0Mm+a) (REiU)(R)=(Q*iU)(A+ a)

e Lensing (angular) deflection field from summing contributions of lenses along line
of sight:

* d *x ~
a(h) = —2 /OX dx Ag(X*)X)VLw(xn; o—x)  2W=t¢n+on

X d —
_ o [ gy Al =)

VaV(xn;ng — x)
0 da(x)dalx) "

— To O(W) can take integral along background line of sight (Born approximation)

e Deflection is then angular gradient of deflection potential, o« = V z:

- X da(xx — Xx) .
w(R) = =2 [Fdx S Wi~ X)
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POWER SPECTRUM OF LENSING POTENTIAL I

. oo da(Xs—X) o
Y(n) = —2/0 dx dA(X*)dA(X)W(nx, 70 — X)

e Fourier expand (Weyl) potential as W (x;n) = [ (2d3)’§/2\u(k n)etk T and use

plane-wave expansion to get

Bk da(xs —x)
(27)3/2d 4 (xx)d a(x)

e In terms of unequal-time power spectrum of W(k; n),

Yim = —8ril [ dx W (ko — X051 (k) Vi (R)

(W s )W (' o) = 25 P s .16k — )

get power spectrum of deflection potential
da(x+ —x) dalxs« —x)

X X+
C¥ = 167 / dink / dx / ax' Pu(k; 10 — x 10 — %)t (Bx ) (Bx)
: 0 0 da(x)da(x) da(x)da(x")
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DEFLECTION POWER SPECTRUM I

e Limber approximation ok except on large scales:

8w2 X+ dalxs —x) \°
Cw%—/ xdx Pw(l/x:n —x)(
LR Jo XIXPWURGTo TN G (a0

e Deflection angle power spectrum is [(I + 1)Cl¢

- d{a?)/dInl ~ [I(1 + 1)]20l¢/27r peaks at [ ~ 40 (few degrees coherence)
— Receives contributions out to high redshift

non-—linear |

10 100
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©-1) CORRELATION I

g - 0.1 N

0.01F

1 10 100 1000

e ISW (z < 1) sourced by LSS that also lenses CMB

— Produces positive large-angle ©-1 correlation, important for non-Gaussianity
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LENSING OF CMB POWER SPECTRA
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LENSING EFFECT ON TEMPERATURE I

O(z) = O(z+a) = O(z) + a(z) VO(z) + -

Hanson, AC & Lewis (2009)

e Antony Lewis’s temperature and polarization re-mapping tool LensPix:
http://cosmologist.info/lenspix/
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CALCULATING LENSED SPECTRA: APPROXIMATIONS I

e Lensing potential uncorrelated to temperature

— Good, except on large scales (ISW) but ignoring is harmless

e (Gaussian lensing potential

— Breaks down on non-linear scales but even then ok for calculating lensed power
spectra

e Optional simplifying assumptions:
— Work in flat-sky limit (induces percent level errors in lensed B B)

— Series expansion to leading order (will have to relax later)
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FLAT-SKY TEMPERATURE ANISOTROPIES I

e Expand unlensed temperature in Fourier modes:

d?l

@(w)z/—w@(l)eil'm  eWmerd)) = s -1

e Since only relative lensing displacements important, convenient to work with
correlation functions

2 .
£(r) = (O(x2)O(z + 1)) = /%Clezl-r
= (= /dQTS(T)e_il'r = 27T/’I“d”f’ E(r)Jo(lr)

e Lensed correlation functionby r — r 4+ a(x +r) — a(x) =r + o/ — o and
averaging over lenses:

d?l
(2m)?
— Only depends on relative displacement o/ — a!

E(T) — Cl<€il-r€il-(a’—a)>
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LEADING-ORDER CALCULATION I

e Expand expectation of exponential as

) = 1 il (@ ) — ([ (o~ a)]?) +
=1— (1 )2+ Lilj (o) + (statistical isotropy)

e Correlation tensor of displacements is
d°L

LD, CY el
(2m)2

(aja) =

— Follows that

(1 -a)?) = o fldbioow 1o 2 (independent of )
2 L2

2T
d°L .
IN\ (5 2 +L-r
(l-a)(l-a)) = (QW)QCL(L-I) e’
e Extracting lensed C; from correlation function gives
~ 1 d2l d°L S |
O = 1——l2 2]0 /d2 C. —il-r Zl-’l“Cw L.l/QzL”T‘
l [ 2 <a > l_I_\ r (27_(_)2 (277)2 le € L( ) € )
=[ &L cl,c (- (1-1)]2

(2m)2 =4
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LENSED TEMPERATURE POWER SPECTRUM I

d2l’ "

e Second term is a convolution: smooths acoustic peaks and generates small-scale
power in damping tail

