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Introduction
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Inflation

Spacetime fluctuations during inflation

Scalar-mode

Tensor-mode

Large-scale structure

Gravitational waves
CMB anisotropies
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CMB polarisation anisotropy

colder,
unpolarised mildly polarised

hotter,
unpolarised

Consider the local quadrupole anisotropy...

Temperature anisotropy produces anisotropy of polarisations.
(See http://background.uchicago.edu/~whu/intermediate/Polarization/polar1.html)
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CMB polarisation anisotropy
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CMB polarisation anisotropy



Statistical anisotropy in tensor modes 7/21

Takashi Hiramatsu

CMB E/B-mode polarisation

Polarisation is quantified by Stokes parameters

Strength

Linear pol.

Circular pol. (expanded by          )

E-mode BE

Tensor

Vector

Scalar

E-mode

B-mode

B-mode

E-mode
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CMB B-mode

- A polarisation mode of photons
- Generated by gravitational waves (tensor perturbations)
- No detections so far, but possibly to be done in the (near) future

                                                                             

Can we know how the primordial GWs are generated ?
Inflation ? Or, other possibilities ? 

B BICEP2

LiteBIRD

Planck BICEP2 collaboration, PRL 112 (2014) 241101
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Anisotropy of tensor modes
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Parameterisation of primordial spectrum

Anisotropy of primordial tensor power spectrum

Some models predict such an anisotropy,

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

Obata, Fujita, arXiv:1808.00548

U(1) gauge field :

2-form field :

Massive spin-   :
Kehagias, Riotto, JCAP 1707 (2017) 046(curvature perturbation)
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Angular power spectrum

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

with

If no anisotropies                            ,

Shiraishi, Mota, Ricciardone, Arroja, JCAP 1407 (2014) 047

Transfer function given by CMB2nd
with Planck 2015 results
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Boltzmann solver “CMB2nd”

* Lensed bispectra                    as well as the lensed power spectra
   including curl-mode can be computed.

* Signal-to-noise ratio,                         , where       is the Fisher matrix,

* Compute         parameters for local/equilateral/orthogonal/folded templates

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

* EFT of Type-I DHOST is ready for implementation.

ver. 1.101

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

* Would be open in near future ?

TH in preparation, arXiv:190[34]\.[0-9]+

TH, Yamauchi in preparation, arXiv:190[4-9]\.[0-9]+
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Setup

Fiducial power spectrum + anisotropic component

fiducial
(flat, vacuum fluc.)

anisotropicobserved
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How precisely can we detect ?

Power spectra depend on anisotropy parameters :

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

Covariance matrix Detector noise

For isotropic case,
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Observational uncertainty

For B-mode,

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

(Gaussian dist.)
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“Reduced Fisher matrix”

:

:

For anisotropic B-mode,

with

fiducial spectrum : or
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Noise model

Detector noise is represented by a white noise,

Noise spectrum :

Beam width :

We choose

Planck

LiteBIRD

CMB-S4

LiteBIRD

Note : we assume the complete de-lensing.
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Results

CMB-S4 LiteBIRD Planck

Note : As for the anisotropy of curvature perturbations,

Planck Collaboration, A&A 594 (2016) A20

with
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Results

CMB-S4 LiteBIRD Planck

Note : As for the anisotropy of curvature perturbations,

Planck Collaboration, A&A 594 (2016) A20

with
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Results

CMB-S4 LiteBIRD Planck

Note : As for the aniositropy of curvature perturbations,

CMB-S4 LiteBIRD Planck

Planck Collaboration, A&A 594 (2016) A20

Note : With              ,                                      has been reported whereas
           we obtained Shiraishi, Mota, Ricciardone, Arroja,

JCAP 1407 (2014) 047
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Part II summary

- To constrain the anisotropy parameter up to      , we need CMB-S4.

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

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