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History of BBNHistory of BBN

�BBN theory first developed by:
� von Weizsacker (1938)

� Chandrasekhar, Henrich (1942)

� Gamow (1948)

� Hayashi (1950)

� Alpher, Folin, & Herman (1953)

“The physical processes of interest here were considered in 

the “big-bang theory,” the theory of the formation of the 

elements in the early, highly contracted Universe”.  

Peebles, 1966

�They sought to explain the abundances of all the 

elements as a result of BBN!



History of BBN contHistory of BBN cont……

The idea of forming all the elements in BBN was

ultimately abandoned for 2 reasons:

1. It was eventually understood that with BBN, you could not form 
elements much heavier than Helium in any appreciable amount. 
(i.e. Zp ~ 0.00 from BBN)

2. After the pioneering work, developing the theory of
nucleosynthesis in stars by Burbidge, Burbidge Fowler and 
Hoyle (B2FH), and Cameron. (1957), we had a compelling 
picture for where all the observed heavy elements came from.

• Nuclear Fusion in stars up to Fe

• Elements heavier than Fe created as stars die in supernovae 
explosions, which distribute metals throughout the galaxy



The Primordial FireballThe Primordial Fireball

� In 1964, R.H. Dicke suggested to look for the radiation left over 

from the early stages of the expansion of the universe.

� This radiation had first been predicted theoretically by Alpher and

Gamow in the 1950’s.

� This new, isotropic T=3K microwave background was discovered 

observationally in 1965 by Penzias and Wilson.

� The discoverers scooped the Princeton group, (Dicke, Peebles, 

Roll, Wilkinson) who had predicted a T=10K background and 

were building an instrument to detect it.



� Spectra of the CMB obtained in 1966 by 

– Roll & Wilkinson

– Field & Hitchcock

– Thaddeus & Clauser

� It was determined that the CMB was consistent with 
thermal, blackbody radiation.

� This was compelling evidence that this new background 
is the primordial fireball, the radiation left over from 
the Big Bang itself.

The Primordial Fireball contThe Primordial Fireball cont……



So, onto the So, onto the 

calculationcalculation……

The Primordial Fireball contThe Primordial Fireball cont……



PeeblesPeebles’’ GoalsGoals

1) Calculate the primordial abundances of 4He (Yp), 
3He, 

and deuterium, produced during the highly contracted 

universe.

2) Do the calculation for 2 different values of the current 

mass density of the universe

a) ρo = 1.8 X 10
–29 gcm–3 (critical density)

b) ρo = 7 x 10
–31 gcm–3 (density in galaxies)

3) Allow for the possibility of different timescales for 

expansion in the early universe.



PeeblesPeebles’’ AssumptionsAssumptions

� T=3K (CMB background temperature)

� Nν=2  (2 species of neutrinos electron, muon)

� τn ~ 1000s (free neutron decay time)

� t ~1s (expansion timescale)

� But also take into account other physical processes 

that might influence the timescale for expansion in 

the early universe, and hence the timescale for 

nucleosynthesis.

– Gravitational radiation

– New kinds of energy density

– Shear motion in early universe

Expansion timescale

fudge factor S



Timescale For ExpansionTimescale For Expansion

Timescale = (1/a)(da/dt) 

Isotropic, Homogeneous models

Є(t) = Energy Density

P = pressure

a(t) = expansion parameter

�Assumes the cosmological constant must be 

negligible at the epoch of element formation.



Neutrino Energies, TemperaturesNeutrino Energies, Temperatures

Thus he assumes Adiabatic Law for neutrino

Temperature as universe expands.

�Assuming Tinitial > 10
12K, this assures thermodynamic 

Eq. of both kinds of neutrinos.

� As T cooled to below 1010K, the e-e+ pairs recombine 

and add energy to the radiation.

� At T= 1010K , e--neutrino scattering (cross section 10-44

cm2) may be important, but since ne~10
32 cm-3, the 

universe is optically thin to neutrinos (Tau ~ 0.03 <1 )

Total energy density in neutrinos of both types

(electron, muon)



Neutron ProductionNeutron Production

IMPORTANT REACTIONS

NASTY INTERACTION HAMILTONIAN

�Coefficients measured experimentally by Kallen 1964

�Will be important later in calculating the reaction rates and ultimately

the neutron abundance as a function of time Xn(t).



Reaction Rates Relevant to the Reaction Rates Relevant to the 

Primordial Neutron AbundancePrimordial Neutron Abundance



Neutron Production cont..Neutron Production cont..

�Differential and Integral equations from previous pages were evaluated

numerically by Peebles, using a mechanical computer at Princeton.



Neutron Production cont..Neutron Production cont..



Nuclear ReactionsNuclear Reactions

1. n = neutrons

2. p = protons

3. d = deuterium

4. 3He = helium 3

5. t = tritium

6. 4He = helium 4

7. γ = photons

Thermal Equilibrium Abundance RatiosImportant Species

Normalization



Nuclear Cross SectionsNuclear Cross Sections

•From lab experiments conducted by Hulthen and Sugawara (1957), 

Seagrave (1960), Wenzel and Whaling (1952), Bransden (1960), 

Fowler and Browley (1956) 



Nuclear Reaction NetworkNuclear Reaction Network

Equations integrated numerically, assuming Maxwellian velocity

distribution for particles to obtain rates as a funtion of Te.



Element Abundances in TimeElement Abundances in Time

Assumes ρo = 1.8 X 10
–29 gcm–3

Estimated mass density to close the universe, assuming 1/H = 1010yr



Assumes ρo = 7 x 10
–31 gcm–3

Element Abundances in TimeElement Abundances in Time

Estimated mass density in ordinary galaxies (Oort 1958.)