G =[1- S22+ | w12

o
8 1 I
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Qo 3
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CANCELLATIONS BETWEEN TERMS I

e Taylor expansion out of control in map at I ~ O(1000) for 3-arcmin deflections but
only relative deflections matter for statistics

()
O = —
o A
O]
S| i
3O
~ <t
5 (5000)
\ -
o -
— O
+ O | _|
~ O
= X ~
(06°0)
S I I T R 1

o500 1000 1500 2000
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SMALL-SCALE LIMIT |

e For ! > 1000 primary CMB has little power (diffusion damping) so drop first term:
d2l' / N2
Ci~ [ omyaCrCiy - =]
e Integral restrictedto I’ < Ilsol —1' = I:

Gy ~ C‘”/(

ldl
—z20¢ / "Prre, = <(ve)2>12q¢

d2l
SCu(l - 1)?

e Small-scale lenses imprinting structure at same scale by displacing local gradient
(((VO)?) ~ 2 x 10° uK?)

B

—_
o

{1+ 1)CP /2muK?

10 100 1000 10000
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COMPARISON WITH OTHER SECONDARY ANISOTROPIES I

e Lensing correction significant for 500 < [ < 3000

— Sub-dominant to thermal SZ on small scales

100

AT (LK)

0.1

Hu & Dodelson (2002)
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A MORE ACCURATE CALCULATION |

d?1
(2m)2

é‘(r) — Cleil-?“<eil-(a/—a)>

Expansion of e"l‘(a/—a)> slow to converge at high [
Avoid by making Gaussian assumption for deflections so
<€z’l-(a’—a)> — —3{l-(a=a)]?)
Expectation value here is ([l - (a — &')]?) = 1?02 (r) + 1% cos 2¢ Cg) 2(r)
- o2(r) = [HL20P 11 — Jo(ir)] = ((@ — &’)2) /2 is variance of a — &
- Cgi2(r) = [ %ZQC;DJQ(ZT‘) is small correction due to anisotropy of (o«

Lensed correlation function becomes

E('r‘) p— @CZQ_ZQO-Q(T)/Q @G’L‘l’f' COS qbe_ZQCgLQ(T’) COS(2¢)/2
27 21T

ldl , _1252¢, 1
~ /;Cle 2%(r)/2 [Jo(l?") + Elzcgl,z("“)JQ(lT) + -

Note exponential is non-perturbative in Clw

/.
J

)
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ERRORS IN LEADING-ORDER RESULT I

e Few percent errors in lensed C; around [ ~ 3000

— Significant fraction of lensing effect on these scales

e Leading-order calculation accurate on large scales (I~ ! >> typical deflection) and
on small scales (CMB accurately a gradient)

0.1r

0.05

\ \/

AC;/Cy

-0.05

-0.1F

1000 2000 3000 4000 5000 6000 7000
[
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DETECTING LENSING IN POWER SPECTRA I

Cl — Clno—lens + QIensACllenS

* giens = 1.237752 (95% C.L. from WMAPS5 + ACBAR)
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LENSED POLARIZATION POWER SPECTRA |

e Calculation for polarization spectra similar to temperature
e Assuming no primordial B modes, leading-order results are
~ [ 1o d2l’ / IND.
& =(1—§z ( >Cz +/( Oyl (U= 1)]Pc0s2 2(dy — o)
CTE — (1 1l2 > —I—/ d l/ [ - (1 —1)]%cos2(d; — o)
: 2 (2r )2 |l 4 LR
e Qualitatively new feature is generation of B-modes from lensing of E:
~B dzl/ / /N2
CF = [ GOl Oyl = 1)Psin® 201 — )
— Geometric term ensures broad mode-coupling of E-mode power to B

— Non-linearities in ) change low-I B modes by 10%!
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LENSED E-MODE SPECTRA I

e Similar effect to temperature
— Smoothing of acoustic peaks but more pronounced since sharper

— Transfer of power to small scales
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B-MODES FROM LENSING |

e FE-mode power peaks on small scales so, for I < 1000 have l’ — [ ~ I’ and

| 1 Udl
(- 1)2CYCf sin? 26y = = / S Lleiter:

27

o White noise spectrum with C ~ 2 x 1070, K?

