Instrumental Systematics on Lensing
Reconstruction and primordial CMB B-mode
Diagnostics




Outline

» LENSING POTENTIAL RECONSTRUCTION
» INSTRUMENTAL SYSTEMATICS
» EFFECTS ON LENSING RECONSTRUCTION

» DISTORTIONS OF CMB AND PRIMORDIAL B-
MODE DIAGNOSTICS

* SUMMARY




D)
)
-
@)
)
|
-
o9
D)
—
S
@)
o9
&0
>~
S
—]
O
i

ing

CMB lens

SIMULATION: COURTESY NIC GROUP, S. COLOMBI, IAP,




Lensing as foreground to GW B-mode
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Lensing destroys the isotropy of the CMB sky and
introduces coupling between CMB harmonic modes
otherwise uncorrelated Deflection angle

T(h) = T(h +/d(h)),
[0 = iU](h) =[Q = iU](h + d(f))
d(f) = Vo (h)




Off-diagonal terms are proportional the lensing potential

(X)X (L)) = QS + 1)CY (1),
= fo(L,1)o(L) First order

Fxx(ly, 1)) = CfXIIWXX/(ll, l5) + CgXIZWXX/(ll, l),
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Quadratic Esimtator: Lensing induced non-Gaussianity

hormalization AR
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Dominant Reconstruction Noise
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INSTRUMENTAL SYSTEMATIC
EFFECTS ON LENSING
RECONSTRUCTION




Challenges for CMB lensing detection

-astrophysical foregrounds
(See talks by Osborne, Benoit-Levy / Dechelette)

-instrumental systematics (See also Miller's talk)

Important to estimate and control those spurious signals as
well as possible when analyzing upcoming CMB data.

Instrumental systematics may well be required to
reconstruct the lensing potential and/or delense the
observed B-mode to push constraints on r

Two types of systematics:

1, The detector system which distorts the polarization state
of the incoming polarized signal
2, Distortion of the CMB signal due to the beam anisotropy




Instrumental Systematics

T°%(h) = [1 + a(d)]T"(d)
Calibration systematics

——=ClT, Crll — 1)) - 1, P

aa TT

(drr(L))emp = dpr(L) + - Estimator Bais

A1,

(277)2 FTT(ll’ lz)a(L)(CZT + CiT),




Instrumental Systematics of CMB polarization

6|0 £iU]m) =/la = 2w]|n)|Q = iU](n)
A L fy i) (0)[Q F iU ()

i bm’rgl_r)\ ﬁl ugota.tlen—?

onopole leakage +
if ferential gain — Ly1 = iy, J8)T(n),

e :le](n g op(h) - V[Q * iU](h; o)
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Parameterization of the beam
the beam offset

Beam ellipticity

Assuming distortions of the beam are
relatively small compare to typical scales
of the beam on either direction




Systematic Induced Bias on deflection angle variance

<<<dEB(L) - dpp(L'))emp >LSS>SYS
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Systematic induced variance




P-distortion
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Calibration a sin[2(¢;, — ¢p)] cos[2(¢;, — ¢1)]

Rotation w 2cos[2(¢;, — ¢1)] —2sin[2(¢;, — ¢1)]

Pointing p, o(l, X 11) zsin[2(¢;, — ¢1)] oy 1 )9m[7 ¢, — ¢l
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Model the instrumental systematics field

White noise above coherence length

5SS “ A
C[ = () CXP(_Z(Z + -l)aS, Coherence
length

Instrumental Systematics
Fluctuation amplitude

ao(l) = ag{l + Bcos (¢p; + )}, Model 1

ag(l) — &3{1 + BCOS(I’IQSI + ¢)}’ Model 2




Pointing and rotation as an examples
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Systematic contamination for lensing and B-mode detection

1- fo A =1.4 uK-arcmin
v.s.

