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B-mode polarization of the CMB
Kiyotomo ICHIKI (KMI, Nagoya U.)
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BICEFZ B-mode signal

The Goal
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Shown here is the actual B-mode pattern observed with the BICEP2

telescope, with the line segments showing the polarization from
different spots on the sky. The red and blue shading shows the degree

of clockwise and anti-clockwise twisting of this B-mode pattern.

The BICEP2 Collaboration, Phys. Rev. Lett. 112, 241101, 2014



Declination [deg.]

The Goal

Q signal

Right ascension [deg.]

The BICEP2 Collaboration, Phys. Rev. Lett. 112,

BICEP2 T, Q, U maps. The figure
shows the basic signal maps with
0.25° pixelization as output by the
reduction pipeline. -+ Note that the
structure seen in the Q and U signal
maps is as expected for an E-mode
dominated sky.

241101, 2014
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Introduction
- Cosmic Microwave Background (CMB)

CMB polarizations
- Q&U stokes paramters and E & B modes

The sources of B-mode polarization

- Gravitatinal waves (BICEP2)
- Gravitational lensing (POLARBEAR, SPTPol)

Discussion & Summary



The standard model

The standard cosmological model is based on:
Big-Bang & Inflation

Demand for the Big-Bang

Hubble's [aw

light element abundance pattern

Evidence for the Big-Bang

Cosmic Microwave Background (CMB)
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Hubble, 1929
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The standard model

The standard cosmological model is based on:
Big-Bang & Inflation

Demand for the inflation

Cosmic homogeneity
Cosmic flatness
Monopole problem

Evidence for the inflation

Adiabatic density fluctuations
Small gravitational wave background



History of the expanding universe

(past) time > 380,000yr 138184

gl B
inflation QCD- PT BBN recombination today
10715 GeV(?) 200 MeV 1-0.01 MeV 1eV 2.7K
Thermal equilibrium
¢, 9,1y vy € Zh & ] > 7 (CMB)
- v (CVB)

" (CGWs)




THE CMB: stats

(1) Planck Spectrum with T=2.725
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Fig. 4—Uniform spectrum and fit to Planck blackbody (T). Uncertainties are a small fraction of the line thickness.

COBE FIRAS data (Fixsen et al., ApJ, 1996)



THE CMB: stats

(2) Coming from the Universe at z=1087
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THE CMB: stats

3) Having 10~ °level Temperature fluctuations

Penzias and Wilson (1965)

Planck collaboration (2013)



stats

THE CMB
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BICEPZ2: E signal
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BICEPZ: B signal
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THE CMB: stats

(5) Obeying Gaussian statistics
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“The standard model”

Geometry of the universe
— " hubble parameter,

Initial conditions

- matter densities:-- 2* baryons, Q:h” cold dark matter

~ fluctuations - Pr = A, (k/ko)"~*

astrophysics

T

@ Linear evolution CMB anisotropies

optical depth to the last scattering surface

As amplitude, ns spectral index

Free streaming /OO\

/
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Cosmological Perturbations

(e.g., Kodamad&Sasaki, PTP, 1984)
Metric (space-time)

ds® = a*(7) [—d7? + (8;5 + hsj)dz'dz” ]

Homogeneous& Isotropic  small perturbations
symmetric tensor (6 components)

scalar scalar vector  tensor
hij = kikjh + (kk — =0, >6n+2@k<zh N+ D

6 dof = 1 dof 1 dof 2 dof 2 dof

o|

k'hy =0
E*hl =0, =0




scalar mode

scalar scalar

7 1
hij = kikh + ( Rik; = 20 6n+2ik(h)) + h};

e gravitational potentials (density fluctuations)
» Velocity fields are written by gradient of veIOC|ty potentlal
e generated during inflation -

L -

Velocity field

> > > - - -

One Fourier mode




vector mode

vector

A ~ a1 >

» divergenceless velocity field (vorticity)
 velocity fields perpendicular to k
* negligible in the standard model (see, Saga-kun's Poster)

<

k > e b

Velocity field

N | vaTTT l 7 f
N /

—
One Fourier mode superposition of the modes




tensor mode

~A A ~A A 1 ~

« gravitational waves (see Ando-san's talk)
e quadrupole pattern

» generated during inflation «* * " C .,
: :

E _ * o e 0 o "

- Quadrupole of photons i "
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GWs from Inflation

« GW = tensor-type (TT) perturbations in the metric:

AU A S X X
hij =htel +h> e

« EoM for the GWs (Einstein eq.)

