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B-mode observations

The remnant of Big-Bang, blackbody radiation with 7" = 2.7255 K

- Temperature/E-mode fluctuations have
provided fruitful information on inflation
with COBE/WMAP/Planck etc.

- Next target is B-mode fluctuatign
with LiteBIRD/CMB-54 etc. ?
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Focus on anisotropies

Anisotropy of primordial tensor power spectrum

(hij(R)hY (K')) == (2m)° P (k)3 (k — k')

Pp(k) = Pu(k) Y qru (k—o) 7 Yiar(k)

Some models predict such an anisotropy,

U(1) gauge field : (90792794796) — (17_1717_1)

Fujita, Obata, Tanaka, S.Yokoyama, JCAP 1807 (2018) 023

2-form field : (9o, 92,94,96) = (1,1,—2,1)

Obata, Fujita, arXiv:1808.00548

Massive spin-s :  (go, g2, 94, ge) = (1, —sC1, sCa, —sC3)
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Angular power spectrum

As a result, B-mode fluctuations with different ¢‘s are correlated with each other,

2 .
. Eg—ﬁl m1 § : even _ml meo M ;—220 BB
Oﬁlml fomo (7) T 5«21—|—£2—|—L £145 L QLMC£1£2 (/Y)

Shiraishi, Mota, Ricciardone, Arroja, JCAP 1407 (2014) 047
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Boltzmann solver “CMB2nd”

% CMB2nd  ver 1101

* Angular power spectra, Cp°,CP¥, CF¥, PP, from Scalar/Vector/Tensor
Perturbations, which are consistent to CAMB results with O(0.1)% error.

* TT/TE/EE/BB power with primordial anisotropies

* Lensed bispectra B; ;~;'**** as well as the lensed power spectra C;

including curl-mode can be computed.
s 1
N JFE)T
Bt B oo
F,LJ — Z L1L2L3 LiLoLs (Z,j — XYZ)

XXYYZZ
LiL>Ls ALlLZI]BC(Ll CLQ CLB

where Fi; is the Fisher matrix,

* Signal-to-noise ratio

AN

* Compute fyr, parameters for local/equilateral/orthogonal/folded templates
* EFT of Type-I DHOST is ready for implementation.

* Would be open in near future ?
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Fiducial power spectrum + anisotropic component

v=0 go,qom =1

Pr(k) = Py(k) + Pr(k Z gy, cOS™
n>2

v#0  go,qoMm = arbitrary

.
Py (k) = Py(k) + Pr(k Zgn (—) cos" 0;

n>0

BB(ObS) ( )

€1 m1 ;Egmg

— C£B5£1£25m1m2 T Cflml,ﬁgmg (7)

observed fiducial anisotropic
(flat, vacuum fluc.)
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How precisely can we detect ?

Power spectra depend on anisotropy parameters :

BB
Cﬁlml;ezmz (QOMa q2M > 44 M C]6M)

How precisely can we determine these parameters ? — Fisher information matrix

For isotropic case,

r-yla]” (%) o) (%)

cP® CPE 0 NP 0 0
C,:=|CPF CFF 0 Ne=| 0 WNFE 0

0 0 CPB 0 0 NFPE

Covariance matrix Detector noise
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Observational uncertainty

For B-mode,
no_1 3 20+ 1 OCPBN (0CFPP
U9 - CEBB(ﬁd) —|—N£BB 00; 893

The uncertainty in measuring 6, is given by the inverse of Fisher matrix,

(Gaussian dist.)
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“Reduced Fisher matrix”

For anisotropic B-mode,

{6:} ={acm} © Frupae =0rp0nar FEP
Oqrar Oqrm BB
{0:} = {gn} @ FEpy
Z dgp, 0gq

with

1 o L)z (ng)
—2 2 0 CEB;BCéEB

e

CPP = CPP ({0} = 0) + NP

|

fiducial spectrum : g5y =0 or g, =0

1
FPB = yp (201 4+ 1)(205 + 1) (
182
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Noise model

Detector noise is represented by a white noise,

MBB _ NfBGEZag

T wit? i
Noise spectrum : NEBB = ( BB ) K2 str

10800 uK arcmin

T Opwam 1

Beam width : —
b = 70800 arcmin /31n 2
We choose
—1/2 :
wpp = 63.1 uK arcmin  Planck

5.0 uK arcmin  LiteBIRD
1.0 uK arcmin  CMB-S4

Orwum = 30 arcmin LiteBIRD
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Results