— Additional source of confusion for primordial B-mode searches comparable to
Ap ~ 5 pK-arcmin
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COSMOLOGICAL PARAMETERS FROM LENSED SPECTRA I

e Important to include lensing to avoid parameter biases at high [ (Lewis 2005)

— (; covariance due to lensing non-Gaussianity ignorable expect for BB

e Lensed spectra break geometric degeneracy

— Models with same d 4 (z«) generally have different CZ’D

e Lensed spectra contain essentially two new pieces of information (Smith et al.
2006)

— One from T and E about Clw forl < 300

— One from B about C}b over a broad range of [

— More information can be mined with lens reconstruction (next!)
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ASIDE. GEOMETRIC DEGENERACY I

o
© | Q_h®=0.14, O h"=0.024
0,=0.0, 0,=0.73 (h=0.72)
oy 0,=-0.288, 0,=0.0 (h=0.33)
o
15
~ 3
§
AN
Q
= o
53
= Q
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e Primary CMB fluctuations only constrain d 4(zx) = 14116 4+ 160 Mpc (WMAP7)

— Need external data or secondaries (e.g. lensing) to break geometric
degeneracies beyond flat, ACDM
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LENSING RECONSTRUCTION
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BASICS OF RECONSTRUCTION I

For fixed lenses, lensing correlates lensed CMB © with gradient of unlensed CMB:
O(x) =0(x) +al(zx) - VO(x) + - --
~ 1
=  (89,0)g = a;(0;09,0)g = 5oéz-<e>v2@>@
— Can estimate unlensed CMB by Wiener filtering observed CMB (see later)

Chance correlations between unlensed CMB and its gradient introduce statistical
noise to any reconstruction (similar to shape noise in galaxy lensing)

Reconstructs the projection of dark mater on 100 Mpc scales back to high redshift

Can estimate Clw from reconstruction by looking for excess power over and above
that due to Gaussian CMB
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RECONSTRUCTION IN FOURIER SPACE I

e Fourier transform of ©(z) = ©(z) + a(x) - VO(x) + --- is

21/
oW =W ~ [T -4 1)eW)~1) +

e Fixed lenses produce anisotropic (off-dlagonal) correlations in lensed CMB:

OWE (- L))o = Cid(L) + - [1- L'Ci+ (L~ 1) - LCy_p)| (L)

— Estimate lensing potential for L #= O W|th a weighted-average of off-diagonal

terms:
2
wr) =N [Tewera - nya 1)

— Want an unbiased estimate averaged over realisations of CMB — fixes
normalisation:
d?l
(27)2

B(L)e =v(L) = N@)'= (L—1)-LCy_p +1-LC) g(1, L)
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“OPTIMAL” QUADRATIC ESTIMATOR |

2
oL =N [T 6w - D). 1)

e Free to choose weights ¢(I, L) to minimise statistical noise in reconstruction;
leading order result gives

(L-1)-LC;_p +1-LC

~tot~tot
20770

g(l,L) =

where C‘}Ot is total observed CMB power including instrument noise

e Statistical noise on reconstruction is
2 —1
21 [(L—=1)- qu I +1- LGy

0 2\ ~ —

— Noise from both instrument noise and CMB sample variance

— Requires high resolution — small CMB blobs can be used to reconstruct lenses

on all scales
59



ESTIMATOR IN REAL SPACE I

d2l 1C;6(1) (L —1)

~tot ~tot
2t O C|l—L|

H(I)=N@L- [

e Integral is a convolution so has local real-space form:

- d?xr _.r.
B(L) = —N(L) [ S—e BV - [Fy(2) V()]
where filtered fields in Fourier space are

_o® _ge®
Fl(l) = C’ltOt and FQ(l) = C’ltOt

— F»(x) is Wiener reconstruction of unlensed CMB so Vi) ~ OV O

Hu & Okamoto (2002)
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STATISTICAL NOISE LEVELS IN RECONSTRUCTION I

= /7

62 +1)/(2m)C4

— N% (WMAPY)
e NP4 (CV-limited temperature £,,, = 2000)

e N¢ (Ap = b pK-arcmin, fpwev = 4 arcmin)

10° 101 102 103 10*
£

Kendrick Smith
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DETECTION OF LENSING IN CROSS-CORRELATION I

e Smith et al. (2007) reconstruct (very noisy!) deflection map from WMAP3

— Statistical noise too high (WMAP resolution 15 arcmin) for direct detection of
lensing but . ..

— Detect signal power at 3.40 by cross-correlating reconstruction with (less
noisy!) LSS tracer (NVSS radio galaxies)

B6x10-8 T T 1 1 T T T 1
- — — — — Fiducial A
4x10-8 H | |
: HH ]
.- - ]
S 2x1078 H -
a / ]
o H TR
_gxlo_ﬁ 1 1 1 1 | I 1 | I I
0 100 200 300

Multipole 1
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RECONSTRUCTION WITH CMB POLARIZATION I

e Quadratic estimators generalise to polarization

— Helpful since more small-scale power and, for T'B and E B estimators, less
confusion from chance off-diagonal correlations

— Needs high sensitivity — imaging lens-induced B-modes requires
Ap < 5puKarcmin

e Can improve significantly on quadratic estimator for polarization (Hirata & Seljak

2003)

Hu & Okamoto (2002)
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STATISTICAL NOISE LEVELS IN RECONSTRUCTION I