Experim®dg Reference
Lensing 50 modes Lensing B modes
I =0 3.0 X 10 GeV 10X 10'0 GeV { =40 3.0 X 10'¢ GeV 1.0 X 10'® GeV
a, = 100 a, = 1200 a, = 10 a; = 120" a, = 10" a, = 120" a, = 10" a; = 120" a, = 10" a, = 1200 a, = 10" a, = 120/

Calibration a | 1.04 0.55 0.549 0.468 0.061 0.052 0.86 1.56 0.486 0.468 0.054 0.052
Rotation w 0.30 0.061 0.27 0.207 0.030 0.023 0.24 0.11 0.243 0.198 0.027 0.022
Pointing p, | 2.10 1.57 8.55 6.12 0.95 0.68 1.93 5.55 15.3 12.24 1.70 1.36
Pointing p), 1.39 276 1.08 6.57 0.12 0.73 2.31 9.74 1.71 13.14 0.19 1.46
Flip f, 1.08 0.17 0.549 0.441 0.061 0.049 0.62 0.31 0.486 0.432 0.054 0.048
Flip f} 0.61 0.17 0.531 0.360 0.059 0.040 0.58 0.31 0.477 0.36 0.053 0.040
Monopole y, | 0.114 0.024 0.021 0.0058 0.0023 10.00064; 0.13 0.013 0.0207  0.0058 0.0023  0.00064
Monopole vy, | 0.114 0.036 0.014 0.0034 0.0016 10.00038  0.64 0.12 0.0144  0.0034 0.0016  0.00038
Dipole d, 0.82 0.11 0.085 0.060 0.0094 10.0067 0.97 0.39 0.153 0.117 0.017 0.013
Dipole d, 0.55 0.092 0.85 0.063 0.0094 10.0070 1.02 0.33 0.153 0.126 0.017 0.014
Quadrupole ¢ | 1.58 0.78 0.162 0.558 0.018 0.062 2.38 5.47 0.495 2.25 0.055 0.25

Coherence length of sys’rema’rics field




Distortions of the Primary CMB field along the line of sight

|. Modulation
2. Rotation

3. Spin-flip

6(Q £ iU)(n) = a(n)(Q £ iU)(n)
6(Q +iU)(n) = 2iw(n)(Q + iU)(n)

0[Q +iU](n) = [f1 +if2](n)[Q —iU](n)

4. Monopole leakage 59 1 iU](n) = [y1 + i) () T(n)

5. Dipole leakage ;g + iv](n) = o[d; + ids)(n)[8: + &]T(n)

6. Quadrupole leakage (g + iv)(n) = 02¢(n)[8: + 8)*T(n)

7. Deflection

0[Q + iU](n) = op(n) - VT'(n)

Hu, Hedman, Zaldarriaga (2003)

Patchy reionization,
Hot and cold spots

Magnetic fields
Parity violation
Fine structure cost.

Differential gain

i i ot s ot
Different. pointing

Different. ellipticity

Lensing (gradient-
and curl- type) Pointing
Cosmic string

(see Namikawa's talk)

Yadav, Su, Zaldarriaga (2010)




Patchy Reionization

main sources:
* (a) kSZ from peculiar motion of ionized regions
« (b) ionized bubbles scatter the local CMB temperature

quadrupole
* (c) LOS dependent Thomson scattering optical depth
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Spatially Dependent Rotation

The plane of linear polarization of CMB fields can be rotated
due to interactions which introduce a different dispersion
relation for the left and right circularly polarized modes (non-
zero TB and EB power spectrum)

main sources:
* (a) Faraday rotation due to interaction with background
magnetic fields, (primordial origin of magnetic field)
« (b) Interactions with pseudoscalar fields

Another motivation: Control instrumental systematics on
primordial B-mode detection, lensing/rotation reconstruction etc.

L
Example of interaction: A iCREERE

Induced rotation angle:




Distortion induced B-mode power spectrum
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Spatially dependent Distortion of CMB

Question: If we detect B-modes, how would we know the
cause of B-modes? What level of distortions change the

observed CMB maps!?

