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« Cosmological sources of B-modes in

CMB Polarization Anisotropies
- Primordial gravitational waves

- Dark Energy

e Status of observations & Challenges
- Planck 2018

- B-mode probes
- 0Ongoing challenges

* B-mode experiments in the next decade



Cosmological Sources of B-modes
in CMB Polarization Anisotropies



CMB angular power spectrum
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CMB physics: Boltzmann equation

d photons

= gravity + Compton scattering
dt

d baryons+leptons
= gravity + Compton scattering

dt



CMB physics: Boltzmann equation

d neutrinos

= gravity + weak interaction
dt

d dark matter

= gravity +
dt



CMB physics: Boltzmann equation

d neutrinos

= gravity + weak interaction
dt

d dark matter

= gravity +
dt

gravity = photons + neutrinos + baryons + leptons + dark matter
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CMB physics: gravity
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CMB Physics: Compton scattering

« Compton scattering is
anisotropic

* An anisotropic incident
intensity determines a
linear polarization in
the outgoing radiation

« At decoupling that

happens due to the

finite width of last .7 .

scattering and the »~-N @
cosmological local

quadrupole
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CMB anisotropy: polarization
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Anisotropies
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T(0,9), Q(6,0), U(6,0),

spherical
harmonics

X(e,([)):zlm a'Imx Yslm(e1(p)

X=T,E,B

s=0 for T, 2 for Q and U

E and B modes have opposite parity




Angular power spectrum

T(0,9), Q(6,0), U(6,0),

spherical
harmonics

aX _, X=T,E,B

information
compression

CI:Zm [(almx) (aImY)*]/(ZH-l)




CMB angular power spectrum
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CMB angular power spectrum

Acoustic oscillations

Primordial power
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CMB angular power spectrum

Acoustic oscillations

Primordial power
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The B-modes record GWs mono-
chromatically in angle



The B-modes record GWs
mono-chromatically in angle
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LSS effeg’;_s on CMB

Forming structures
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Categories for LSS effects on CMB

* Re-scattering
e Gravitation



Categories for LSS effects on CMB

* Re-scattering
- Re-1onization

* Gravitation
- Dynamics in the metric tensor

- Deflection



Categories for LSS effects on CMB

* Re-scattering
- Re-1onization

e Gravitation

- Dynamics in the metric tensor



CMB lensing

SIALLA TION: -3 . B IMBL IAF.







Last scattering
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Kamionkowski, Kosowsky & Stebbins, Zaldarriaga & Seljak199€
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CMB angular power spectrum
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Dark Energy Effects on CMB

* Modified background evolution

- Projection: distance to recombination is modified,
causing a projection of features in the CMB

- Late Integrated Sachs-Wolfe: gravitational potentials
evolve differently from a pure ACDM

- Lensing: potential evolve differently from a pure ACDM

* Modified perturbation behavior

- Large Scale Clustering

- Modified Gravity: Generalized Poisson and Stress-
Energy equations
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Expansion and Clustering
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Expansion and Clustering

Matter radiation equivalence

CMB last scattering

Lark energy matter equivalence

ark energy domination

0.5 103104 Z
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Expansion and clustering histories

dz k?(P+W)=-8ntGa’pl

D= H,*
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Darll Energy records in le
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Dark Energy Parametrizations

* Background

- First order expansion of w(z) at low redshifts
- Principal components of w(z)
- Direct predictions from models

* Perturbations

- New functions describing departures from
General Relativity equations

- Effective Field Theory
- Direct predictions from models



Background: First Order Expansion

w=w,w,(1-a)=w,+(1-a)(W,-W,)

1 0.5 a=1/(1+2z)

Chevallier & Polarski 2001, Linder 2003



Background: Principal Components

A

1 0.5 a=1/(1+2z)

Crittenden & Pogosian 2006, Dick et al. 2006,5aid et al. 2013



Perturbations

Effective Field Theory:
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Modified Gravity:
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Status of observations
and challenges



Planck 2018
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Planck 2018
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Planck 2018

Planck TT, TE,EE4lowE+lensing Planck TT,TE,EE+lowE +lensing (2015)

Planck TT,TE EE+lowE+lensing
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Planck x BICEP x KECK 2018
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F=A (sky direction) x F(frequency)




F=A (sky direction) x F(frequency)




F=A (sky direction) x F(frequency)

Gas thickness decreases to a few Kpc
simple parame atlon IS possible

/ ™
. Gas thlckness decreases to,a few Kpc
S|mple parametrlzatlon IS p035|

Planck 2013



Galactic polarized foregrounds

Apoq Aai9

Decaying power law

23 GHz




Polarized synchrotron

 Amplitude: cosmic ray electrons spilarizing
around the Galactic magnetic field

* Frequency scaling: approximate decaying power
law frequency scaling (F_ ~f”), determined by the
electron distribution in energy

 Data: total intensity and polarization, several

surveys at radio frequencies, WMAP and Planck
at microwave frequencies

 Data at the required quality for B-mode cleaning:
none



Polarized dust

Amplitude: magnetized dust grains emitting almost
thermally, linearly polarized via local alignment with
the Galactic magnetic field

Frequency scaling: grey body F_ ~BB(f)xf

Total intensity data: high resolution (few arcminutes)
and sensitivity (IRAS and Planck) at 3000, 857, 545,
353 GHz for total intensity, degree scale mapping of
temperature and emissivity

Polarization data: Planck 2015 at 353 GHz

Data at the required quality for B-mode cleaning:
none
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Planck Sky Model

Multipole, |

Delabrouille et al. 2012
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Planck 2018: B-mode contamination
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FG contamination to CMB B-modes
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Planck x BICEP x KECK

r<0.07 at 95% C.L.
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B-mode experiments In
the next decade
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Simons Array Projected Sensitivity
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Simons Observatory
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CMB-S4 Power Spectra
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COSMOS
Cosmic Orbital and Suborbital Microwave ObservationS
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B- mode power spectrum measurements N
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LSPE-SWIPE
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LiteBIRD 2027

LSPE-SWIPE, 2019
SPIDER ~ 2020

ACTpol, now

Polarbear, now
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Simons Observatory
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