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Where do neutrinos come from?

v Nuclear reactors |

Sun v

v Particle accelerators

Supernovae
SN 1987A v/

v’ Earth Atmosphere
(Cosmic rays)

Accelerators in
astrophysical sources ?v/

v Earth interior
(Natural Radioactivity)

Early Universe
(today 336 v/cm?3)
Indirect evidence







Role of
neutrinos?




Introduction: neutrinos and the
history of the Universe
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Decoupled neutrinos
(Cosmic Neutrino
Background or CNB)

Moo 3

Neutrinos coupled
by weak interactions

%0

C@;Q

<l
=
. Al
U101 opey, sep ojqissod
a Q@
»

oI
Sqrsy %)
e Uoneipe; snemosoiw o1usoO

Key: W, Z bosons /\/\, photon
q quark %) meson ' galaxy

@ electron
L muon Ttau

tri atom black . (Ge
V neutrino hole | Particle Data Group, LBNL, © 2008. Supported by DOE and NSF V)

g gluon . & @ baryon (se

: 2
##% ion 3)(7073 (/(e/vlh)




Neutrino cosmology is interesting because Relic neutrinos are very abundant

e The CNB contributes to radiation at early times and to matter at late times (info
on the number of neutrinos and their masses)

e Cosmological observables can be used to test standard or non-standard
neutrino propertles

LLmuon Ttau ™ ' - ~0-13 "'l
ac
V neutrino C@ g hole | Particle Data Group, LBNL, © 2008. Supported by DOE and NSF (Gel/)
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Introduction: neutrinos and the
history of the Universe

Basics of Cosmology

Production and decoupling
of relic neutrinos
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The radiation content
of the Universe (N )

Neutrinos and Primordial
Nucleosynthesis

Neutrino oscillations
in the Early Universe
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Massive neutrinos as Dark Matter

Effects of neutrino masses
on cosmological observables

Present bounds on neutrino
properties from cosmology

Future sensitivities on neutrino
physics from cosmology




Basics of Cosmology



Eqs in the SM of Cosmology

The FLRW Model describes the evolution of the isotropic and
homogeneous expanding Universe

ds” = g dx"dx’ = dt’ —a(t)z(

dr’

— +7r°d0” +r* sin® Odg’

a(t) is the scale factor and k=-1,0,+1 the curvature

Einstein eqs ‘

Energy-momentum
tensor of a perfect
fluid

1
GW = RW _EgWR = SﬂGTW - AgW

T, =(p+puu,-pg,,




Eqs in the SM of Cosmology

X

H(t) is the Hubble parameter

00 component
(Friedmann eq)

P=PpTPRrTPA
dp
P _ _3mg

H (t)"

2_87TG
3

k

a2

K

H(t)%a?

=0 -1

p = const @ -3(1+)

()= p/pcrit

p.i:=3H?/8nG is the critical density

Radiation a=1/3
pr~1/a*

Matter a=0
pMNI/GB

Cosmological constant a=-1

pp~const




inflation

a(t)~eht

Evolution of the Universe
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Q| &:

RD (radiation domination)

a(t)~t"2

A
(p+3P)+§

MD (matter domination)

a(t)~t?3

dark energy do



Evolution of the background densities: 1 MeV - now
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Background densities: 1 MeV - now
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Production and decoupling
of relic neutrinos
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Distribution function of particle momenta in

crer . equilibrium | Hoe 1 o
Equilibrium £9(p, T) = [exp( - x ) 22 1]
thermodynamics _ _
Thermodynamical variables
RELATIVISTIC
VARIABLE NON REL.
BOSE FERMI
| €(3) 3 | 3¢3) s T)
" w2 gt 4 72 gt + ( 2T ‘
|
|
2 2
p = g1* s 0P o mn
Particles in equilibrium - B
when T are high and
interactions effective
T~1/a(t) (E) 2,701T | 3,1517T m + gT

d?p d?p
n = g; i(p, T =9 | = By Jiley T
n =g / 2n3 ? (p.T) P=9 | Gmy fi(p,T)