\A/a ~Aarm A onds prg § g aantirmantarne fama Eam annls AdAiatarneianm) saziainl i o s ke a2 e sre 28 A
VWe can construct | | estimators {Oone 1or eacin distortion ), wnicn using tne obpserve«

and B fields reconstructs all the

& Non-zero off-diagonal <EB>
(T(1)B(l2)) = frp(l1,12) Dl — 12)

@ New B-modes power spectrum
- contamination to primordial B-modes

(E(l1)B(12)) = fP(l1,12) D(l1 — I2)
@ <EB> « distortion

<BB> o (distortion)?2

Cr = / d’' C2R WP, )

Kamionkowski (2008);

Yaday, Biswas, Su & Zaldarriaga (2009)
Gluscevic, Kamionkowski, Cooray (2009)
Yaday, Su, & Zaldarriaga (2010)




Minimum Variance Estimator for Distortion Fields

Distortion D fl?l)(ll y12)

Modulatior CEE sin2(¢1, — ¢1,)
(E(l1)B(12)) = fP(11,12) D(l1 — 13) woton | 20E o3 —

Monopole leakage =, C[le-: sin 2(L — ¢1,)

\ Monopole leakage 2 CTE cos2(prL — 1,)
Spin-flip f; CFP¥ sin 2(2¢L — @1, — ©1,)
d?1 fD (l]_ ,1g ) : LT

1 o SEE 99, ,
(L) — s 11)3(12) BB Spin-flip f2 -?[,l cos 2(2¢L — @1, — ¢1,)
N(L) 271') Cll C Dipole leakage d; C,_'lh(fm) cos(pL + @1, — 2¢1,)
Dipole leakage d2 —C-',T;E(fla) sin(eL + @1, — 2¢1,)
\ Quadrupole leakage ¢ —(:‘;rll':(fla)2 sin2(¢1, — ¢1,)

Pointing p, —(.‘{";E (£, x L)sin 2(¢1, — 15)

Normalization to make the

. . . EE n
estimator unbiased Pointing p2 CEEa (L, - L)sin2(¢1, — ¢1,)

Lensing ¢ C,';L(L 1) sin 2¢1,1,

r'econs’rr'uc‘red difference

Yadav, Su, and Zaldarriaga (2010)



(Dyx(L)Dyyi L’))cmB, distortion

o DD (1)D,
= 2@)?8(L + L'{CPP + ND, /(L) + Ny sp(L)

2,D
+ Nxxl.yyl(L) + .- '}.

X [FD ( 1,.13)C;‘""C§<j*" 12,0, 1)
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1 X\/r(ll l'))
+ F, (1, L)CEY CfY],
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TABLE . Filters, f2.(1;.15)
1)

(50 1) WA, 1) WE. 1)
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4
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~EE 22
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('FF

1

\,‘n\’|¢l_
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Gradient- and curl- type

deflection angle

Lensing d

Ap=1 .4 uK-arcmin

sl Lol

L1l 1

o=8’
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1000

lensing d
1

1000




Estimator in Action

reconstructed

-

Primordial (r=0'.0'1i —
Primorg:i:ll l()r=o.1) : [ fsiy=0.02
) ibration ------- ] A,=9.6 uK-arcmin
Apjs uK-arcmin Lensing ] I 028’
o= _

Inbut

Reconsteructed :-- )¢ |

1e-05
10

Yaday, Su, and Zaldarriaga (2010)




The distortions will be detected by minimum variance estimators
before the distortions show up in B-modes power spectrum

Compare with minitaxinedBah@nlems of distortion
Disterijah BiBfortion estimafdustuations

