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Cosmology AS7009, 2008Cosmology AS7009, 2008
Lecture 8Lecture 8

OutlineOutline

�� Origin of the elementsOrigin of the elements

�� Big Bang Big Bang NucleosynthesisNucleosynthesis

�� Measuring AbundancesMeasuring Abundances

�� Lingering discrepanciesLingering discrepancies

�� BaryonBaryon--AntibaryonAntibaryon asymmetryasymmetry

Covers chapter 10 in Ryden + extra stuff

The ElementsThe Elements
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�� X: X: MassMass fractionfraction of Hydrogen (of Hydrogen (mostmost commoncommon
element in the element in the UniverseUniverse). ). 
HereHere, , nownow: X : X ≈≈ 0.710.71

�� Y: Y: MassMass fractionfraction of Helium (of Helium (secondsecond mostmost
commoncommon element in the element in the UniverseUniverse))
HereHere, , nownow: Y : Y ≈≈ 0.270.27

�� Z: Z: MassMass fractionfraction of all of all heavierheavier elements elements 
combinedcombined. . AlsoAlso knownknown as as ””MetallicityMetallicity””..
HereHere, , nownow: Z : Z ≈≈ 0.020.02

AbundancesAbundances in in AstronomyAstronomy

�� CommonCommon examplesexamples::
�� [Fe/H], [O/H] [Fe/H], [O/H] –– TheseThese twotwo are are oftenoften carelesslycarelessly

referredreferred to as to as ’’metallicitiesmetallicities’’

�� [Fe/H] = [Fe/H] = --1 1 meansmeans that the that the objectobject youyou’’rere
lookinglooking at at onlyonly has 10% has 10% IronIron (relative to (relative to 
hydrogen) hydrogen) comparedcompared to the Sun. to the Sun. 
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The The LightLight ElementsElements

CreatedCreated duringduring Big Bang Big Bang NucleosynthesisNucleosynthesis,,
roughlyroughly in the first in the first threethree minutesminutes after the after the 
Big Bang:Big Bang:
��

22H (Deuterium, D), H (Deuterium, D), 33H (Tritium)H (Tritium)

��
33He, He, 44HeHe

��
66Li, Li, 77LiLi

��
77Be, Be, 88Be (Be (UnstableUnstable, , decaysdecays back back intointo Li) Li) 

Note: BBNS required to explain
abundances of 4He and Deuterium!
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The The HeavyHeavy ElementsElements
�� EssentiallyEssentially all elements with A>7 are all elements with A>7 are 

createdcreated throughthrough
�� Stellar Stellar nucleosynthesisnucleosynthesis

�� Supernova Supernova nucleosynthesisnucleosynthesis

Fusion: H → He → Heavier elements

Cosmic Ray Cosmic Ray SpallationSpallation
�� NucleosynthesisNucleosynthesis duedue to to highhigh--energyenergy

impactsimpacts of of cosmiccosmic raysrays

�� Can form Can form 33He + He + certaincertain isotopes of Li, Be, isotopes of Li, Be, 
B, Al, C, Cl, I and NeB, Al, C, Cl, I and Ne

ImportantImportant BBNS BBNS ReactionsReactions I:I:
ProtonProton--neutronneutron freezeoutfreezeout
Consider the Universe at t ≈ 0.1 s…
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Neutrinos freeze out of these reactions at t ~1 s →
Neutron-to-proton ratio frozen at nn/np≈ 0.2
Then follows neutron decay:

eν++⇒ −epn

ImportantImportant BBNS BBNS ReactionsReactions II: II: 
Deuterium and Helium Deuterium and Helium synthesissynthesis

Consider the Universe at t ≈ 2—300 s…

γ+⇔+ dnp
The leftward direction starts to dominates once the photon temperature
has dropped below the 2.22 MeV binding energy of Deuterium. 

Serious production of D does not start until t ≈ 300 s.
Once we have Deuterium, several routes allow the formation of Helium:

The The DetailedDetailed SolutionSolution

Neutron
decay

The Beryllium The Beryllium BottleneckBottleneck

�� No No stablestable nucleinuclei with A=8 with A=8 →→ PreventsPrevents
formation of formation of heavierheavier elements elements duringduring
BBNSBBNS

s103just after  He intoback decay   willBe

Be HeHe
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Yet we know that the Universe has somehow
managed to make heavier elements…
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The Beryllium The Beryllium BottleneckBottleneck IIII
How do you make carbon?

Solution: The Triple-Alpha process can take place in stars
because of high temperatures (fast fusion of Helium)

The Beryllium The Beryllium BottleneckBottleneck IIIIII
Triple-Alpha works because 4He, 8Be and 12C happen

to have finely tuned energy levels.
Fred Hoyle (1950s) predicted a so far unknown

excited level of 12C, to explain why Carbon-based entities
such as ourselves exist. Experimentalists later proved him right!

Suggestion for Literature Exercise:
The Anthropic Principle in Cosmology

�� AnthropicAnthropic ReasoningReasoning: : 
””IfIf thingsthings werewere different, different, wewe wouldnwouldn’’tt be be herehere
to to observeobserve themthem!!””

