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A short A short reviewreview ofof BBN:               BBN:               

recentrecent data and data and theoreticaltheoretical statusstatus

Sixty years after the seminal Sixty years after the seminal  paper (Alpher, Bethe, paper (Alpher, Bethe, 

Gamow, 1948):Gamow, 1948):

••Theoretical (standard) framework well establishedTheoretical (standard) framework well established

•• Increasingly precise data on Deuterium, Increasingly precise data on Deuterium, 44He(?), and He(?), and 77LiLi

•• Increasingly precise data on nuclear process rates from Increasingly precise data on nuclear process rates from 

lab experiments at low energies (10 KeV lab experiments at low energies (10 KeV –– MeV)MeV)

•• Baryon fraction measured very accurately by CMB and Baryon fraction measured very accurately by CMB and 

Deuterium, and they agree!!Deuterium, and they agree!!

COSMOLOGYCOSMOLOGY

ASTROPHYSICSASTROPHYSICS

FUNDAMENTALFUNDAMENTAL

MICROPHYSICSMICROPHYSICS
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BBN Input:BBN Input:
-- baryon density: baryon density:  = n= nBB/n/n ≈≈ 274 10274 10--10 10 bbhh

22 (Now from (Now from 

CMB)CMB)

-- energy density in relativistic degrees of freedomenergy density in relativistic degrees of freedom

historically described as “effective number of neutrinos”, historically described as “effective number of neutrinos”, 

but it can account but it can account partiallypartially for:for:

1)    non instantaneous decoupling effects1)    non instantaneous decoupling effects

2)    non standard 2)    non standard --interactions, interactions, --asymmetriesasymmetries

3)    extra relativistic degrees of freedom,exotic physics 3)    extra relativistic degrees of freedom,exotic physics 

BBN Output: XBBN Output: Xaa ((nuclide abundances)nuclide abundances)
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WeWe can can getget information information aboutabout CosmologicalCosmological NeutrinosNeutrinos +  +  

extra extra relativisticrelativistic d.o.f.d.o.f. !!
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SolvingSolving numericallynumerically BBN BBN dynamicsdynamics

Neutrino Neutrino decouplingdecoupling can can bebe computedcomputed independentlyindependently ofof nuclearnuclear abundancesabundances

1.1. WeakWeak interactionsinteractions freezefreeze out at out at 

2.2.

3.3.

1.1. WeakWeak interactionsinteractions freezefreeze out at out at 

TT ~~11 MeVMeV

2.2. DeuteriumDeuterium formsforms via  via  pp nn DD 

at at TT ~~ 0.1 0.1 MeVMeV

3.3. NuclearNuclear chainchain



Main uncertainty: neutron lifetimeMain uncertainty: neutron lifetime

ττnn= 885.7 = 885.7 ±± 0.8 sec (PDG)0.8 sec (PDG)

ττnn=878.5  =878.5  ±± 0.8 sec (Serebrov et al  2005)0.8 sec (Serebrov et al  2005)

44He mass fraction YHe mass fraction YPP linearly increases linearly increases 

with τwith τnn: 0.246 : 0.246 -- 0.2490.249

Nico & Snow, Nico & Snow, Ann.Rev.Nucl.Part.Sci.55:27Ann.Rev.Nucl.Part.Sci.55:27--69,200569,2005

BBN accuracy IBBN accuracy I

Weak rates:Weak rates:

•• radiative corrections O(α)radiative corrections O(α)

•• finite nucleon mass O(T/Mfinite nucleon mass O(T/MNN))

•• plasma effects O(αT/mplasma effects O(αT/mee))

•• neutrino decoupling O(Gneutrino decoupling O(GFF
2 2 TT33 mmPlPl))

55/27/27
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z=T a e x Nv
eff

1.4            0.73%     0.52%     3.046

Small effect on Small effect on 44He mass fraction: He mass fraction: YYpp=2 10=2 10--44

Neutrino decoupling in detailsNeutrino decoupling in details

•• Non standard neutrinoNon standard neutrino--electron interactions electron interactions NPBB756:100 (2006)NPBB756:100 (2006)

•• Including oscillation  effects Including oscillation  effects NPB729:221 (2005)NPB729:221 (2005)

•• E.M. plasma effects E.M. plasma effects PLB534:8 (2002)PLB534:8 (2002)

•• Neutrino chemical potentials Neutrino chemical potentials NPB590:539 (2000)NPB590:539 (2000)

but revisited after S.Pastor et al but revisited after S.Pastor et al 

PRL102:241302 (2009)PRL102:241302 (2009)

Neglecting Neglecting --asymmetriesasymmetries
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BBN accuracy IIBBN accuracy II

Nuclear rate benchmarks:Nuclear rate benchmarks:

Caughlan and Fowler  „88Caughlan and Fowler  „88

Smith, Kawano and Malaney „93Smith, Kawano and Malaney „93

NACRENACRE

RecentRecent effortsefforts:: reanalysisreanalysis ofof thethe wholewhole networknetwork

includingincluding recentrecent experimentalexperimental resultsresults (e(e..gg.. LUNA)LUNA) andand

theoreticaltheoretical calculationscalculations (e(e..gg.. pp nn →→ DD )).. MainMain

improvementsimprovements:: undergroundunderground measurementsmeasurements inin lowlow

energyenergy rangerange ((100100 KeV)KeV)
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p n  p n  →  D →  D 

PionlessPionless effectiveeffective fieldfield

theorytheory at Nat N22LO and LO and 

NN44LO (LO (RupakRupak))

errorerror in 1in 1--2% 2% rangerange

D p D p → → 33He He 

error error 

reduced reduced 

from 13 to from 13 to 

3%3%

LUNA 06LUNA 06
WeizmannWeizmann InstInst. 04. 04

44He He 33He He → → 77Be Be 

results seem to results seem to 

worsen the worsen the 77Li Li 

problem problem 
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Nuclides consideredNuclides considered

PArthENoPE
Public Algorithm Evaluating Nucleosynthesis

of Primordial Elements

Comput.Phys.Commun.178:95Comput.Phys.Commun.178:95

6,20086,2008

http://parthenope.na.infn.it/http://parthenope.na.infn.it/
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Main problemMain problem

We cannot observe directly primordial abundances, since We cannot observe directly primordial abundances, since 

stars have changed the chemical composition of the universestars have changed the chemical composition of the universe

1)1) Observations in systems Observations in systems 

negligibly  contaminated by stellar negligibly  contaminated by stellar 

evolution;evolution;

2)2) Carefull account for galactic Carefull account for galactic 

chemical evolution.chemical evolution.

ASTROPHYSICAL OBSERVATIONSASTROPHYSICAL OBSERVATIONS
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TheThe astrophysicalastrophysical environmentsenvironments whichwhich seemseem thethe mostmost appropriateappropriate

areare thethe hydrogenhydrogen--richrich cloudsclouds absorbingabsorbing thethe lightlight ofof backgroundbackground

QSO‟sQSO‟s atat highhigh redshiftsredshifts..

ToTo applyapply thethe methodmethod oneone mustmust requirerequire::

(i)(i) neutralneutral hydrogenhydrogen columncolumn densitydensity inin thethe rangerange

1717 << log[N(Hlog[N(HII))//cmcm--22]] << 2121;;

(H(HII regionsregions areare interstellarinterstellar cloudcloud mademade ofof neutralneutral atomicatomic hydrogen)hydrogen)

(ii)(ii) lowlow metallicitymetallicity [M/H][M/H] toto reducereduce thethe chanceschances ofof deuteriumdeuterium

astrationastration;;

(iii)(iii) lowlow internalinternal velocityvelocity dispersiondispersion ofof thethe atomsatoms ofof thethe clouds,clouds,

allowingallowing thethe isotopeisotope shiftshift ofof onlyonly 8181..66 km/skm/s toto bebe resolvedresolved..

Only a few QASs pass the exam!Only a few QASs pass the exam!

DeuteriumDeuterium
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Our determinationOur determination 22H/H = (2.87H/H = (2.87 ++0.220.22
--0.210.21) 10) 10--55

Iocco et al. PR472, 1 (2009)Iocco et al. PR472, 1 (2009)
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44HeHe

ObservationObservation ofof ionizedionized gasgas (HeII(HeII 

HeIHeI recombinationrecombination lineslines inin HHIIII regions)regions)

inin BlueBlue CompactCompact GalaxiesGalaxies (BCGs)(BCGs)

whichwhich areare thethe leastleast chemicallychemically evolvedevolved

knownknown galaxiesgalaxies

YYPP inin differentdifferent galaxiesgalaxies plottedplotted asas

functionfunction ofof OO andand NN abundancesabundances..

RegressionRegression toto “zero“zero metallicity”metallicity”

NuclearNuclear stellarstellar processesprocesses throughthrough successivesuccessive generationsgenerations ofof starsstars havehave burnedburned

hydrogenhydrogen intointo 44HeHe andand heavierheavier elements,elements, hencehence increasingincreasing thethe primordialprimordial 44HeHe

SinceSince thethe historyhistory ofof stellarstellar processingprocessing isis measuredmeasured byby metallicitymetallicity ((ZZ)) thethe

primordialprimordial valuevalue ofof 44HeHe massmass fractionfraction YYpp cancan bebe derivedderived byby extrapolatingextrapolating toto O/HO/H

andand N/HN/H 00



Main sources of Main sources of systematicssystematics::

ii)   interstellar reddening)   interstellar reddening

ii)  temperature of cloudsii)  temperature of clouds

iii) electron densityiii) electron density

Possible developments: using Possible developments: using 

more H linesmore H lines

Small statistical error but large systematicsSmall statistical error but large systematics

Recent analyses:Recent analyses:

Izotov & Thuan 2010Izotov & Thuan 2010

Aver, Olive & Skillmann 2010Aver, Olive & Skillmann 2010

Aver, Olive & Skillmann arXiv:1012.2385Aver, Olive & Skillmann arXiv:1012.2385
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AllAll recentrecent determinationsdeterminations areare dominateddominated byby systematicssystematics..