= /7

62 +1)/(2m)C4

— N% (WMAPY)
e NP4 (CV-limited temperature £,,, = 2000)

e N¢ (Ap = b pK-arcmin, fpwev = 4 arcmin)

10° 101 102 103 10*
£

Kendrick Smith
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APPLICATIONS OF LENS RECONSTRUCTION: Clw

e Primary CMB provides limited information on sub-eV neutrino masses and dark
energy — only through d 4 (and ISW)

e Reconstruction gives full Czp: much more information than the lensing effect on
CMB power spectra

— Erroron >, my ~ 0.04eV (c.f. >3, my, > 0.05eV from oscillation data)

— Not very constraining for dark energy — o (w) > 0.08 — since mostly sensitive
to z ~ 2 but good probe of early dark energy models

Am =0.1 eV (d, const.)

0.05
\
\

A S (7 \
Aw=0.2 (d, const.)

v o ov
acyY /¢,
0

—0.05

10 100 1000
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DELENSING B-MODES |

e Lensing acts like 5 u K-armin noise for detecting primordial B-modes
— Limits » > 3 x 10~%for/ > 40 and r > 3 x 107> for all {

o Delens by remapping observed polarization with (noisy) reconstructed )

— Up to factor ~ 10 improvement on r but requires ~ 1 uK-arcmin polarization
imaging and < 5 arcmin resolution

— Small-scale T observations alone insufficient; ideal LSS to z = 3 gives factor
~ 2 Improvement

10 100

lensed F

1
w
1

lensed B

Er=1

L r=0.1 ]

W(l+1)C/2m (LK)

107%107°107%107%0.01 0.1
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tensor B
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CMB LENSING AND PRIMORDIAL NON-GAUSSIANITY
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BISPECTRUM FROM LENSING-ISW CORRELATION |

e Reduced bispectrum of lensed CMB:

(G118 U2)OU3)) = 5 byl +1o +1s)
e To leading order
(B(1)812)8(3) = (@(1)O12)(VE - Vi)(Is)) + 5 perms
L5 ety uis - )i - (s - 1)

1
— _g(]ﬁwﬁgll 126(l1 + 1>+ 13) + 5 perms

e Gives reduced bispectrum

1
byints = — i3 + 1) = l1(l1 +1) — 12(l2 + 1)] C2vC + 5perms

— Peaks in squeezed limit ((ISW x small-scale © x small-scale ©))
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IMPACT ON f)0$3! SEARCHES

1 S
biyinls = — 33 + 1) —11(l1 + 1) = 212 + 1)) (Jll‘”cg’ + 5perms
e +25% correlation with bispectrum of local model
— Both peak in squeezed limit

e For Planck (Imax = 2000), gives spurious (local-model) fn;, = 9.3 if uncorrected;
negligible for WMAP (Imax = 750)

0001 B | I I | | I 1 I I 1 I I I I ] T
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bl,lzla/(cllclzcls) 1/2
|
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Multipole 1,
Smith & Zaldarriaga (2006)
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LENSING EFFECT ON PRIMORDIAL NON-GAUSSIANITY I

e Lensing can also modify observed shape of primordial non-Gaussianity

e Analytic calculation to O(Clqb):

1
Obiyigls ~ ~4 [1(11 4+ 1) + 1o(lo + 1) + 1313 + 1)] (@®) by 1504 + By, [C?, b]
h 2660) s (5©500)

e Also check against simulations:

— Generate non-Gaussian maps (Smith & Zaldarriaga 2006; Ligouri et al. 2007)
with correct power spectrum and (at least) bispectrum

Oim = ©py + FNLONY
— Perform lensing displacement with LensPix (Lewis 2005)

— Estimate bispectrum on full sky from lensed maps (reduce MC error by
subtracting 3-pt from ©F )
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LENSED LOCAL-MODEL BISPECTRUM I

le7

Sim. Lensed
Sim. Unlensed
Theory Lensed
Theory Unlensed

¢
(=10 Byy 1010
|
w

500 1000 1500 2000 2500
L

Hanson, Smith, AC, Ligouri (2009)

e Only 0.05% effect hence negligible:
— If Planck found far;, = 60 +£ 5, bias if ignore lensing only A far;, = 0.03
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SUMMARY'

e Weak lensing of CMB is important
— Several percent corrections through acoustic peaks
— Generates small-scale power
— Lens-induced B-modes confuse primordial for » < 0.01
— Non-Gaussian signal

— All generally well-understood and can be modelled accurately in linear theory
with small non-linear corrections

e Potential uses
— Mapping distribution of dark matter to high redshift
— Improve parameter constraints and break degeneracies
— De-lens primordial B-modes

— Others not covered: cluster masses at high redshift etc.

e Watch out for direct detections in next two years (Planck, ACT, SPT etc)
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