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Cosmic Neutrinos
T

Weak interactions in the primordial plasma:
P+€ <>N+Vv, where I' = <avnvc> \
When I" < H we have the neutrino decoupling !

1-
KT, =1MeV
If the decoupling was istantaneous, we get:
T /T, =@11/4)" 2me
So nowaday T =1.95K .
‘e e <> 7/7/‘
Cosmological standard value N = 3. 046

7 4 4/3
Prad = 1+§(ﬁj Neff p;/

l (non- ls’ran‘raneous decoupling) '-|e e — 7/7/‘
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Cosmological constraints
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Cosmological constraints
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Probing the Neutrino mass with cosmological
data
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But, are these limits stable?!
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Current constraints

CMB + mpk (status) > m, <0.44eV model dependent!

Potential: Planck + Euclid > m, <0.037eV

B-decay m, <2.2eV  model independent
Potential: KATRIN m, < 0.2eV
3 1 T R R | el i L L L1
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Model dependence

Gonzalez Garcia, Maltoni & Salvado (2011)
Spatial flatness: Z m, <0.61eV

Qy 2 0: E m, <1.5eV
Reionization:
s wevgog  Tonized
. Universe
Neutral
Quasar Universe
C . - o Dark Age
Reionization L _ .9
205256 Reionized
s Universe
Gunn-Peterson
effect i
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Reionization effects on CMB
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Reionhization models

Sudden reionization
Double peak reionization
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Mortonson & Hu (2008)
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* There is no direct correspondence between z and |

* Moreover we don't know the behaviour of x, between z=20 and z=6
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Principal components

PCs: Fisher matrix eigenfunctions
The first 3-5 modes provide all the informations about reionization that are
relevant in the E mode polarization spectrum at large scales.

NB: This is not true for the whole
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Results

How do the constraints on the cosmological parameters (in particular on the
heutrino mass) change, if, instead of using a sudden reionization model, we
analyze the process of reionization through the Principal Components, making it
independent from the model?

CosmoMC modifiyed to account for a model independent reionization with the first
5 PCs.

Parameters WMAP7 WMAP7
(Sudden
reionization)
Qbh”2 0.0221+0.0012 | 0.0226+0.0015
Qch”™2 0.117+0.013 0.115+0.017
Qa 0.674+0.134 0.675+0.148
g 0.955+0.033 0.975+0.045
Ho 65.7+8.2 66.0+10.2
zmy <1.15eV(95%) <1.66eV(95%)

Archidiacono et al., PRD (ZOIO)I
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Results

Sudden reionization . .
3} : - st | Positive correlation:
Model independent , :
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The number of effective
relativistic degrees of freedom

(G h2 = =M
Y 93V

<
:3+ N .
-

The total amount of relativistic degrees of freedom in the Universe is therefore
parametrized in the following way:

, 7( 4 4/3 ,
QRh =|:1+§(E) Neff th

A value of Neff > 3.046 is equivalent to the presence of a new «dark radiation»

component:
HY Q. Q O O
[—j =—+—L+—4+0Q +—F

H, a’® a' a a’
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Probing the Neutrino number with CMB data

Changing the Neutrino effective number
essentially changes the expansion rate
H at recombination.

So it changes the sound horizon at

recombination: E
o
t. a. C. da I =
I Io c, dt/a IO 2 H D, 5
"
53
and the damping scale at r'ecombma‘rlon i
+—(1+ R) r
=) L Gy =
o a’c.nH 6(1+R ) D,

g, = fixed wapr 3
{ SPTsim

1000

15004. - IEL'I"OC; :?,5(]0
Multipoles (1)
Hou et al (2011)

Moreover a larger neutrino number increases the early ISW as the neutrino mass .
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Hints for a Dark Radiation
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What Dark Radiation is made of?

Exotic models: If N o S not close to an
* gravitational waves integer, it could be not made of
e axions .

neutrinos!

« decay of non-relativistic matter
* Early Dark Energy

Massless neutrinos equations of perturbations:

.3 N
5, =21-3c (5 +3—q—j—k[qv +3hj,

a — a k 3k
S + 3_q_j _éq _2 Kz, Cesz The effective sound speed

1 = kc?
G = K a k) a 3

C\?is The viscosity speed

7t, =3CZ, Eqv 85 —§kF
—\ 9 15 S

_”:v,l (I +1) v,1+1? 23 J
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Effective sound speed and
viscosity speed

BOOO
ﬂ._' J
4000 :
o .
-
= :
2000
= [
/™
.-\-: D -
: G000 !
—~ 4000 -
— 2000 | If Dark Radiation is
~ [ made of free-streaming
l'-'l ; 1 1 1 1 '] L - | 1 '] 1 1 1 1 L 1 -. par‘TiCIZS'
100 1000 2000 S000 2
[ Ceff — VIS _1/3

Hu (1998), Smith et al. (2012) ‘

Neutrino Physics from recent Cosmological data Maria Archidiacono



Results

Ny | 4.08:071  3.89:0.70

Czeff 0.312+0.026 1/3
G 0.29+0.21 1/3
J’ A 4
C%.¢s and €2, 2c evidence for
consistent with 1/3 N, >3.046

‘ Archidiacono, Calabrese, Melchiorri, PRD (2011)‘
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Cosmological parameters
degeneracies
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Results

st: czeff ’ szis st: Cvis st: Czeff' szis:
m,

N, 1.10£0.79 1.46+0.76 1.12+0.86
C2ott 0.24+0.13 1/3 0.24+0.13
. <0.91 (95%cl) <0.74 (95%cl) <0.92 (95%cl)
zm, — — <0.79 eV (95%cl)

N, detection at 2c [<

Czeff and szis
consistent with 1/3 within 1o

. Archidiacono, Calabrese, Melchiorri, PRD (2011)
Neutrino Physics from recent Cosmological data Maria Archidiacono




Neutrino parameters

N, detection at 2c

|
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Degeneracy between the sum of the masses
of the active neutrinos
and the number of sterile neutrinos

Archidiacono, Calabrese, Melchiorri, PRD (2011)‘
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Conclusions

* Neutrino Masses

We investigated the influence of the theoretical assumptions about reionization
on the cosmological neutrino mass bounds. We saw that the cosmological
constraints on the neutrino masses are weakened if we parametrize the
reionization process through the , making it independent
from the model.

* Neutrino Number

We found a 2c evidence for Dark Radiation.

Moreover, the values we get for the effective sound speed and viscosity speed
are consistent with the value of 1/3 that a free-streaming relativistic
component should have.

So sterile neutrinos are a good candidate for extra Dark Radiation.
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Thank youl
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