CMBCMB anisotropiesanisotropies areare sensitivesensitive toto thethe reionizationreionization history,history, andand

thusthus toto fractionfraction ofof baryonsbaryons inin thethe formform ofof 44HeHe..

OnyOny aa marginalmarginal detectiondetection ofof aa nonnon--zerozero YYpp,, andand eveneven withwith

PLANCKPLANCK thethe uncertaintyuncertainty willwill bebe largerlarger thanthan thethe presentpresent

systematicsystematic spreadspread ofof thethe astrophysicalastrophysical determinationsdeterminations..

•• YYp p = 0.250 = 0.250 ±± 0.003 0.003 Iocco et al. PR472, 1 (2009)Iocco et al. PR472, 1 (2009)

•• YYp p = 0.2565 = 0.2565 ±± 0.0010(stat)0.0010(stat)±± 0.0050(syst) 0.0050(syst) Izotov & Thuan Izotov & Thuan 

20102010

•• YYp p = 0.2561 = 0.2561 ±± 0.0108 0.0108 Aver et al. 2010Aver et al. 2010

•• YYp p = 0.2573 = 0.2573 ±± 0.0033 0.0033 Aver et al. Aver et al. arXiv:1012.2385arXiv:1012.2385
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LikelihoodLikelihood analysisanalysis

•• Run a Run a BBNBBN code (code (PArthENoPEPArthENoPE) to get Y) to get YPP(N(N,,), ), XXDD(N(N,,))

•• Construct for each abundance the likelihood function:Construct for each abundance the likelihood function:

•• Define a total likelihhod function L=LDefine a total likelihhod function L=L4He4He LLD       D       

•• Plot the 68%, 95% and 99% cl contours in the Plot the 68%, 95% and 99% cl contours in the (N(N,,) plane) plane..
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4He

2H

•• Only Only 22H H  ΩΩBBhh22 = 0.021 = 0.021 ±± 0.0010.001

•• Only Only 44He He  ΩΩBBhh22 = 0.028= 0.028+0.011+0.011
--0.0070.007

•• WMAP 7WMAP 7--years years  ΩΩBBhh22 = 0.0226 = 0.0226 ±± 0.00050.0005

Compatible results Compatible results 

at order 1.5 σat order 1.5 σ

Iocco et al. PR472, 1 (2009)Iocco et al. PR472, 1 (2009)
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After marginalizationAfter marginalization

NN = 3.18 = 3.18 +0.22+0.22
--0.210.21 (68%  CL)(68%  CL) 2.8 2.8 ≤ ≤ NN ≤ ≤ 3.6 (95% CL)3.6 (95% CL)

BB hh22 =0.021 =0.021 ±± 0.001    (68% CL)0.001    (68% CL)

Using YP from IT10 

3.0 3.0 ≤ ≤ NN ≤ ≤ 4.5 (95% CL)4.5 (95% CL)

Due to the largest value Due to the largest value 

of Yof YPP

AgainAgain TensionTension in BBN?in BBN?

Iocco et al. PR472, 1 (2009)Iocco et al. PR472, 1 (2009)
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Large neutrino chemical potentials are not Large neutrino chemical potentials are not 

forbidden. They affect BBN!forbidden. They affect BBN!

1) chemical potentials contribute to N1) chemical potentials contribute to N (if no extra (if no extra 

d.o.f. and assuming T.E.)d.o.f. and assuming T.E.)

2) a positive electron neutrino chemical potential 2) a positive electron neutrino chemical potential ξξee

(more neutrinos than antineutrinos) favour (more neutrinos than antineutrinos) favour 

nnp with respect to p with respect to p p  n processes.n processes.

3) Neutrino oscillations mix3) Neutrino oscillations mix ξξee , ξ, ξxx ..They equilibrate if They equilibrate if θθ13 13 

is not too smallis not too small
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BBN and Neutrino Asymmetry: a leptometerBBN and Neutrino Asymmetry: a leptometer

YYPP



DolgovDolgov et al 2002et al 2002

IoccoIocco et al 2009et al 2009
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EvenEven smallersmaller thanthan 0.046 due 0.046 due toto non non instantaneousinstantaneous decouplingdecoupling



However..However...
vv decouple from the thermal decouple from the thermal 

bath, and scatterings & pair bath, and scatterings & pair 

processes may be inefficient to processes may be inefficient to 

rere--adjust their distribution. adjust their distribution. 

