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Neutrinos in Cosmology

* Around 40 % of the relativistic energy in the early Universe

. Affect the expansion of the Universe

e Weak interaction with Nuclei
: Decoupling of neutrino and affect the BBN

e Non-zero mass of neutrinos
: CMB anisotropies, CMB lensing and the Large Scale Structure



Basic of neutrinos
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Neutrinos around us B
n—-p+e + V.
electron

Natural radioactivity antineutrino
Cosmic rays from outside of Earth

Solar neutrinos 5
Reactors produce neutrinos

Supernova, gamma-ray burst, active galactic nuclei

Cosmic neutrino background

GZK neutrinos

etc



Solar neutrinos




Atmospheric neutrinos
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Weak interactions of three flavour neutrinos
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Neutrino oscillations

Interaction eigenstates are different from the mass eigenstates
and they are mixed.
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A flavour eigenstate oscillates during the propagation.



oscillation

Two neutrino approximation
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Summary of neutrino properties for cosmology

Am? = (7.58%535) x 107°eV?, solar neutrino
IAm%| = (2.357%12) % 1073, atmospheric neutrino

Normal hierarchy

my < mg <mz, Am%=Am3 >0, AmZ =Am3 >0,

Mo = (M + A77131(31)>1/2-

Inverted hierarchy

my < my <mg, Am}=Am3, <0, AmZ = Ams >0,

mo = (mg + Amgz),)lma my = (m% + Am§3 - Am%l)l/Q-



in The 3-neutrino picture
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For example,

Case A : ) m, =0.06eV
NH : m; = 0.002425, my = 0.00904, mg3 = 0.0485 ,
IH : not available.
Case B: > m, =0.1eV
NH : m; = 0.02247, my = 0.024098, mg3 = 0.05343 |
[H : m; =0.047822, mgy = 0.048608, m3 = 0.0035699.
Case C : ) m, =0.15eV
NH : m; = 0.0423667, my = 0.0432521, ms = 0.0643812
[H : m; = 0.0580903, my = 0.0587391, mg = 0.0331705.

Or, lightest neutrino is massless, then

NH: mi =0, mg = 0.0087eV, ms = 0.0485¢eV, ¥ m = 0.0572eV
TH: my = 0.0477, my = 0.0485eV, mg = 0eV, Y m = 0.0962eV



Neutrino total mass

10° ——

¥m, (eV)

107! :




Standard Cosmology:

Thermal decoupling of neutrinos

* Expansion of the Universe

® Thermal history
- Neutrino decoupling, electron-positron annihilation
- Big Bang Nucleosynthesis
- Radiation-Matter equality
- Photon decoupling : Cosmic Microwave Background
- Structure formation



Redshift (z)

The wavelength of light is redshifted due to the expansion

A R(tq)

X R(to)

=14z
The spectroscopy gives direct measurement of redshift and also the scale
factor when it is was emitted.

Therefore redshift can denote the distance to the object or the time
when the light was emitted interchangeably.

z=0 denotes the present time and larger z means earlier time or more distant
objects.



Redshift
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Hot soup of fundamental particles in the early Universe
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In the Universe, photons, electrons, positrons, and neutrinos
are relativistic, and small number of non-relativistic baryons
(protons and neutrons) remains. They are in the thermal equilibrium

by weak interactions. .
2 + 3 (44+3% 2)

g = 10.75

Soon the neutrinos are decoupled from the thermal plasma.

Interaction rate Expansion rate
— 2T5 T2 1/2 T>

l =nlv! G2T H =g —
90 Mp

Both becomes similar at
T ~ (]\LDG%)_U3 ~ 1 MeV or t=1 sec.

Neutrinos are still relativistic, after freeze-out of neutrinos,

g = 10.75



Neutrino decoupling

After neutrino decoupling, there are two decoupled systems
with same temperature.

neutrinos

T ! R
“neutrino background’

photons, electrons,
positrons, baryons

In each system the comoving entropy is conserved.

The electrons and positrons annihilate into photons at T ! me

3 — 3
O sbefore I~ = O s.after I !

TR
T, 11
> == =1.401
7 T 4
0 sbefore = 2+ é! 4 Osafter =2
Present temperature : T. =2.725K T, =1.945K 112 /em™3

* Small corrections gives N =3.046



Neutrino energy density after decoupling

with

.
l, = T gT? and



Energy density after electron-positron annihilation

The energy density of the Universe was dominated for a long
while by photons, and (anti-)neutrinos with all of them highly
relativistic. The effective degrees of freedoms are given by
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In the present Universe, with T =2 75K
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In the expanding Universe, out of thermal equilibrium,

logn i +GHny)= " wHng ' (n)?)

@ + annihilation cross section

freeze-out when relativistic

(B)

Freeeze-out

temperature freeze-out when
; non-relativistic
T I
T : m
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Neutrinos are decoupled below this temperature slightly larger
than the electron mass. The massless neutrinos then began a
free expansion with number density decreasing R' ° and keeping
the distribution function.

At decoupling time tp , with temperature Tp
1

exp(E/Tp)x 1

the phase space distribution function is f(k tp) =

R(tp)

R for massless particles,

After decoupling, E(t)= E(tp)

floty= kN tp)= — L L ow o 1
(x1) = T(kg—to) e ADES

the temperature of the massless particles already decoupled can be
identified as

R
T="Tp ?D Decoupled-massless




Massive particles decoupled when they are non-relativistic,
maintains an equilibrium distribution with a different temperature

relation. R
fk,t)=f (k%,tD)

Due to the momentum redshift, [k|(t) = lkl(tD)RR(E?))
RZ
and E! m+ Eyn Ekin (t) = Ekin (tD)R—[;
Therefore,
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Neutrino energy density in the early Universe

74% Dark Energy

In Rel. Dominated AR
n Rel. Dominateq, 109 105 103
photons 0.6 1 F—r—7—1—

_________________________

4% Atoms

Radiation :0.005 %
Neutrinos :
less than 5 %

photons

neutrinos g
0.13x3=0.4 0.1 £ neutrinos

d 0.01 3 cithen

* / baryons depends on
the masses of
neutrinos

0.001 E

1 |
107 1

| 1

le-04 Lot S0/
10 10°®
ala,



. . . N -3
Neutrino relic density at present N =Ne 2 70N
For relativistic neutrino,
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@sition of present U@

l.=3HfME =1.88! 10 gem' 3

74% Dark Energy

Radiation : 0.005 % 4% Atoms : ordinary baryonic matters

Neutrinos :less than 5 %