’,x“ ‘— ), 1 (E) = p/n



Neutrinos in Equilibrium

1 MeV ST Smy,

1, =T+ =1,

Lopm = —2\/§Gp{(ﬁey“Lve)(EyﬂLe) 4 ng(f)ay“Lva)(éy# Pe)}
P.a

P=L, R=(1Fp)/2| |gL = —% + sin® By and gg = sin” Oy




Neutrino decoupling

As the Universe expands, particle densities are diluted and
temperatures fall. Weak interactions become ineffective to keep
neutrinos in good thermal contact with the e.m. plasma

Rough, but quite accurate estimate of the decoupling temperature

Rate of weak processes ~ Hubble expansion rate

87Tprad
3M2

87T,0rad
3M2

Ly ~ owl|vln, H* = — GET° =~ — Tgec(v) = 1 MeV

Since v_have both CC and NC interactions with e*

Thec(Ve) >~ 2 MeV  Tyec(vyr) >~ 3 MeV
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History of the Universe
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Neutrinos coupled
by weak interactions
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Free-streaming neutrinos
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Neutrino Background
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Neutrino and photon (CMB) temperatures

fo(p,T)

exp(p/T,) + 1




Neutrino decoupling and e* annihilations
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T, \ 4
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Neutrino and Photon (CMB) temperatures

T, (MeV)
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The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f (p T) _ 1
14 9 _

spectrum as that of a relativistic species exp(p/T,) + 1

* Number density

dgp 3 6C(3) 3
n / (27_‘_)3 f (p ) 11”’7 117_‘_2 CMB

e Energy density

Tn? [ 4 4/3 T4
Bp 120 \ 11 CMB
Pv; = / \/p2 —+ mgz W fV(p7 Tu) —7 = Massless

- My, My Massive m >>T




The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f (p T) _ 1
spectrum as that of a relativistic species oA exp(p/T,) + 1
* Number density
At present 112 (v + V) cm3 per flavour
e Energy density
Massless
Contribution to the energy
density of the Universe Massive
m,>>T




Evolution of the background densities: 1 MeV - now
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The radiation content
of the Universe (N_)



Relativistic particles in the Universe

At T>>m_, the radiation content of the Universe is

T’ 7 7

=0 + —T +3x—x—T*"=|1+—x3
Pr =Py * Py = 15 8 15 [ 8 }Py

At T<m,, the radiation content of the Universe is

4/3
(2 s
§[(11)

WV,

7 /4 4/3 \ T v4
3 }

# of flavour neutrinos:N, = 2.984+0.008 (LEP data)

Pr= Py T Pv =




Relativistic particles in the Universe

At T<m_, the radiation content of the Universe is

) 7 /4 4/3 i
v — P4 9y 0, = |14+ - | — )~
Pr = P~y T Pv T P. +5 (11)/' PA

7
Effective number of relativistic neutrino species
Traditional parametrization of p stored in relativistic particles

Pv t Pz

Py
> standard neutrinos only: N_;~~3 (3.045)

Bounds on N from
Primordial Nucleosynthesis
and other cosmological
observables (CMB+LSS)

N.+ is a way to measure the ratio

> N_¢> 3 (delays equality time) from additional relativistic particies (scalars,
pseudoscalars, decay products of heavy particles,...) or non-standard neutrino
physics (primordial neutrino asymmetries, totally or partially thermalized light
sterile neutrinos, non-standard interactions with electrons,...)




Exercises: try to calculate...

The present number density of massive/massless neutrinos n % in
3
cm

The present energy density of massive/massless neutrinos €2 °and
find the limits on the total neutrino mass from € %<1 and Q,°<Q °

The final ratio TY/TV using the conservation of entropy density
before/after e* annihilations

The decoupling temperature of relic neutrinos using I',,=H

The photon temperature / redshift of the matter radiation equality
form,=1eV



End of 1st lecture



	refs
	pastor_IDPASC2018_1_i