Not a perfect FD (in general)!Not a perfect FD (in general)!
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WeWe mustmust followfollow neutrino neutrino 

decouplingdecoupling duringduring BBNBBN

For vanishing ϑ13

G. Mangano, G. M., S. Pastor, Pisanti, S. Sarikas G. Mangano, G. M., S. Pastor, Pisanti, S. Sarikas JCAP 1103 (2011) 035JCAP 1103 (2011) 035
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WeWe evolveevolve ρρνν startingstarting fromfrom initialinitial valuesvalues ofof thethe totaltotal neutrinoneutrino

asymmetryasymmetry ηηνν andand ηηνeνe.. TheThe oscillationoscillation parametersparameters areare fixedfixed

atat thethe fittedfitted valuesvalues apartapart ofof θθ1313..

CaseCase forfor anan intialintial ηηνν == −−00..4141,, andand ηηνeνe
inin ==

00..8282.. TheThe totaltotal neutrinoneutrino asymmetryasymmetry isis

constantconstant andand equalequal toto threethree timestimes thethe

valuevalue shownshown ((blueblue dotteddotted lineline))..

SameSame initialinitial asymmetriesasymmetries.. TheThe blueblue

dotteddotted lineline showsshows thethe casecase ofof

vanishingvanishing asymmetriesasymmetries
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SpanningSpanning onon thethe initialinitial valuesvalues ofof asymmetriesasymmetries andand includingincluding

thethe neutrinoneutrino dynamicsdynamics inin PArthENoPEPArthENoPE wewe cancan performeperforme aa

likelihoodlikelihood analysisanalysis forfor 22HH andand 44HeHe

TheThe 9595%% CC..LL.. contourscontours fromfrom BBNBBN analysisanalysis forfor θθ1313 == 00 (left)(left) andand sinsin22 θθ1313 == 00..0404

(right)(right).. TheThe twotwo contourscontours correspondcorrespond toto thethe differentdifferent choiceschoices forfor thethe primordialprimordial

44HeHe abundancesabundances.. TheThe (red)(red) dotdot--dasheddashed lineline isis thethe setset ofof valuesvalues whichwhich evolveevolve

towardstowards aa vanishingvanishing finalfinal valuevalue ofof electronelectron neutrinoneutrino asymmetryasymmetry.. annihilationannihilation

stagestage..
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DeuteriumDeuterium removesremoves the the degeneracydegeneracy

AreasAreas betweenbetween thethe lineslines correspondcorrespond toto 9595%% CC..LL.. regionsregions

singledsingled outout byby thethe 44HeHe massmass fractionfraction (solid(solid lines),lines), andand

DeuteriumDeuterium (dashed(dashed lines)lines)
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The The samesame butbut forfor finalfinal asymmetriesasymmetries: at the : at the onsetonset ofof BBNBBN

For small values of θFor small values of θ1313, N, Neff eff can be as large as 3.4 still can be as large as 3.4 still 

being compatible with BBN being compatible with BBN 
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-- PlanckPlanck satellitesatellite willwill reachreach aa sensitivitysensitivity forfor NNeffeff ofof thethe orderorder ofof 00..44 atat 22σσ

-- AA detectiondetection ofof aa ΔNΔNeffeff == 00..44 –– 00..55 couldcould implyimply aa largelarge degeneracydegeneracy butbut

onlyonly forfor almostalmost vanishingvanishing θθ1313,, butbut inin thisthis casecase aa measurementmeasurement ofof suchsuch

angleangle largerlarger thanthan almostalmost 00..0303 wouldwould meanmean extraextra dd..oo..ff..

-- AA detectiondetection ofof aa ΔNΔNeffeff >> 00..55 wouldwould meanmean inin anycaseanycase extraextra dd..oo..ff..

-- WeWe havehave aa robustrobust limitlimit fromfrom BBNBBN:: ΔNΔNeffeff ≤≤ 11..22 atat 22σσ arXivarXiv::11031103::12611261vv11

[astro[astro--phph..CO]CO]



ConclusionsConclusions

•• BBNBBN theorytheory quitequite accurate,accurate, atat

%% levellevel (or(or better)better) forfor mainmain nuclidesnuclides;;

•• ProblemProblem:: systematicssystematics inin 44HeHe measurements,measurements,

andand LithiumLithium stillstill puzzlingpuzzling;; newnew observationalobservational

strategiesstrategies !!

•• BBNBBN ++ CMBCMB (PLANCK)(PLANCK):: aa tooltool toto constrainconstrain newnew

physicsphysics..

•• RelevantRelevant thethe interplayinterplay withwith measurementsmeasurements inin

lablab whichwhich couldcould fixfix betterbetter thethe rangerange forfor θθ1313
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