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Spacetime fluctuations during inflation

Scalar-mode C (:B, 77) B = (I), 0x — » Large-scale structure
CMB anisotropies
Tensor-mode F1; j (:13, 77) > Gravitational waves
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CMB polarisation anisotropy

Consider the local quadrupole anisotropy...

Temperature anisotropy produces anisotropy of polarisations.

(See http://background.uchicago.edu/~whu/intermediate/Polarization/polarl.html)
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CMB polarisation anisotropy

atistical anisotropy in tensor modes
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CMB E/B-mode polarisation

Polarisation is quantified by Stokes parameters

I = \E;,;\Z T \Ey\z Strength I — O

Q = |E:|” —|E,[ Linear pol QiU — Ey, =18y
U = 2Re(E, E}) po " "
V = —-2Im(E,E,) Circular pol. (expanded by Yy, )

Scalar E-mode
VECtOI' E-mode B -mo de

Tensor E-mode B-mode
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CMB B-mode

- A polarisation mode of photons (Q,U) — (Evm, Bem)
- Generated by gravitational waves (tensor perturbations)
- No detections so far, but possibly to be done in the (near) future
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BICEP2 collaboration, PRL 112 (2014) 241101

Can we know how the primordial GWs are generated ?
Inflation ? Or, other possibilities ?
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Anisotropy of tensor modes
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Parameterisation of primordial spectrum

Anisotropy of primordial tensor power spectrum

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

Some models predict such an anisotropy,

(1,-1,1,—1)

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

U(l) gauge field : (907 g2, 44, 96)

(1,1,-2,1)

Obata, Fujita, arXiv:1808.00548

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

2-form field :  (go, g2, 94, g¢)
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Angular power spectrum

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

2 52—31 1 ven —mimo M ;—220
Climntams (V) = - )" Z&Zﬁeg% Go ot qLmCPr ()
Shiraishi, Mota, Ricciardone, Arroja, JCAP 1407 (2014) 047
with
2 B B kN
CEEO) = = [aki*PaWTSY (T Wc)( )

— 8x10%

6x10™*

If no anisotropies (qra = drodnm0),

4x10

2x1074

_ BB
Oflml,ﬁgmg 56162 5m1m2 Ofl

0x109 e ——

-2x10°4

Transfer function given by CMB2nd
with Planck 2015 results

-4x104

0+ 1)CLE ) (2m)? [uK?

-6x10°4 g v ] . it e i g it g el
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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

HXY Z.s18283 XY, s

* Lensed bispectra B .} as well as the lensed power spectra C}
lncludlng Curl mode Can be Computed. TH Yamauchi in preparatlon al"XlV2190[4-9]\.[0-9]+

S 1 ) . .
* Signal-to-noise ratio, - = T where Fi; is the Fisher matrix,

7 nJ
Fq;j = Z BLleLgBLlLZL?’ (’L,j — XYZ)

A XXYYZZ
L1L2L3 LngLgc C CLS

* Compute fyr, parameters for local/equilateral/orthogonal/folded templates
* EFT of Type-I DHOST is ready for implementation. —TH in preparation, arXiv:190[34]\.[0-9]+

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

BB(obs)

~=0 go,qom =1

Pn(k) = ) + P(k) )  gncos”
Y n>2
) cos” 0y
v+# 0  go,qom = arbitrary
k‘ Y
Py(k) = Pn(k) + Pr(k nz;ogn (ko) cos” 0;
—

BB
C€1m1;€2m2 (,‘}/) — Cel 5£1£25m1m2 _I_ Cﬁlml,ﬁgmg (’}/)

observed

fiducial

anlsotroplc

(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
0 0
10i} =1{gn} @ Fpy = Z qr.M qLM FBB
LM Ogp 9q

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

Note : we assume the complete de-lensing.
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Results

CMB-S4 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

Ogn = \/(F_l)nn with 7Y = 0 , ' = 0.001

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

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 8.26x1072 1.96 x 1071 1.42 go 1528 x 1072 967 x 102 131 %10+ 593 %10+

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 || 7.38x1072 1.56x 10! 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*
g || 5.75 x 107! 1.66 1.77 4.66 g || 6.91x107t 7.08x10"! 7.17x1071 1.88
qor || 1.82x 1072 1.39x10-1 3.07 x 107! 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 qans || 1.1 x 1071 276 x 1071 3.79 x 1071 1.73
qap || 317 x 1072 283 x 1071 8.09 x 1071 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,

037 (v = —1)| < 1.56 x 10!

Planck Collaboration, A&A 594 (2016) A20

Note : With v = =2, (0gyr 5 0o ) = (30, 58) has been reported whereas

we obtained

(OQOM ) OQQM

)

30.1,59.6)

Shiraishi, Mota, Ricciardone, Arroja,

JCAP 1407 (2014) 047
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Part 11 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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