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Why study CMB lensing?

“Observable that has emerged as a robust and powerful probe for Cosmology”

AS a nuisance:

* |t has a small but non-negligible effect on the CMB power spectra

» Lensing effects generate a curl-like (B-mode) polarisation pattern that acts as confusion
noise for CMB polarisation experiments targeting a primordial gravitational wave signal

Just for being itself:

* |t probes the large-scale matter distribution in the Universe:

- How do cosmic structures growth? (og)

. What are the properties/masses of neutrinos? (Z m,)
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Structure growth over
time as a powerful probe
of new physics
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CMB lensing
order of magnitude + geometry

» Typical deflections are of the order of arcminutes, and the

deflection angles are correlated on the sky by approximately ~ 2° Ax

« CMB deflected by mass it passes by:

> X — X
5f=—25yV,® =—> 5d:—2< )5;(VCI>
o

« Summing up all small deflections along photon’s path:

2 _
c_z’)(ﬁ) = —ZJ d)((%* %)VLCD

0 )(*
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in our Universe (with some distance weighting):

b (3) =—2r*d;(<%*_%>cb

0 )0(*

Relationship between
angular gradient and the |
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Poisson’s equation: ;:
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The lensing potential is a projection of the 3D gravitational potentials
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angular gradient and the |
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Poisson’s equation: ;:

How do we probe the projected total mass density in each direction? V2 ] — iQ H25
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fractional mass

K is the quantity that directly probes :
over-density

the mass distribution in our Universe



The lensed CMB temperature in a direction 7, T (ﬁ) IS given
by the unlensed temperature in the deflected direction:

T (A) =T (#) = T(ﬁ+ 57), d=Vg

wf’d c.f. similar expressions can be written for the polarisation
" v+ fields O, U
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| The lensed CMB temperature in a direction 7, T (ﬁ) is given
by the unlensed temperature in the deflected direction:
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Lensing effects on the CMB power spectra
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The lensed CMB temperature in a direction 7, T (ﬁ) IS given
by the unlensed temperature in the deflected direction:

T (A) =T (#) = T(ﬁ+ 57), d=Vg

c.f. similar expressions can be written for the polarisation
fields O, U

Lensing effects on the CMB power spectra
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Temperature fluctuations [ K?]
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| The lensed CMB temperature in a direction 7, T (ﬁ) IS given
by the unlensed temperature in the deflected direction:
; 7. ~ A . —> —>
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" v+ fields O, U
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| The lensed CMB temperature in a direction 7, T (ﬁ) is given i
by the unlensed temperature in the deflected direction:
2 ~ —> — a
] A — 2 Y — A — 3
T(#)=T(@)=T(i+d), d=V¢ #
_' X
\f’z c.f. similar expressions can be written for the polarisation
-' Vb fields Q, U :
i
Lensing effects on the CMB power spectra T
1. Large-scale lenses smooth the peaks of the observed power : fi  Planck/ESA
spectrum = | -
2. Small-scale lenses introduce small-scale power into the damping tail : - =

3. Lensing of the CMB polarisation causes power to leak from E- to B- =
modes (c.f. lensed B-modes are nearly white, CfB ~ 2 X 107 //th prrery i

corresponding to instrumental white-noise level of SuK-arcmin)
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« Similarly, we obtain lensing B-modes from the convolution of E-modes with the lensing potential:
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“Answering the Big Questions” 5 10~
* Recall for CMB temperature: > 1077
~ 10 Lensing B
T(X) = T<X T V¢) = T(X) T V¢ VI ... — 1 —— Primordial B (r = 0.002)
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B-modes from the early Universe and
delensing

“Answering the Big Questions”

* Recall for CMB temperature:

Tx)=T(x+Ve)=TX)+Vep-VT+.. =

- - del
T =T — . r'Ta)-a-1mnea-r
J (27)
« Similarly, we obtain lensing B-modes from the convolution of E-modes with the lensing potential:
R - del
BO) = | ——WALDEW)$A-T)
J (2n)
. o A 1
» We can reduce lensing noise via de-lensing: B (1) = 2
J (2n

- Want f (1,1") to minimise residual B-mode power, and then:
re 21,
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CMB lensing reconstruction s w N S
Statistical isotropy on CMB maps: (T (1) T (")) = (272') C, 5P 1 -=1)

~shift to larger

CMB lensing breaks translation invariance, introducing new correlations: ©wi ' angularscales
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CMB lensing reconstruction i nmma S Ry
Statistical isotropy on CMB maps: (T (1) T (")) = (272') C, 5P 1 -=1)

shift to larger

CMB lensing breaks translation invariance, introducing new correlations: ©wi ' angularscales

T(l) =T() - [ (;ﬂ)z "TA)]-A-1)¢A- 1')

with L =1'—1. Motivates deriving lensing estimator of the form

THTL =1

Combine all pairs with inverse-variance weighting:

K(L)
) J d2l 1 THTL =1
2z)* var [TMHT@L-D/KQAL) KAL)
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How to measure CMB lensing ?