Element Abundances in TimeElement Abundances in Time

(Yp = 0.28) Assumes ρo = 1.8 X 10
–29 gcm–3



Element Abundances in TimeElement Abundances in Time

(Yp = 0.26) Assumes ρo = 7 x 10
–31 gcm–3



PeeblesPeebles’’ ConclusionConclusion

= 26= 26--28%28%

(Yp = 0.26) Assumes ρo = 7 x 10
–31 gcm–3

(Yp = 0.28) Assumes ρo = 1.8 X 10
–29 gcm–3





Big Bang Big Bang Nucleosynthesis Nucleosynthesis of of 
44He, (He, (back of the envelope)back of the envelope)

Assuming thermodynamic equilibrium, we can use the Boltzmann

Factor to estimate the initial proton/neutron abundance ratio prior to

Helium formation at t=1s when we had a temperature T~1010 K

With (mn – mp)c
2 ~ 0.0014mp , T ~ 10

10 K, 

and k = 1.38x10-16 erg K, we get Xn/Xp ~ 1/5

Now with a 5:1 proton/neutron ratio, for every 10 protons you have 

2 neutrons. Since it takes 2p and 2n to form one 4He atom, with 10p 

and 2n, you’ll form 1 4He and 8 protons.  (i.e. 2 + 10 = 4 + 8 = 12)

Thus, since 4He has atomic weight 4, we can estimate the fractional 

Helium abundance by mass to be Yp = 4/12 ~ 33%.  



Back of the EnvelopeBack of the Envelope contcont……
�If we hadn’t rounded off to 5 for the initial proton/neutron abundance 

ratio, we would get something closer to 4.3:1, which, to first 

approximation, implies a fractional 4He abundance Yp ~ 28%

(i.e. 5/33% = 4.3/Yp => Yp ~ 28%) 

�This is remarkably close to the value of Peebles’ detailed calculation 

Yp~26-28%, as well as modern calculations that give Yp ~ 24%.  

�This is amazing, since this method ignored the production of 3He, 

deuterium, tritium, and never even mentioned the existence of 

neutrinos, neutron decay, or nuclear cross sections! 

� This is quite suggestive of the remarkable utility of 

envelopes and napkins in theoretical astrophysics.



Robustness of BBNRobustness of BBN

� So why is BBN so robust?

� It’s a simple model, which only depends of a few things:

1) The Model: Isotropic, homogeneous, FRW cosmology

2) Yp = f(η=nb/nγ , ε, τn) 

η=baryon/photon ratio (η~5.1 ± 0.5 x10-10)

ε stands for nuclear reaction rates, cross sections 

τn - neutron decay lifetime

3) ρtot = ργ + ρe + Nν ρtot    (Nν = # of neutrino families)



ρb = 3.6 ± 0.4 

x 10–31 gcm–3

Tytler et. al 2001

ρo = 7 x 10
–31

gcm–3

Mass density in 

ordinary galaxies 

(i.e. baryon density)

t ~1st ~1sExpansion timescale

τn ~ 886.7 ± 1.9 s

Doyle et. al 2000

τn ~ 1000sFree neutron decay 

lifetime

Nν=2.99 ± 0.05

Schramm 1993

Nν=2Number of Neutrino 

Species

T=2.73 K T=3KCMB temperature

Today1966Parameter

Refinements to Refinements to PeeblePeeble’’s s AssumptionsAssumptions

*Plus improved laboratory reaction rates, cross sections



Compare to Compare to PeeblePeeble’’s s CalculationsCalculations



The Standard StoryThe Standard Story
� BBN in the first ~3 min at T~ 109K created all the 
hydrogen and deuterium, some 3He, the major part of 
4He, and some 7Li.

� Nearly all the 4He abundance was created by t ~ 1s

� The proton/neutron ratio at t~1s freezes out at close to 
7:1, when you take into account free neutron decay

� This led to primordial mass fractions

�Xp ~ 0.76 (Hydrogen)

�Yp ~ 0.24 (Helium)

� Zp ~ 0.00 (All other Heavy Elements…i.e “Metals”)



Measurements of Y in the universeMeasurements of Y in the universe

� Can use this to extrapolate to Yp

� Y = 0.32 (The Sun, Osterbrock, Robertson 1966)

� Y = 0.29 ± 0.03 (planetary Nebula M15, Peimbert 1973)

� Y = 0.29 ± 0.05, and Y = 0.25 ± 0.05 (Giant HII regions, 
Searle & Seargent 1972)

� Galaxies probably formed with 0.2 < Yp < 0.3

� Extrapolation from HII regions give best value:

�Yp= 0.246 ± 0.0014



Cosmological ImplicationsCosmological Implications

•Rectangles are 95% 

confidence intervals. 

•Horizontal scale η is the 

one free parameter in the 

calculations.

•Measured in units of the 

baryon density (or the 

critical density for          

Ho = 65 km s –1Mpc-1)

Ωbh
2 = 0.019 ± 0.0024 (baryon mass fraction), 

D/H = 3.4 ± 0.5 x 10-5 (Deuterium/Hydrogen)
Tytler et. al 2001



3 Pillars of Big Bang Theory3 Pillars of Big Bang Theory

� Out of the 3 pillars of Big Bang Theory:

– BBN, CMB, and Hubble expansion

� CMB stuff already comes from the matter dominated 
era, since it’s at the transition.

� Expansion can only be observed after the decoupling, 
out to finite redshift.

� BBN gives us the only physical observables we have 
that is are remnants of the early, radiation dominated 
universe.



Where would we be without Helium?Where would we be without Helium?

Evidently, Mr. Peebles was a very smart kid!


