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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




History of the Universe

Role of
neutrinos?







Introduction: neutrinos and the
history of the Universe



'l PRy g

Ag L al_

Neutrinos coupled
by weak interactions

@ electron
LI.muon T tau

V neutrino

Key: W, Z bosons AN\/\, photon

q quark %) meson # galaxy

g gluon ;) & ® baryon
* star
##% ion

black
atom
C@ hole

iy
Jew yep o|qiss0d

T

&
~
2
g9
[9)
& T

Particle Data Group, LBNL, © 2008.

?

% -5 C@;IQ

<

Supported by DOE and




|l Y NP R P T

Decoupled neutrinos
(Cosmic Neutrino
Background or CNB)
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Neutrinos coupled
by weak interactions
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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
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The radiation content
of the Universe (N )
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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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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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Neutrino and photon (CMB) temperatures

fo(p,T)

exp(p/T,) + 1




Neutrino decoupling and e* annihilations

T, (11\"?
T, \ 4
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Neutrino and Photon (CMB) temperatures

T, (MeV)

0.1

0.01
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neutrinos
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a/a(1 MeV)
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1
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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,...)




Neutrinos and Primordial
Nucleosynthesis



BBN: last epoch sensitive

Primordial abundances of o AU BT

light elements: Big Bang Bound on N,
Nucleosynthesis (BBN) (typically N y<4)
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Bel BBN: Creation of
. light elements

7.3H +*He—"Li +y
8. 'He+n—"H+p Produced elements: D,

9.°He+D—=%He+p .
10, 3He 44 He—n" Be 47 3He, *He, ’Li and small

11.7Li+ p—="He +*He abundances of others
12."Be+n—"Li+p

Theoretical inputs:

e 7,. the neutron lifetime;
e (y. the Newton gravitational constant;
e 77, the baryon to photon number density ratio;

e the nuclear rates.




BBN: Creation of light elements

2
Range of temperatures: from 0.8t00.01MeV | ¢~ (0,74 (M;V> sec

Phase I: 0.8-0.1 MeV

04 : . ——
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BBN: Creation of light elements

Phase II: 0.1-0.01 MeV (
Formation of light nuclei .
starting from D Be -,
[.n—=pt+te+ v,
2.ptn— D+y 0
3. D+p—="He+y b
Photodesintegration 4 D+D—='Hetn
prevents earlier formation 5. D+D—H+p 'He—g‘ .
for temperatures closer 6. 'H+D—="He+n | i
to nuclear binding energies 3 4 Is
D 2 D - 3 7. H +4He—}fLi+~/
8. "'He+n—"H+p
1 Tz 9.*He+D—=*He +p
10. *He +*He—="Be +y
[1.7Li+ p—="He +*He
12.'Be+n—"Li+p




BBN: Creation of light elements

Phase 11: 0.1-0.01 MeV i
Formation of light nuclei
. 2
starting from D H/H
*He /H
Photodesintegration (’Li+’Be)/H
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BBN: Creation of light elements

Phase II: 0.1-0.01 MeV 0
Formation of light nuclei
starting from D

U
O
L L}

Photodesintegration
prevents earlier formation = -
for temperatures closer 8’"0 i

to nuclear binding energies

mass fraction)

2
log(t [sec])



BBN: Measurement of Primordial abundances

Difficult task: search in astrophysical systems with chemical evolution as small as
possible

Deuterium: destroyed in stars. Any observed abundance of D is a lower
limit to the primordial abundance. Data from high-z, low metallicity QSO
absorption line systems

Helium-3: produced and destroyed in stars (complicated evolution)
Data from solar system and galaxies but not used in BBN analysis

Helium-4: primordial abundance increased by H burning in stars.
Data from low metallicity, extragalatic HIl regions

Lithium-7: destroyed in stars, produced in cosmic ray reactions.
Data from oldest, most metal-poor stars in the Galaxy
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BBN: Predictions vs Observations
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Planck 2015, arXiv:1502.01589




Effect of neutrinos on BBN

1. N fixes the expansion rate during BBN

8T p

H =
3M2

O(Neg)>pg — 1 *He

Burles, Nollett & Turner 1999

2. Direct effect of electron neutrinos and antineutrinos
on the n-p reactions

Ve + M D+ € e++an+D€

3.4 3.2
3.0



BBN: allowed ranges for N_
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Deuterium-only bounds

Marcucci et al, PRL 116 (2016) 102501
[arXiv:1510.07877]
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Neutrino oscillations
in the Early Universe



neutrino refraction index

Neutrino oscillations in the Early Universe

Neutrino oscillations are effective when medium effects get

small enough

p Coupled neutrinos

Age of the universe 1n sec

o1 10 1 0.1 0.01

Compare oscillation term
with effective potentials

10_16 L

<‘—— Oscillation terms prop.

to Am?2/2E

Second order matter

effects prop. to

10—18 I

G((E/M,?)[p(e’)+p(e*)]

1072 L.

| First order matter

effects prop. to
Ge[n(e’)-n(e’)]

Temperature 1n MeV



Flavour neutrino oscillations in the Early Universe

Standard case: all neutrino flavours equally populated
===l OSCillations are effective below a few MeV, but have
no effect (except for mixing the small distortions of,)
Cosmology is insensitive to neutrino flavour after decoupling!

Non-zero neutrino asymmetries: flavour oscillations lead
to (approximate) global flavour equilibrium

the restrictive BBN bound on the »,7v, asymmetry applies
to all flavors, but fine-tuned initial asymmetries always allow
for a large surviving neutrino excess radiation that may show
up in precision cosmological data (value depends on 0,5)




Active-sterile neutrino oscillations

What if additional, light sterile neutrino species are mixed with
the flavour neutrinos?

% |f oscillations are effective before decoupling: the additional
species can be brought into equilibrium: N_z=4

 |f oscillations are effective after decoupling: N3 but the

spectrum of active neutrinos is distorted (direct effect of v, and
anti-v, on BBN)

Results depend on the sign of Am?
(resonant vs non-resonant case)



N+ & Active-sterile neutrino oscillations

4

Weak
Processes
Effective:
vineq
(thermal
spectrum)

Oscillations effective
BEFORE decoupling: the
additional species can be
brought into eq: N ;=4

Collisions less
and less
important:

v decouple
(spectrum
keeps th. form)

Oscillations effective
AFTER decoupling:
spectrum of active
neutrinos distorted

but N ;=3

 ee—p

Bgansionof theuniverse




log ’ 0(I(Smjl /eV?)

N+ & Active-sterile neutrino oscillations

1

-3.5 -3 -2.5 5 -2 -1.5
loglo(sm 268)

Hannestad, Tamborra & Tram, JCAP 07 (2012) 025

1

"l full eq, N =4

Additional
neutrino in

Contribution
of additional
to prad in Nef‘f
units




log{(6m?*/eV*)

N & Active-sterile neutrino oscillations

Flavour
neutrino
spectrum
depleted

-

Additional
neutrino fully
in eq




log{(6m?*/eV?*)

Flavour
neutrino
spectrum
depleted

Additional
< neutrino fully

Kirilova, astro-ph/0312569




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



