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> Miscalibration of detector rotation | /| ’V/| /
angle (&) creates spurious B—mode N N
from E—mode F-mode B-mode

C;7° = CfEsin(2a) + CfBcos(2a) - (1)

observed

We need to determine & to calibrate rotation angle

» In past experiments, this & was calculated assuming that EB
correlation of CMB is zero:

1
EB,o _ EE,CMB BB,CMB\ _.
C,~"° =3 (C, — C, ) sin(4a) - (2)

“Self-calibration” by Brian G. Keating et al. (2013)



Foreground emissions should be small

» Because foreground signals also have «,
» We need to know the foreground model
» We need to mask the Galactic plane

(e +1)C, /2mM2 (K]

Int.Soc.Opt.Eng. 8446 (2012) 84467C
arXiv:1208.0164 [astro-ph.IM]

\\\\\\\\\\

Cosmological EB correlation should be zero

» We lose sensitivity to cosmic birefringence

2020/02/17



We relate observed E- and B- modes to the intrinsic ones as
Efm = Epm cos(2a) — By, sin(2a)

.. (3
By = Epm sin(2a) + By cos(2a) (3)

From these equations, we find
EB

1 C
EB,0 __ EE, BB, £
Cp" =5 (€77 = €¢;7°) tan(4a) + osd) @

G. B.Zhao et al. (2015)

» We can estimate & with only observed data
> If we assume theory CMB power spectra, we can estimate
an additional angle!



During the long travel from the recombination era to Earth,
CMB can be rotated by some physics (e.g. axionic fields)

Credit: Roen Kelly, Discovermagazine '

In this case,

» Foreground term: rotated only by «
> CMB term: rotated by o+ 3
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Equations including birefringence rotation:

The coefficients become

E}, = Ef ' cos(2a) — BE ", Sin(a) + Egp® cos2a +28) — By, sinQe + 28) + Ey,
b =E fg ., Sin(2e) + B fg - €os(2a) + Eg 7 sin(2a + 28) + By cos(2a + 2B) + By,
- _J

V

From them, we derived

o tan(4a) o o
(OfB - 5 (CgEE — C’fB )) cos(4a) =

(CEEE,CMB _ OfB,CMB) sin(48) /2
— (PPN — PPNy sin(4a) /2
+ CfB’fg + CEB’N cos(4a) + C'EB’CMB cos(43)

n (C:?EngCMB ECMBBfg) COS(Q,B) ( EngCMB B égngCMB) SiIl(Qﬁ) vee (6)
+ (CE™BY 4 CP*FY) cos(2a) — (CE“F™ — CP*P" ) sin(2a)

( EC]\JBBN CEBCIVIBEN) Cos(2a - 26)
o ( EE'C]\«IBEN o fCNIBBN) Sin(2a . 2’6) .
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Equations including birefringence rotation:

If we take an ensemble average

(Cpr) =tan;4a) (<C[E'E,o> - (Cth,o)) " 2522221;62) (<sz,crvm> B (C[BB,CMB>) (7)

1 EBfz, . €08(48) . ppcoumB
{ % e U G '-| Assume these to be zero

cos(4a) cos(4a)

Therefore, we can determine both miscalibration and
birefringence-rotation angles simultaneously!
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Construct a likelihood for determination of o and B

If we take an ensemble average

(CEB) =t.ané4a) (<C[EE,0> B (C[BB,O)) i 28:25,212) (<Cf:‘E,C.\IB) B (CfBB,CMB>) - (7)

1 EBfg, . €08(43) _Ep.coumB
{ i cos(4a) \Cg "k cos(4a) (Ce '-| Assume these to be zero
. 2
EB.o tan(4a EFE o BB.,o sin(43 EE,CMB BB,CMB
21n L Emi [CE B - (Cﬂ B CE ) B QCOS(MEL (Cﬁ - Cf )]
—9Iln/ — 2
EBo  tan(4a EFE .o BB.o
=2 Var (CE — tany ](CE Y )) -+ (8)

Minimise —2InL to determine a and 3
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» Components

 Thermal dust: modified black body

* Synchrotron: simple power law

 CMB: tensor-to-scalar ratior =0

* Noise: white noise with LiteBIRD polarisation sensitivity
» N4 is512and | _ is 1024
» Compute EB power spectra from full-sky maps

Bin A Beam Spherical
AN ~N smoothing harmonics
CMB map c; 0

FG map Noise



Sky simulation setup for the validation: LiteBIRD

We extract representative 4 frequencies to show
how the method works

Frequency polarisation Beam size in
sensitivity (uk’) FWHM (arcmin)