�� Has Has beenbeen advocatedadvocated to to crackcrack toughtough nutsnuts like:like:
�� The The ””whywhy nownow??”” problemproblem

WhyWhy is is ρρMM ≈≈ ρρΛΛ at the at the currentcurrent epochepoch??

PrimordialPrimordial AbundancesAbundances

� Helium: Low-metallicity HII regions
� Deuterium: Quasar absorption lines
� Lithium: Low-metallicitiy stars

To test BBNS, one needs to measure the primordial
abundances of the light elements, i.e.

measure the abundances in environments
unaffected by chemical evolution 

PrimordialPrimordial HeliumHelium

The blue compact
galaxy IZw18

PrimordialPrimordial DeuteriumDeuterium
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PrimodrialPrimodrial LithiumLithium
BBNS BBNS –– A Big Bang A Big Bang SuccessSuccess StoryStory

�� Big Bang Big Bang explainsexplains primordialprimordial abundancesabundances
of the of the lightlight elementselements

�� The The abundancesabundances of the of the lightlight elements elements 
agreeagree with with predictionspredictions over 9 orders of over 9 orders of 
magntiudemagntiude!!

�� The The resultingresulting ΩΩbb is in is in accordaccord with the with the resultresult
from from otherother methodsmethods

This is how the success story is usually told – but there
may be more to this than meets the eye…

Impressive agreement
over 9 orders of 

magnitude → Big picture
probably correct

But beware:
The logaritmic scale

hides discrepancies…

LingeringLingering discrepanciesdiscrepancies

TracerTracer ΩΩbb

Deuterium 0.038±0.005
Helium 0.021±0.008
Lithium 0.028±0.005
CMBR 0.046±0.007

McGaugh (2008)

Something’s wrong here…

Suggestion for Literature Exercise:
The Lithium Problem

�� WhyWhy doesdoes LithiumLithium--7 not 7 not agreeagree with BBNS with BBNS 
predictionspredictions? ? 
�� ExoticExotic particlesparticles decayeddecayed aroundaround ttBBNSBBNS??

�� Stars Stars usedused for for probesprobes destroydestroy lithiumlithium throughthrough
mixingmixing??

The The BaryonBaryon--AntibaryonAntibaryon AsymmetryAsymmetry

�� At the time of BBNS, At the time of BBNS, nnbarbar>> >> nnantibarantibar

�� WhenWhen the the energyenergy of the of the UniverseUniverse waswas higherhigher
thanthan 150 MeV: 150 MeV: Quark soup

Why is there so little antimatter?
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The The BaryonBaryon--AntibaryonAntibaryon AsymmetryAsymmetry IIII

�� SlightSlight overweightoverweight of of quarksquarks comparedcompared to to 
antiquarksantiquarks: : 

�� This This leadsleads to to currentcurrent baryonbaryon--antibaryonantibaryon
asymmetryasymmetry and and largelarge photonphoton--toto--baryonbaryon ratioratio at at 
BBNSBBNS

billion ain  parts 3by  qq nn >

Problem: Mechanism behind quark-antiquark
asymmetry poorly understood…

CommonCommon misconceptionsmisconceptions aboutabout modern modern 
cosmologycosmology

””HubbleHubble’’ss lawlaw statesstates that all that all galaxiesgalaxies areare
exhibitingexhibiting redshiftsredshifts duedue to the to the 

expansion of the expansion of the UniverseUniverse.  The .  The moremore distantdistant
theythey are, the are, the higherhigher the the redshiftredshift..

HoweverHowever, , HubbleHubble’’ss lawlaw has has nownow beenbeen
falsifiedfalsified, , sincesince wewe knowknow that that certaincertain

galaxiesgalaxies exhibitexhibit blueshiftsblueshifts, , insteadinstead of of redshiftsredshifts..
For For exampleexample, Andromeda is , Andromeda is movingmoving towardstowards

(not (not awayaway from) from) usus, and , and willwill eventuallyeventually
collidecollide with the with the MilkyMilky Way. Way. 

This This provesproves that the that the UniverseUniverse is not is not expandingexpanding..””

No, no, no…

CommonCommon misconceptionsmisconceptions aboutabout modern modern 
cosmologycosmology

””II’’ve found a paper where it says thatve found a paper where it says that
the distance from the Earth to the the distance from the Earth to the 

HorseheadHorsehead nebula in the Milky Way nebula in the Milky Way 
is 500 pc. However, since the authors are notis 500 pc. However, since the authors are not

cosmologists, theycosmologists, they’’ve failed to take the ve failed to take the 
expansion of the Universe into account. Hence,expansion of the Universe into account. Hence,

the result is not to be trusted.the result is not to be trusted.
To derive the distance properly, one should deriveTo derive the distance properly, one should derive

either the luminosity or angulareither the luminosity or angular--size distance size distance 
(depending on which one is interested in), (depending on which one is interested in), 
using the cosmological parameters of theusing the cosmological parameters of the

concordance model.concordance model.””

No, no, no…

CommonCommon misconceptionsmisconceptions aboutabout modern modern 
cosmologycosmology

””Time and space wereTime and space were
created in the Big Bang.created in the Big Bang.””

Well…


