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Checkpoints

ÅAbundance basics

ÅBig Bang Nucleosynthesis 

(BBN) Overview

ÅPrimordial Element Problem(s)
ïLithium Problem

ïDeuterium Problem?
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Abundances 101

ÅRatio of some element to another (usually H)

ÅNotations/Representations

ïMass fraction

ïAbundance (wrt H, by number)
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Start: Solar Abundances

ÅDrop towards high 
mass numbers
ïIncreasing Coulomb

barrier

ÅZig-zag pattern
ïOdd vs even

ÅLiBeB drop
ïInefficient LiBeB 

fusing in BBN

7/12/2011
Tijana Prodanovic @ SF Cosmology Workshop 

prodanvc@df.uns.ac.rs
4

ÅIron peak - equilibrium

ÅA~130, 200 peaks- s (low) & r(apid) processes 
(neutron capture)
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Three Pillars of Cosmology

Observational evidence of the Big Bang Model

I. Hubble Expansion  ~ T+1010 yr

II. Cosmic Microwawe Background ~ T+4x105 yr

III. Big Bang Nucleosynthesis (BBN)~ T+1 sec. 

The earliest probe!
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Primordial Nuclear Reactor

ÅHot, dense, expanding Universe

ïSinthesis of lightest elements ςD, 3He, 4He, 7Li

ïRace against expansion (faster expansion-less time 
for BBN!) 

ÅInitial conditions + physics

ÅGet primordial abundances

ÅCompare with observations

ÅTest physics and cosmology!
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Standard BBN: Framework 

ÅStandard model of particle physics  +  ɽCDM 
cosmology

ÅGeneral relativity

ÅExpanding, homogeneous Universe

ïFriedmann equation
r

p
GH

a

a

3

82

2

=¹ö
÷

õ
æ
ç

å#

z
ta

+
=

1

1
)(

ä=
i

irr

Cosmic scale factor

Mass energy density of all cosmic species
7/12/2011

Tijana Prodanovic @ SF Cosmology Workshop 
prodanvc@df.uns.ac.rs

8



The Key

ÅOnly one free parameter! Controls SBBN!

Baryon-to-photon ratio

ÅConstant! BBN determines baryon density!
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Initial Conditions

ÅT ~ 1 MeV, t ~ 1 sec

ÅCosmic radiation
ïThermal photons and (anti)neutrinos - Relativistic 

(m<<T) 

ïElectrons and positrons ςm<T

ÅCosmic matter
ïNeutrons and protons ςnon-relativistic m>>T

ÅRadiation-dominated epoch
ïDynamics dictated by radiation species

matrad rr >>
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Just before...

ÅT > 1 MeV, t < 1 sec

ÅNucleons in equilibrium

ïFast (                   ) weak interactionsHpn >>Gª

e

e

e

epn

enp

epn

n

n

n

++ª

+ª+

+ª+

+

+

-

7/12/2011
Tijana Prodanovic @ SF Cosmology Workshop 

prodanvc@df.uns.ac.rs
11



Weak Freeze-out

ÅExpanding, cooling universe favours lighter 
protons

ÅAt T ~ 0.8 MeV, t ~ 1 sec.

ÅReaction rates not fast enough for expansion

ÅNucleon conversion reactionsstop

ÅRatio freezes @ 

Hpn <<Gª
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Deuterium Bottleneck

ÅMust form D before fusion can proceed

ÅBut! 2.2 MeV photons destroy D!

ÅMost photons have T< 1 MeV but still enough 
of 2.2 MeV photons in thermal tail

ÅMust wait for deuterium!

ÅNeutrons keep decaying (~ 10 min) 
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Fusion time!

ÅAt t ~ 3 min, T ~ 0.07 MeV

ÅD abundance rises fast!

ÅLight elements are fused! Main reactions:

g++
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LiHHe

pHeHHe
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BBN Reactions Network
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The Outcome

Å4He very stable ςproduction favored

ÅNo stable nuclei at A=5 and A=8 - heavier 
element production suppressed

ïFor heavier, must fuse D, T or 3Hewith 4He

ïLarge Coulomb barrier

ÅMost neutrons go into 4He 

ïHe not very sensitive to baryon density 

24.0@pY
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The Outcome

ÅIncomplete nuke burning

ïNot all neutrons used up

ïTraces of D, 3He and 7Li

ïTrace abundance strongly dependant on nuke 
freezeout T  - baryion density

ÅBBN stops @ T ~ 30 keV, t ~ 20 min

Nuclear freezeout!