VE D with v = 0,7 = 0.01

CMB-54 LiteBIRD  Planck

CVL 1.0 5.0 63.1

g2 || 1.93x107° 598 x 1072 2.03 x 107! 3.25
g2 ][ 823 x107% 266 x10°" 925 x 10"t 1.89 x 10°
gs || 1.24x 1072 3.90 x 101 1.35 2.94 x 10!
g || 2.33x1072% 6.29x 10! 1.47 1.92 x 10*
gs || 8.27 x 1072 2.25 4.67 3.23 x 10*
ge || 6.46 x 1072 1.80 3.67 1.11 x 10*

ganr || 498 x 1073 1.26 x 1001 4.10 x 1071 9.52
qans || 428 x 1073 153 x 107! 559 x 107t  1.27 x 10*
gerr || 571 x 1073 1.50x 1071 2.66 x 1071 7.55 x 1071

Note : As for the anisotropy of curvature perturbations,

6$%)] < 2.56 x 1072
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Results

O-gn — \/(F—l)nn and UqLM — \/(F_l)LM;LM with ")/ — O ,T — 0001

CMB-S4 LiteBIRD Planck

CVL 1.0 5.0 63.1
g2 || 1.93 x 1073 1.25x 107" 7.37x10"" 2.37 x 10!
go || 823 x 1073 5.61 x 10~ ' 3.96 1.39 x 102
gs || 1.24 x 1072 8.13 x 101 6.08 2.15 x 102
go || 2.33 x 1072 1.10 4.20 1.41 x 107
gs || 8.27 x 1072 3.78 8.23 2.33 x 102
g6 || 6.46 x 1072 3.03 4.58 7.31 x 10!
ga0 || 4.98 x 1073 2.49 x 101 1.95 6.68 x 10!
qao || 4.28 x 1073 3.34 x 101 2.60 9.98 x 10!
gso || 571 x 1073 233 x 107" 3.13x 107! 4.98

Note : As for the anisotropy of curvature perturbations,

6$%)] < 2.56 x 1072

Planck Collaboration, A&A 594 (2016) A20
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Results

1
= —— — 0.01
f)/ 2 7T

v=—1,r=0.01

CMB-S4 LiteBIRD Planck CMB-S4 LiteBIRD Planck
| - CVL 1.0 5.0 63.1 | CVL 1.0 5.0 63.1 |
go || 1.23x1072 826x10"2 1.96 x 107! 1.42 go || 5.28 x 1072 9.67x 1072 131 x10~! 5.93x 101!

g2 | 336 x1072 218 x 107! 5.26 x 107! 3.96 g || 1.43x 107t 261 x10"! 3.8 x 107! 1.64
go || 1.9 x107% 1.22x10°1 3.23x 107! 2.38 go || 7231072 156 x10"1 223 x1071 1.04
g || 1.06 x 107t 9.23 x 10°* 2.62 1.94 x 10! go || 5.14x 107! 1.25 1.85 8.65
gs || 1.17x 1071 1.05 2.99 2.22 x 10! gs || 5.76 x 1071 1.42 2.11 9.91
g0 |F 2102561071 R 27010 S 3050 2.38 go || 7.38x 1072 156 x 1071 224 x 107! 1.04
g2 || 2.82x 1071 1.19 2.74 1.95 x 101 g2 || 6.02x 107! 1.29 1.88 8.69
g1 |[p7.93:x: 107! 2.49 3.84 2.31 x 10! g4 1.10 1272 2.33 1.02 x 10*
g6 || 5.75 x 1071 1.66 1.77 4.66 g6 || 691 x107t 7.08x10"t 7.17x10°! 1.88
gon | 1825 100 2 139 < 107 307X 10"+ 1.90 gorr || 8.08x 1072 149 x 1071 1.88x 1071 8.21 x 107!
ganr || 355 x 1072 230 x 1071 5.56 x 107! 4.18 ganr || 1.51x 1071 2,76 x 1071 3.79 x 107! 1.73
qap || 3.17x 1072 2.83x 1071 8.09 x 107! 5.99 qapr || 1.56 x 1071 3.84 x 1071 5.71 x 1071 2.68
gen || 3.92x1072 1.13x 1071 1.20x 107! 3.18 x 1071 gons || 470 x 1072 4.82x 1072 4.89x 1072 1.28x 1071
Note : As for the aniositropy of curvature perturbations,
(S) —1
‘g 2 (f}/ - 1) ‘ S 1 * 56 X 1 O Planck Collaboration, A&A 594 (2016) A20

Note : With v = =2, (0gon» 0gans ) = (30, 58) has been reported whereas
1 _ Shiraishi, Mota, Ricciardone, Arroja,
we obtained (o,,,,04,,,) = (30.1,59.6)  Shiraishi] 0018 047



Three-lines summary

- There are several generation mechanisms of GWs at the early Universe.

- Some mechanisms generate anisotropic GWSs, so is it possible to get such
anisotropic signals with future missions of B-mode observations ?

- To constrain the anisotropy parameter up to 94 , we need CMB-54.
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