- takes the same form as that for massless scalar field

. . L2
h_|_,>< _I_ 3Hh_|_,>< _|_ ?h—F,X — O L = Mle
1
¢ = J\\% hy,x L=—-59""0.90,¢ — V()
o Solution in the De-Sitter spacetime
6= ——1 (i k) 1
= — 7 — —_—
2k3 il an L alH

k3 ) H\? Amplitude of GWs is
Polk) =55 (lel*) = (g) < | determined by the energy
scale of inflation




GWs from Inflation

« How do we know the spectrum of the GWs?

= H\’ _ M
Pl = 55 (6P) = (=) 0= /5l

 Two possible signatures in the CMB

— gravitational redshift (Sachs & Volfe, ApJ, 1967)
- distinct polarization pattern (Polnarev, SvA 29, 1985)

Let's look into the CMB anisotropies




CMB from GWs
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e |<100 flat, I>100: damping with oscillations
* why this shape?
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Evolution of GWs

Time evolution of each Fourier mode Snapshot of the spectrum at recombination
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GW spectrum at recombination

C;/t from GWSs

tho® —— _ s —
Initial spectrum of GWs | L1000 L ledm sz T
- T T g wo
\ {Ej ol \/
I/ ::"5._____; l -
\ \[\ i 01 F \/\v’\w
380,000 year after . ' v ’| l“ ' 0.01 o
0.001
= 10 100 1000
k [Mpc ] 4
Last scattering surface
O 1
/N ¢ o kda
/N da
da ~ 14000Mpc




GW spectrum at recombination

C;/t from GWSs
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temperature fluctuations from tensors could be important
only on large angular scales.




constraints on » from C}*

e Tensor-to-Scalar ratio

_ “r”z(tengor mode)/ (scalar mode)

- being related to the energy scale of inflation

Ving & (2 x 1010 GGV)4 (022)

Power {(f+1)C, /27 (uK*®)

- (Arxiv 1303.5076, PLANCK)
5,000, ’A\ﬁ I I |
0.4 | r << 0.11 ACDM-+tensors _
r < 0.26 ACDM-+running+tensors
0.3 | .
o EP
S
& 0.2 -
. r=20
0.1 -
242
00 Smith+, 1404.0373 f
| . . . 0.0 | | f
‘ " . Ephé{;?f:al Harmal;'??ﬁ (£) ’ 0.94 0.96 0.98 1.00
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Introduction
- Cosmic Microwave Background (CMB)

CMB polarizations
- Q&U stokes paramters and E & B modes

The sources of B-mode polarization

- Gravitatinal waves (BICEP2)
- Gravitational lensing (POLARBEAR, SPTPol)

summary



Stokes Parameters Q&U

€y
« Observable: Electric Fields A
- Define a tensor (matrix)
Tab — <E;Eb> 0, >Cx
* in the local (x,y,z) coordinate, this is
1/ @ U
T.,, = 10 —
ab ab T 9 ( U _Q )
\ y,
Y
— P(xay) (polarization tensor
— ~ ab in the (x,y) coordinate)

(see, e.g., Lewis&Challinor, PhysRep 2006)



The meaning of (Q,U)

o L2

e QU depend on the coordinate system you choose

- Q&U interchange by 45 deg rotation along x> axis
- Q&U changes sign by 90 deg rotation

We have to know how the rotation affects the
definition of polarizations



Stokes Parameters Q&U

e
Y /
. .. . e
e Consider the helicity basis: b
€+ = €, T 1€y P Q o -c,

Y,
€

 Why helicity basis? Under a rotation by an angle ¥
clockwise, the helicity basis vectors transform as

/ ./
eL — €, e,

= (cos e, — sinye,) = i(sinye, + cosve,)



Stokes Parameters Q&U

. Let us consider a projection of P*"% onto the helicity

basis:

Piy = (e4)%(er)PUY) = Q +4iU
P__=(e_)*(e_)’P"Y) =Q — iU

 |n the rotated basis

a b (x,
Piy — PLy = (e})"(e}) Py

= ¥ (er)"(e4) Py = & (Q +iU)