(except for the unstable ones ςremaining 3H decays, 
7.Ŝ Ҍ Ŝ Ҧ 7Li )
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Primordial abundances vs. 
Baryon-to-photon ratio

ÅIf higher nucleon (baryon) density

ïBBN starts earlier ςmore nucleons, higher temp., 
more complete burning

ÅMore 4He made

ÅLess D and 3He left

ÅLi made 2 ways:
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LiH 73 ),( ga LiBeHe 773 ),( ga
Less stable under proton collisions
Dominates at low baryon-to-photon

Strongly bound
Dominates at high baryon-to-photon



SBBN Predicted Abundances

ÅSchramm plot

ÅAbundance vs. Baryon 
density

ÅCurves: SBBN

Å1 èrrors ςnuclear 
cross-sections

ÅMeasure abundance!

ÅDone!
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Cyburt et al. 2004, 2008
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Stuck in the future

ÅAbundances today not same as after BBN

ÅLook at (close) to primordial systems ςlow 
metallicity
ïCorrect for                       changes as best as you can

ÅWhere to look?
ïD ςapsorption towards QSO (UV)

ï3He (II) ςemission in galactic HII regions

ï4He (II, III) - emission in extragalactic HII regions

ï7Li ςapsorption in atmospheres of low-metallicity 
halo stars

ÅDifferent systems but look for concordance?
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Hopeless 3He...

ÅComplicated history
ïStars burn D to make 3He, burned to make 4He

ïMore survives in cooler stars

ïNet production...but depends on destruction-
production balance

ÅOnly observed in Galactic HII regions ς
hyperfine transition

ÅMust extrapolate from today to BBN epoch

ÅToo model dependant!
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Hopefull 4He

ÅProduced in stars

ÅStable ςonce create, difficult to destroy

ÅNet increase with time

ÅBack in time ςprimordial plateau should exist

ÅMeasured in low-metallicity extragalactic HII 
regions

Å.ǳǘ ƴƻǘŜΦΦΦέǎǇƘŜǊƛŎŀƭ Ŏƻǿέ
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Hopefull 4He

Å4He vs. Metallicity 
(oxygen)

ÅExtrapolate to 0 
metal.

7/12/2011
Tijana Prodanovic @ SF Cosmology Workshop 

prodanvc@df.uns.ac.rs
24

Peimbert et al. 2002

0025.02384.0, °=obspY



Promissing 7Li

ÅFragile, destroyed in stars

ÅBut produced in CR interactions 
(fusion,spallation) and neutrino-proces in SN

ÅAt low metallicity should see a plateau

ÅPop II, low-metallicity, cold halo stars 

ÅSpite plateau

Spite &Spite (1982)

ÅPrimordial Li!
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Promising 7Li

ÅSpite plateau?

ÅMore data reveal a slope

ÅPre-galactic Li (rather than primordial)

ÅStellar modeling ς

systematic uncertainties

ïTemperature scale

ïMixing (Li fragile!)
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Deuterium - Baryometer of Choice

ÅStrong baryon density dependance

ÅVery fragile ςsimple history

ÅOnly net destruction (Epstein et al. 1976, 

Prodanovic & Fields 2003) ςstellar 
processing

ÅEasy to extrapolate to zero metallicity

ÅObserve in high-z quasar apsorption 
Lyh systems
ïQuasars @ z ~ 3 in the background of a 

cold H cloud

ïD not same as H! Line shifted!
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Deuterium - Baryometer of Choice
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ÅBut scatter!

ÅSystematics?

ÅNeed more systems! 
SDSS outlook
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Pettini et al. 2008
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Simple?

ÅHave measurements!

ÅGet baryion density!

ÅSome uncertainty but 
consistant

ÅFirst indication od dark 
matter!

ïDeuterium obs. and 
observed expansion rate 
not consistent!

ïAll matter not baryionic!
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New Light: CMB

ÅNew, independant measurement of baryon 
density

ÅWMAP ςHigh-precission cosmology era!

ÅCMB & BBN ςtest cosmology!

ÅWMAP baryon density (Dunkley et al. 2008):
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BBN & CMB

ÅWMAP ςfix baryon 
density

ÅUse BBN to predict 
primordial 
abundances

ÅEasy!

ÅCompare with 
observations?
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