Column 1 V Column 2 | Column 3
)@

Amn fsTkl Maximum allowed rms AD
4 D *

for B-modes detection [17]
I T/2

Distortion Type |||EXP-balloon (f, = 0.01,r, = 0.05)|CMBPol (f, = 0.8,r, = 0.005) YT
os = 10’ os = 120’ os = 10’ os = 120’ o. = 10’ os = 120’
Rotation w 3.4 11.9 16.72 49.02 70.015 0.011
Modulation a 6.0 5.13 25.46 12.73 0.06 0.049
Monopole leakage 74 1.9 2.13 4.75 4.65 0.0023 0.0006
Dipole leakage ~y2 2.0 1.7 6.46 3.9 0.0019 0.0005
Spin flip fi 6.2 17.9 29.35 73.15 0.061 0.046
Spin flip f2 6.3 17.6 28.7 71.53 0.059 0.045
Dipole leakage d 2.2 5.23 5.4 10.54 0.0077 0.0053
Dipole leakage d2 1.7 5.38 3.8 11.11 0.0077 0.0056
Quadrupole g 1.8 4.1 3.32 3.55 0.0124 0.0394
Deflection py 38.2 19.4 132.7 40.3 0.75 0.53
Deflection py 4.4 15.5 10.8 24.8 0.098 0.57




Ao cleaning / Afcleaned
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SELF CALIBRATING THE CMB

(cxxegr)
(Céx +N€§X) (Cgv n ng)]

2 D 2 XX ~DD
T(Wy(ll,lg)) CXXCPP —

CP® (tensor)
CPEB (observed) + NP

A/"no cleaning = [

fsky CPB (tensor)
A with cleaning = 20 1 -
Twith cleaning l 2 ;( +1) CPB(cleaned) + NP

C A=96pK-arcmin T Y] F o o Ap=l.ApK-aremin®

0=8.0’ /A i 0=4.0’

Alpg cleaning / Alcleaned
—
o—l

Yadav, Su, and Zaldarriaga (2010



ESTIMATING MULTIPLE DISTORTIONS
SIMULTANEOUSLY

Most of the distortion estimators are orthogonal with low
Correlations!

d*1;

27r)2

fBe(1,6)(C™Y)EE [Py (61, ) (C~1)BE




Summary

Weak lensing of the CMB very important for precision cosmology

igg’ren’rial confusion with primordial gravitational waves for r <~

{-3}

Instrumental systematic effects can not only produce artificial B-
mode but also spurious projected lensing potential signal.

Distortions can be imprinted on observed CMB by eg. patchy
reionization, Faraday rotation, cosmic strings etc. OR instrumental
systematics which can produce both B-mode and lensing signal.

Distortions on primary CMB can be detected by minimum variance
estimators. B-mode produced by distortion fields can be found
before they show up in B-mode power spectrum (self-diagnostics on
primordial B-mode).




Thank you for
a’r‘renhon




Implemented in Fourier space - irreqular map coverage becomes a

problem
Assuming uniform, uncorrelated noise, symmetrical beams

Filtering treatment

(Ignores higher order effects)




Series expansion in deflection angle?

)(x) =0(x') = O
~0(x) + VA (x)V, (—)(x)+1V“ (x)V"(x)V,V,0(x) +

500 1000 1500 2000 . , . . ‘ .
4 1000 2000 3000 4000 5000 6000 7000
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1 1+1)N®/2x

agil + Beos"(¢; + i)},

ag{l + Bcos(ng; + )},

Maximum Noise for Isotropic Model
—y =0’ v =180
a ——y=45 —y=225
——y=90" ——y=270°

Maximum Noise for Isotropic Model
—y = 0° Y= 180°
=45 ——y=225"
—y=90" ——y=270°

Maximum Noise for Isotropic Model
= Anisotropic Systematics Model 1
—— Anisotropic Systematics Model 2

Maximum Noise for Isotropic Model|
- Unisotropic Systematics Model 1
Unisotropic Systematics Model 2

Model 1
Model 2



How we did the simulations




