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Neutrino Physics in Cosmology

‘ Neutrino Mass (Lesgourgues and Pastor 2006)
v-less double B-decay : [JU%ymg| <1~6eV —0.1~0.05¢eV !? (future)

CMB and LSS constraint from cosmological parameter-fit (at least 8) :

*m,<1.3eV (26 C.L)) II- 0Q.h2<0.013

WMAP-5yr (Komatsu et al. 2008)

@® Neutrino Anisotropic Stress

CMB is strongly affected by:
—integrated Sachs-Wolfe

—neutrino free streaming

but even generated by :

—compensation mode of

neutrino anisotropic stress (7,,)
and another primordial source of

extra anisotropic stress (7ay¢ ) - http://lambda/gsfc.nasa.gov/
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Anisotropic Stress : #i5 DA
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Extra Anisotropic Stress 7., (y,vEA9 DIR#H)
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YeDark Radiation (in Brane World Cosmology)

ERDFHIEERITBEDDrane ?

— Einstein A2 [Z#EIEE (dark radiation)
String-theory motivated Ekpyrotic/Cyclic model == CMB Power Spectrum

(Lehners & Steinhardt 2008; Khoury et al. 2001,
Steinhardt & Turok 2002; Lehners et al. 2007)

becomes too BLUE !

Without consideration before v-decoupling !
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Evolution of n and /A Kojima, Kajino and Mathews, JCAP (2010)
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CMB from Neutrino & Extra Anisotropic Stress
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— Curvature perturbation is generated by Extra Anisotropic Stress without assuming
inflation-driven (pre-Big-Bang) perturbation.

— Future observation of non-Gaussianity is desirable to constrain the nature
of Extra Anisotropic Stress.

— Primordial magnetic field could not be the full source of Extra Anisotropic
Stress because of the constrained small Gaussianity.

Lewis 2004; Mack 2002; Challinor 2004; Kahniashvili & B. Ratra 2005;
Kosowskyet al. 2005; Yamazaki et al. 2005 — 2009; Kojima et al. 2008 — 2009.



Observations of Magnetic Fields on Large Scales

w There are magnetic fields in clusters of galaxies.
% The amplitude is estimated to be ~1.0 uG.

M (Moffet & Birkinshaw 1989,

Jones et al. 1996,
Giovannini & Feretti 2000,
Feretti et al. 2004)

Galaxy Clusters:
B~10puG

!

B~1.0nG
(Initial Seed)




How could primordial magnetic field (PMF)

have been generated?

® Cosmological

Inflation (Turner & Widraw 1988; Ratra 1992)
- EW Baryogenesis via Sphaleron Transitions

Oy 7 0, then ;70

(Nambu 1977,
Hindmarsh & James 1994)

(M. Rees 1994)

= Dynamics of Recombination

(Ichiki et al. 2005)

VS.
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CMB Power Spectrum & Polarization with PMF

Yamazaki, Ichiki, Kajino, Mathews PR D77, 043005 (2008); PRD (2010) in press.
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Expected Presence of Primordial Magnetic Field (PMF)
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Constraint on Cosmological Parameters
MCMC likelihood analysis
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Probability
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Prediction of CMB-Polarization : BB mode
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Neutrino Mass Effects

CMB anisotropies and polarization are influenced by

— Integrated Sachs-Wolfe Effect

— Free Streaming Effect
— Compensation effect of anisotropic stress of magnetic

fleld & neutrinos 1

Massless or Massive is critical !

Cosmological constraints should be made carefully !

Q,Q v Qn Hye T, Ng, Ag, A/Ag + B,ng + m,

— /
—

Primordial Neutrino
Standard Cosmological Parameters  Magnetic Field  Mass



Effects of a Neutrino Mass

- | Zmy = 0.0 eV, without PMF
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I(+1)C /2 (uK?)

Effects of Neutrino Mass m,, JEESEYEERL
Integrated Sachs-Wolfe Effect, S. Dodelson, E. Gates and A. Stebbins (1996)
similarly to CDM
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Neutrino Mass Effect

YAnalytical solution of massless neutrino anisotropic stress:

R, c(kT)’ .
Ty = —WPMFR—U( — IR, + 15) (Super horizon scale)
YAnisotropic stress of massive neutrino:
7T,(Lm) ~ ﬂéz’g(l — %%HOQQRW’LE,T2)
R’Y C(keﬂ‘T)Q
- _W“’F}%z_,,.(1 B 4R,,+15)

Effective

wave number \/1 H 20) 4R, + 15 5
R %




Total anisotropic stress
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Tensor mode kfﬁ) = 3.3 x 1073 x My Mpc ! (25,2) ~ 46 X My

eV



EE Mode (m,=1eV)

Kojima, Ichiki, Yamazaki,k Kajino & Mathews, Phys. Rev. D78 (2008), 045010.
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BB Mode (m,=1eV)

Kojima, Ichiki, Yamazaki,k Kajino & Mathews, Phys. Rev. D78 (2008), 045010.
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Radial function

0.2

0.15
0.1

0.05 | .~

tensor radial function

-0.05

-0.1

-0.15

m dk m
21+ 1PC ™ o [ S Okee™ (k1o = Mrec).



Summary

1. We found that a large curvature fluctuation is generated from

an extra-anisotropic stress so that the observed CMB and
polarization are explained very well.

This resolves a difficulty of too bluer power spectrum in
Ekpyrotic or Cyclic model of brane world cosmology.

However, this model cannot be an alternative to inflation
because we need a scale-free source spectrum.

2. Best fit primordial magnetic field is constrained to be:
B=0.85%2 NG (@1Mpc) ng=-2.37 57

3. Neutrino mass affects the CMB polarization, especially EE and
BB modes, In the existence of primordial magnetic field.



