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Cosmologgz a Poweﬁcul tool to
constrain relativistic clegrees of

freedom (Iight Particles)

BBN bounds on

(active) neutrino

generations alreadg used well

before L

=P results

Recent interests on Possible sterile
states, which mix with active v’s
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For several cosmological
observables, allin a single
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CMDB and BBN scrutinize ditferent
“mass” scales!



SUMMARY

« Overview of status of BBN theory

« DATA. A robust upper bound on
Primorclial THe

s RESUITS

_ standard scenario
_ extra relativistic sPecieS from BBN

and CMB

_ the role of neutrino asymmetries



| BBN: sixt T(jé:.ars after aBy seminal paper
: (%\ Pher, Bethe & Gamow 1948)

S Theory reasonablg under control (Per mille
level for "He (neutron lifetime) , 1-2 % for 2H);

« Increased Precision in nuclear reaction cross
sections at low energy (undergrouncl |ab’s) :

+ Obh? measured ]:)9 WMAP with high Precision;

2 Decreasir?flg Precise data ("He, but see later),
7Li not understood, 2H fixes Qbh? value in goocl
agreement with CMB data.
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Weak rates: e

radiative corrections O (o) Sl

finite nucleon mass O(T/Mn) 8 102!

Plasma efects O(aT/me) TR

neutrino clecoupling O(GF T2 mpl) .
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G.M. etal 2005 v=pR

Main uncertaintg: neutron lifetime
Tn=885.7 + 0.8 sec (PDG) 1418
T=878.5 + 0.8 sec (Serebrov et al 2005) '
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i The most relevant reactions for BBN. £
' g Symbol Reaction Syml
; Rg Ty Rg
;' R, p(n, y)d Rq
i Ry ZH(p, y)‘He Ry
&I 2H(d, n)*He Ry,
1 R “H(d, p)°H Rz
 Rs “He(n, p)°H Ri3
{ R *H(d, n)*He .
i R; *He(d, p)*He Ris
Symbol Reaction {
Rg JHe(a, ¥)"Be :
Ry *H(a, v)’Li
R1g "Be(n, p)’Li
R]] 7Li(p, a)4He
R1: ‘He(d, y)°Li g
Ris SLi(p, «)*He |
R14 "Be(n, a)*He :,
Ris 7B€(d, p)24He ;



DATA

The quest for Primorc:lialit9

« Observations in systems nc:%ligiblg
contaminated ]:)9 stellar evolution (e.g.

high redshift) ;

« Careful account for galactic chemical
evolution.






Izotov & Thuan fit
e [zotov & Thuan data
¢ Other data
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Main sources of sgstematica
e L | P nterstellar reddenin §,

v 1) temperature of clouds
% | D electron densitg
o | Possible de\/elol:)ments: using
g 100L Averetal 2010 - more H llﬂCS
4.3 e

Neutral Hydrogen Fraction (x10%)  _  ElectronDensityfem®) __

et . —



Further Problem: what is the He Proclucecl
133 PEE earlg stars?
AY =~ 102 - 103

Salvaterra & Ferrara 'O?
Vangioni et al 2010

For our purposes a robust upper bound on
He (and lower bound on D) is more than

enough

No regression to zero~meta”ici§9 but fit with a
constant value + dY,/dz>0

Y < 0.2-651 e 95 C.L. G.M. e P.Serpico 11
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Wrong +He can bias Parameter estimation

P 1 Ry N A
.

- 0.0215 0.022 0.0225 0.108 0.11 0.112 0.114 68 70 72
W, “am HO

SwE 1 < o i 1 ~ 2
1 12 13 0.54 0.96 0.98 3.2 3.25 3.3
z ng In [107A¢

Y ‘Free 0.22 02;1, 0.26 lchxkawa & Takahashl 2006
.- Hamann, G.M. & Lesgourgues 2008

] YP (Qbhz) From BBN

B, s e e Ry =~ .
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‘He

observed on Earth (nuclear weapons)

observed in the Solar System (Sun):*H ==IHe
observed in the ISM ?He/H= 0.1

observed In Planetarg nebulae and Hj regions
outside the solar system OHe" sPin HiP 3 46 cm
Wavelength band)




(*He/H)x10°
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[0/Hl=Log(0/H)~Log(0/H)un




T,y > 5800 K

[FefH]




| [Li/H 1= 12+ logo(Li/H)

| (Bonifacioetal. 97)  [Li/H]1=2.24+0.0

. (Ryan et al. 99 00) T[Li/H1=2.09%91_ 55

| (Bonifacioetal. 02) [’Li/H]1=234+0.06
(Melendezetal.04) [7Li/H] = Pehied @ 0D

| (Charbonnel etal. 05) Li/H1=2.21 +0.09

" (Asl:)luncl et al. 06) A8 ez 2095 £08055
(Korn et al. 06) FLi/H]1=254 +£0.10

A factor 2 or more below BBN Prediction, trusting
ZH+WMAP bargon clensitg and He upper bound
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Nuclear rates under control
CHe(x,Y) ' DBe & "Be (GLP)Z )

Sgstematics iN measurements?

Non standard BBN (catalgzed
BBN)7?

Observed values NOT Primorc]ial
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Figure 4:
(Left) In blue (solid), the 68% and 95% contours in the N, - 1,4 plane derived from a
comparison of the observationally-inferred and BBN-predicted primordial abundances
of D and *He. In red (dashed), the 68% and 95% contours derived from the combined
WNMAP 5-year data, small scale CMB data, SNIa. and the HST Key Project prior
on Hy along with the LSS matter power spectrum data. (Right) The 68% and 95%
joint BBN-CMB-LSS contours in the N, — ;o plane.
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Fic. 1. Linear regressions of the helium mass fraction ¥ vs. oxygen abundance for H II regions in the HeBCD sample. The Y's are

derived with the He I emissivities from Porter et al. (2005). The electron temperature T.(He™) is varied in the range (0.95 - 1)x T (O 1m1).
The oxygen abundance is derived adopting an electron temperature equal to T, (He™) in a) and to T.(O 1) in b).
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WIMARD & AC BT BRO 4 D 4 ALT

WWAF » ACEAR +BAD+ALT
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Thé l_eloton number cnc ‘che Universe

Neutrino chemical potentials change the exPansion
rate Parameter H glbar er v energy clensitg);

ve chemical Potential fi’ianges the n-p chemical
equilibrium (weak rates); Kang & Steigman 1992
Vs oscillates in flavor space: before BBN Ve, Vu & Vr

mix their chemical Potentiai.

Dolgov et al 2002

ip’=[0,p] + C 0=M¥/2p+v2Gr(-8p/m?* E + p-p)



"We conclude that in the LMA region the neutrino flavors

essentially equilibrate long before n/p freeze out, even —— 7u/u ('xnlo“’) '
when 0,, is vanishingly small” \
"...the BBN limit on the v, degeneracy parameter,

.| < 0.07, now applies to all flavors. "
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S. Pastor et al.,Phys. Rev. Lett. 102, 241302 (2009)













Global evidence for 6, >0
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Conclusions

BBN theorg c]uite accurate, at % level (or
better) for main nuclides:

Problem: systematics in "He measurements;
|_ithium still Puzzling;
new observational strategjes !

BBN + CMB (PLANCK): a tool to constrain
new Phgsics.



One extra “etfective” neutrino

allowed E)g data (magbe slightlg

PY’CF@ e

No room Tor two thermalized
sterile states

Planck (and Katrin) results will
tell us more in1-2 Qears!