Q_

- U has spin 4

-2 and thus basis dependent



Scalar Functions E&B

e Instead, let us construct £ab from basis-independent
scalar functions E(n) and B(n) :

P, = V(avb>E(ﬁ) + Gc(avb)ch(ffl)

—~

symmetric trace-free symmetric

2D vector analogue: V, = VCLG(ZE, y) + 62V50(33, y)

e Because FE(n) and B(n) are scalar functions on the
sphere, they can be expanded by the scalar harmonics

Z EEmYém Z Bémnm

(¢,m) (€,m)



Scalar Functions E&B

Pab—v< vb) ( )+€€avb)v B(A)

Z Egm)/gm Z Bﬁmnm

(£,m) (£,m)

« Using these definitions, we get

P,y =0Q+1U = eieiPab

— ..., / some normalization constant
: b A
= E N (Egm —+ ZBgm) 6ﬁ_€+vavb}/€m (n)

im



Scalar Functions E&B

e The final formula

(Q+iU)(R) =) (Eim + iBem) Neb el VoV Yem (1)
tm ~ v~ -

spin-weighted spherical harmonics

e |n a similar way,

(Q —iU)(R) = Y (Eum — iBum) —2Yem(7)

m

Q+iU field is expanded by the spin-weighted spherical
harmonics, which are just the doubly covariant derivatives
of the usual spherical harmonics along the helicity basis



(Q,U) & (E,B) on the flat sky

* On the flat sky (x,y), the harmonics is e“* and the

covariant derivatives become just partial derivatives

2}/€m — ‘Z\fe_|_€_|_v beem( )
— N(0; + 10 ) X ¢ —e2iPeeitx




(Q,U) & (E,B) on the flat sky

 Therefore, we expand the (Q+iU) field as

(Q T ZU)(a?) = — / i—f (E(ﬁ) + ZB(E)) e:I:QiqbeeiE.x

Q) £U¥)=—(E¥)+iB(¥£)) o 2i¢0

 The inverse is, for example,

(E+1tB)(£) = — / dz_;c(Q Al



Physical Meaning of E&B

 Now you have two formulae

iU (8) = — (E(L) -

- iB(£)) 20

T ZU(E)) €i2i¢

C ZB(E)) ej:%gbe

€y

L

i

Z e,



Physical Meaning of E&B

(Q'(£) £iU' () eT2¥ = — (E(£) £ iB(£)) eT2¢

Therefore if you rotate coordinate system by an angle w — —¢£

depending on the direction of the Fourier mode, you get the correspondence

QH—EandUH—B \

\ which determines a natural

basis for polarization
A v
Y /




If you have only the E-mode...

« E'is —() in the coordinate system such that £ || e;

Q- - — + + + + + - - =




If you have only the E-mode...

« E'is —() in the coordinate system such that £ || e;
Q- - — 4+ 4+ 4+ + + - - -



If you have only the E-mode...

« E'is —() in the coordinate system ﬁ\ that £ | ey

Q- — — + + + + +

‘II——ﬂ-——II‘

E+ + + - — - - - - - -



If you have only the E-mode...

« E'is —() in the coordinate system ﬂ\ that £ | ey

Q- - - + + + + + T -
[ |1 -—@—- 1 ||
E+ + + - - - - - + + +
g M
// I/\
ARy
- — X — -
\//I\
I /
N — /
V B YV



If you have only the E-mode...

« E'is —() in the coordinate system ﬂ\ that £ | ey

Q- - — + 4+ + + + - -

[ |1 -—@—- 1 ||

E+ + + — — - - - - - -

/I\

superposition of the modes



If you have only the E-mode...

Cold Spat
Simulation

Celd Spot
WMAP Dats

Hot Spot

Sirmulation

/
|
\\
Hot Spot
WM AP Dt



If you have only the B-mode...

» B is —U in the coordinate system such that £ || e;
- - - + + + + + - - -

\ ey, |

B+ + + - - - - - + 4+ o+

I N
/ B <0 /
| ”

superposition of the modes




W B >0 A B <0 WY

Note: sign convention matched to R. Durrer's text book



G et | ? (Seljak&Zaldarriaga,'98)

TR IR
[
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N

u'} -

J-|-.-.}l|_q.

Q :which is the E-mode and which is the B-mode?

If right pattern (B-mode) is observed, it suggests
the existence of primordial GWs (Seljak&zaldarriaga, PRL, '97)
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