Synchrotron 50 24.0 48
CMB 119 7.6 25
Dust + CMB 195 5.8 20
Dust 235 7.7 19

LiteBIRD parameters extracted from M. Hazumi et al., J. Low
Temp. Phys. 194, 443 (2019).
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If we assume B, =0, we can set =0 in the Likelihood as,

2
[CfB'O —% (c;%° — ¢;%°) tan(4a)]
—2InL =

.+ (10)

Var (CfB’O —% (c;%° — ¢;%°) tan(4a)>

With this likelihood, we can determine a.



a only estimation at 195 GHz

We set B..=0 and try whether we can determine a.,

3 Cp aout - Odm ‘i
I Aoyt
2t .
>
Q
2 1t
©
o
c
5 0
©
g
3 -1
@ .
= Ll o(a) = 1.5 arcmin
3 195 GHz |

3 2 -1 o0 1 2 3
Input a (deg.)

We can recover the correct a without theoretical
power spectra
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Simultaneous determination at 195 GHz

Recovered angle (deg.)

C 1 3 USROS oy = Gy I | 3 — JBouL - ﬁiu
I ﬁaul. = ﬁin et Qg — Qg
27 1 Qo I - 21 I Cout
1t { Bout I é" 1k % .ﬁnut
IS SR SR € S S =
0 T T L t L 1 g 0 E I I I I I
B @
-1 o g
2 1 | input f = 0case | 2 input ¢ = 0 case
~3} I 195 GHz | | 195 GHz |
—3 2 -1 o0 1 2 3 3 -2 -1 0 1 2 3
Input o (deg.) Input 3 (deg.)

o(a) = 9.6 arcmin and () = 11 arcmin
(current 1o upper bound for 5 is 30 arcmin)

We can recover the correct a and B simultaneously
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Correlation between a and 3

Ej}m = Eg%m cos(2a) — B%m sin(2a) + EEEB cos(2a + 203) — BETIHB sin(2a + 23)

. <o @+ B=0.5deg m%x‘ - @+ B=0.5deg %%x cos @+ B=0.5deg
31  68.3% 3 " — 68.3% 31 ", — 68.3%
’ —— 95.4% . —= 95.4% ., —— 95.4%
21 27 T 2 "
RN

Z;l- gl_ \\ ;;‘1_
a g @ 0 . 209

~14 -1 1

5l £0.0 GHz ' u\w\” iy 119.0 GHz m”al Y 235.0 GHz

S T N B Y 3 % 1 8 1 3 3 . S T T
a(deg) a(deg) a (deg)

Synchrotron channel CMB channel Dust channel

(50 GHz) (119 GHz) (235 GHz)

» CMB has a power to determine a+p
» FG has a power to determine o
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This is an interdisciplinary study of BO1 and DO1 group

Publication:

» “Simultaneous determination of the cosmic birefringence and
miscalibrated polarisation angles from CMB experiments”,
PTEP, Volume 2019, Issue 8, August 2019, 083E02,
https://doi.org/10.1093/ptep/ptz079

Presentations and posters:

» Poster: COSMO019, RWTH Aachen University, Germany
» Presentation: B-mode from Space, MPA

Lead to the future developments:

» “Determination of miscalibrated polarization angles from
observed CMB and foreground EB power spectra: Application to
partial-sky observation”, arXiv:2002.03572


https://doi.org/10.1093/ptep/ptz079

There was a consensus in the CMB community
that the measurement of the cosmic

birefringence and the polarization angle
calibration cannot be done simultaneously

We can determine the birefringence angle of
order 10 arcmin with LiteBIRD

We made interdisciplinary studies and give a seed
to the future developments



Backups
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» With full-sky power spectra (not cut-sky pseudo power spectra),
we can calculate variance exactly as

Var [CEB © _ (CEEe _ BB tan(4a)/2]
=(|cfPe - (" - BBO)tan(4a)/2]2) (CEBe _ (CFE® _ B2 tan(4ar) /2)>
EE\, BB, , tan”(4a) 2 EE\2 BB\2
2£+1<C NEEI+ = 212+1((CE " HETY)
_ - (9)
— tan(de) — (CEPy ((CEE) — (CPBy) + T (1 — tan’(4a)) (CEB)2.,

=0
» We approximate (C}(

» We ignore (C{JEB)2 term because it’s small and yields bias

. EB,o .
> Evenif (C;%) =~ has a small non-zero value with
EB 02

Y XY,o
) = C£

fluctuation, and C, yields bias



» In general, EB is related to EE and BB as

CEP = [.A/(CEE)(CPP) - (11)

where f. is a correlation coefficient.