CMB lensing reconstruction
WITH CMB
Arrive to expression for quadratic estimator: POLAR]ZAT[()N FlELD

A d1 |L-D-LCyy+1-LCG| L - J d C, ~ T(L —1)
L) ~ . TMHT(L -1 = NL)L - 1——T()| -
Cb ( ) J (271_)2 [ 2 Cltot Cltﬁt—ll ( ) ( ) ( ) (271_)2 [ CltOt ( )] [ Cltﬁt_ll




How to measure CMB lensing ?

CMB lensing reconstruction

WITH CMB
Arrive to expression for quadratic estimator: POLAR]ZAT]ON FlELD

X d1 [(L_l)'LC|L—l|+l°LCl - d1 [ C, ~ ] [T(L—l)]
H(L) "’J . THTL =1y :N(L)L-J I—~ 7| -

(27) 2C Gy, 2m> | CitLy,

In general, for two CMB fields X, Y, the estimators are of the form:

- a1 _
Pxy (L) = Ny (L)J XY (A =-L) gxy(, L)
(27)




How to measure CMB lensing ?

CMB lensing reconstruction

WITH CMB
Arrive to expression for quadratic estimator: POLAR]ZAT]ON FlELD

&(L)NJ e s -T(I)T(L—l)—N(L)DJ S PO I
(27)° 2CPClLy, B 2np? | Ci'y

In general, for two CMB fields X, Y, the estimators are of the form:

- a1 _
Pxy (L) = Ny (L)J XY (A =-L) gxy(, L)
(27)

I-LCH+(@L-D-LCi%,

~FE tot /B, tot
Cl ClL—ll

For the case X = E, Y = B, the minimum variance estimator has g.5(l, L) = sin(2¢)




FAST
How to measure CMB lensing ' ?

CMB lensing reconstruction

WITH CMB
Arrive to expression for quadratic estimator: POLAR]ZAT!()N FlELD

&(L)NJ e s -T(I)T(L—l)—N(L)DJ S PO I
(27)° 2CPClLy, B 2np? | Ci'y

In general, for two CMB fields X, Y, the estimators are of the form:

- a1 _
Pxy (L) = Ny (L)J XY (A =-L) gxy(, L)
(27)

I-LCH+(@L-D-LCi%,

~FE tot /B, tot
Cl ClL—ll

For the case X = E, Y = B, the minimum variance estimator has g.5(l, L) = sin(2¢)




FAST
How to measure CMB lensing ' ?

CMB lensing reconstruction

WITH CMB
Arrive to expression for quadratic estimator: POLAR]ZAT]ON FlELD

&(L)NJ e s -T(I)T(L—l)—N(L)DJ S PO I
(27)° 2CPClLy, B 2np? | Ci'y

. . v Y
In general, for two CMB fields X, Y, the estimators are of the form:

. aa _ F, F,
¢xy (L) = Nyy (L)J > XD Y (A-L) gxy (1, L)
(27)

I-LCf +@L-1-LC§%,

~FE tot /B, tot
Cl ClL—ll

For the case X = E, Y = B, the minimum variance estimator has g.5(l, L) = sin(2¢)

The integral is @a harmonic-space convolution =— Write as real-space product

H(L) = — N(L)szx e XV . [F (x) VF, (%)]
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The CMB lensing power spectrum

Not as straightforward as one would imagine

How come | pick up a signal
when | try to measure lensing
on the unlensed CMB?

What is NV (L)?

What happens in the presence
of a mask?

1079 : : :
— 1T ACT-like /
—— EB SO-like ,

TN
— signal

1079 )
m— LM 3
&LM - <§gLM> |

S —— - (0)

D L

LA(L+1)2C9°/ (2m)




The CMB lensing power spectrum

Not as straightforward as one would imagine

How come | pick up a signal Lensing amplitude with respect

What iS N(L)? When I tl’y o measure IenSing to ACDM prediction <A1€HS)?
on the unlensed CMB?
6 x 1079
10~ . . . _ —

— 1T ACT—hke/ What happens in the presence 2

— EB -==- SO-like
€ ' of a mask? | !
5 ~
C%D: 109 — signal J |
+ — — @gLM ] 1
2 5 buai — () ]
S =107 e |

| —— P-ACT ACDM prediction |
OF------ $ ACT DR6 daytime data _________ %
Ajens = 1.071 £ 0.060
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