» We assume BB is proportional to EE as

(CEBJ% _ £<CE;EE,J°Q> (12) :
EE |
» This seems valid for thermal BB

dust observed by Planck

E_ QTE — —250 :l: 002
F agg = —2.42+0.02
" app = —2.5440.02

Planck Collaboration XI L
(2018), arXiv:1801.04945. 19 30 100 300




» If EB correlation is small enough to meet

os?@st - (13)

we can put f. and ¢ into the rotation angley as,

sin(4y)  fi/€
2 1-=&

- (14)

» Therefore, we can determine foreground EB
correlation, if we give up measuring 3
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Table 1: Polarisation sensitivity and beam size of the LiteBIRD telescopes [15]

Frequency (GHz) Polarization Sensitivity (uK)

Beam Size in FWHM (arcmin)

40
50
60
68
78
89
100
119
140
166
195
235
280
337
402

37.5
24.0
19.9
16.2
13.5
11.7
9.2
7.6
5.9
6.5
5.8
7.7
13.2
19.5
37.5

69
56
48
43
39
35
29
25
23
21
20
19
24
20
17
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Foreground

{{-’wfﬂ',fg> _ fc\/s (q{"wEEE.fg} . {CEE'B.fE>) _

1-¢

EY' — E% cos(2y) — BB sin(2y),

{m £m £m

B‘}fg E - sin(2n )+B ., €0s(27),

(CfB’O _tan;4oz) (CEE’O — CfB’O)) cos(da + 4v) =

(CFEME _ 0BBCME) in(—4) /2

+ CFBf L OFBN cog(dar + 4y) + CFFOMB cog(—4)

_ (C’fEEvN — CfB’N) sin(4a + 4v)/2

(O 4 OF™ ) cos( ) + (CF* 2"
+(CF"P 4+ OPP) cos(2a+ 29) — (CF
+ (CFMY + OPTE) cos(2a + 49)

_ (CfCMBEN BCMBBN) sin(2a + 47)

2020/02/17

CBngCMB ) -
Y

sin§4)/) (<Cf'E,fg> _ <CfB'fg>>

Replace a-> a+y
B->-y

in birefringence
estimation

sin(—27)

_ CfngN) sin(2a + 2)
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Equations including birefringence rotation —

carefully-
We should not forget noise and other correlations!

Efm = Ej, cos(2a) — BE, sin(2a) + Ega® cos(2a + 28) — BEmB sin(2a + 268) - Epyn,

By, = Eggm sin(2a) + ngm cos(2a) + EEMB sin(2a + 23) + BEMB cos(2a + 28) - BY

M Jm £m

— Noise

(CEBP _tan{da) (CEEP - CfB’D)) cos(da) =

2
G DTSR 2 e,
.:"‘ + quB,fg - C;;EB’N cos(4a) + C'éEB’CMB cos(4/3) ."‘._
: — (CEEE’N — éBB’N}sin(élaf)/Q ;
1 (CFB™™ 4 GF™B%) co(28) + (CEF™™ _ GB*B™®) G0
+ (C@EngN + C@BfEEN) cos(2a) — (Cf‘ngN — CEBEEBN) sin(2a) .

+ (C@ECMBBN + C@BGMBEN cos(2a0 — 2[9)

)
—(CETTET — cBTB Y sin(20 — 28) :

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

2020/02/17

23



Variance

Var [CEB,{* o (OEE,D o CEB:D) tan 4&}/2]

{ {CEB .0 [:CEE K] CEB D) t-ELIl 4&)/2] CEB O (CEE'E._D .

tan?(4da) 2

CE°) tan(4a) /2)’

2F+1<Of£><cfﬁ> s (PP + (PP
~ tan(da) 3, (CP) ((CFF) — (CFP)) + s (1 - tan®(da) (CFP)%. (A1)
Var |CFP° — (CF%° — CFP°) tan(da) /2]
1 EEo~BBo , tan’(da) 2 CEE®) BB,oy:
o~ C 1 : C‘ 0 2
20+1° 4 f 1 2€+1[[ % )]
2 EB.o EFE.o BEB.o
— tan(4a) 7~ C °(CFPe—cpPe).
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