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“These theories were based on the 
hypothesis that all the matter in the 

universe was created in one big bang at 
a particular time in the remote past.”

Fred Hoyle (BBC, 28 Mar 1949) 

https://indico.ph.tum.de/event/6798/


The universe is made mainly of hydrogen (~75%) and 
helium (~25%) + traces of heavier elements



Where did all the elements come from?

(Burbidge, Burbidge, Fowler  
and Hoyle, RMP 29:547,1957)

----------------------------------
--------------------------------

Neutron-star mergers 
(GW170817 ‘kilonova’)



Gamow is widely credited with having 
formulated the theory of primordial 
nucleosynthesis and, as a corollary, 
predicted the temperature of the CMB



The truth is that while Gamow had brilliant ideas, he generally left the calculations to 
his graduate student Ralph Alpher and postdoc Robert Herman …  

Ref. 1) had been published on 1 April 1948 - including Bethe (who had nothing to do with it)
… but leaving out Herman because he “stubbornly refused to change his name to Delter”



In fact Ralph Alpher and Robert Herman
were the first to correctly calculate 
primordial nucleosynthesis and predict 
the present temperature of the CMB



Second, this was a classic example of a breakdown in communication between theorists 
and experimentalists. Most theorists never realized that an isotropic 3° K radiation 
background could ever be detected. In a letter to Peebles dated 23 June 1967, Gamow 
explained that neither he nor Alpher and Herman had considered the possibility of the 
detection of radiation left over from the 'big bang', because at the time of their work on 
cosmology, radio astronomy was still in its childhood. (Alpher and Herman inform me, 
however, that they did in fact explore the possibility of observing the cosmic radiation 
background with radar experts at Johns Hopkins University, the Naval Research 
Laboratory, and the National Bureau of Standards, but were told that a radiation 
background temperature of 5° or 10° K was too low to be detected with the techniques 
then available.) On the other hand, some Soviet astrophysicists seem to have realized that 
a microwave background could be detected, but were led astray by the language in 
American technical journals. In a 1964 review article, Ya. B. Zeldovich carried out a 
correct calculation of the cosmic helium abundance for two possible values of the present 
radiation temperature, and correctly emphasized that these quantities are related because 
the number of photons per nuclear particle (or the entropy per nuclear particle) does not 
change with time. However, he seems to have been misled by the use of the term 'sky 
temperature' in a 1961 article by E. A. Ohm in the Bell System Technical Journal to 
conclude that the radiation temperature had been measured to be less than 1° K. (The 
antenna used by Ohm was the same 20-foot horn reflector that was eventually used by 
Penzias and Wilson to discover the microwave background!) This, together with some 
rather low estimates of the cosmic helium abundance, led Zeldovich tentatively to abandon 
the idea of a hot early universe. The First Three Minutes, Steven Weinberg (1977)

Why was Alpher & Herman’s prediction of the CMB not taken seriously?



The modern theory of primordial nucleosynthesis is based essentially on this paper … 
which followed the crucial observation by Hayashi (Prog.Theoret.Phys.5:224,1950) that 

neutrons and protons are in chemical equilibrium in the hot early universe 

Ralph Alpher was awarded the US National Medal of Science (2005) 
“For his unprecedented work in the areas of nucleosynthesis, for the 
prediction that universe expansion leaves behind background radiation, 
and for providing the model for the Big Bang theory”



The Standard Model of the Early Universe

Entropy density:

Number density:

where, the number of relativistic degrees of freedom sum
over all bosons and fermions with appropriate weight:

Energy density:

In fact the early universe was very close to Einstein-deSitter: Wr=1, Wk=0, WL=0
Radiation-dominated plasma in thermal equilibrium

number

energy

The theoretical description of Big Bang nucleosynthesis (BBN) is based on the 
standard cosmological model (hereafter, the Λ cold dark matter (ΛCDM) model, 
where Λ is the cosmological constant), …  ?! Mossa et al. Nature 587:210,2020



In the absence of dissipative processes (e.g. phase transitions which 
generate entropy) the comoving entropy is conserved:

i.e.

Integrating this gives the time-temperature relationship:

t (s) = 2.42 g-1/2 (T/MeV)-2

So we can work out when events of physical significance occurred 
in our past (according to the Standard Model of particle physics)

⇒

The dynamics is governed by the Friedman-Lemaitre equation:



The Standard Model of the Early Universe
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The Cosmic Microwave 
Background Spectrum

This perfect blackbody is testimony to our hot, dense past and 
directly demonstrates that the expansion was indeed adiabatic 
(i.e. with negligible energy release) - back at least to t ~ 1 day

… we can probe back further to t ~ 1 s, with primordial nucleosynthesis



Nucleosynthesis

(Re)combination

The blackbody temperature can be used as a clock (assuming adiabatic 
expansion: aT = constant), in order to reconstruct our thermal history

The furthest back we can probe directly is t ~1 s when light elements were synthesised
(the fluctuations in the CMB must have been generated earlier but not known when?) 



Weak interactions & nuclear reactions in expanding, cooling universe 
(Hayashi 1950, Alpher, Follin & Herman 1953, Peebles 1966, Wagoner, Fowler & Hoyle 1967)

Dramatis personae:
Radiation (dominant)
Matter 
baryon-to-photon ratio (only free parameter)

Initial conditions: T >> 1 MeV,  t << 1 s
n-p weak equilibrium:

Weak freeze-out: Tf ~ 1 MeV,  tf~ 1 s
which fixes neutron-to-proton ratio:
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Tnuc ~ ΔD/-ln(η)

No heavier nuclei formed in standard, homogeneous hot Big Bang … must wait for stars to form 
after a ~billion years and synthesise all the other nuclei in the universe (s-process, r-process, …)

Meanwhile n/p ➛ 1/7 through neutron β-decay … nearly all n ➛ 4He (YP ~ 25% by mass) 
+ left-over trace abundances of D, 3He, 7Li (with 6Li/7Li ~ 10-5) which are sensitive to h

Deuterium bottleneck: T ~ 1 → 0.07 MeV
D created by
but destroyed by high-E photon tail
so nucleosynthesis does not start until:

Element synthesis: Tnuc ~ 0.07 MeV, tnuc ~ 3 min



v Computer code by Wagoner (1969, 1973) .. updated by Kawano (1992)
Other codes: PArthENoPE (2008, 2018), AlterBBN (2012, 2019), PRIMAT (2018)

v Coulomb & radiative corrections, ν heating etc (Dicus et al 1982, Heckler 
1994, Dolgov et al 1997, 1999, Esposito et al 2000, Mangano et al 2002), …

v Nucleon recoil corrections (Seckel 1993)

v Covariance matrix of correlated uncertainties (Fiorentini et al 1998) 

v Updated nuclear cross-sections (NACRE 2003) … LUNA (2020)
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The ‘first three minutes’
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Model makes predictions about the relative abundances of 
2H, 3He, 4He and 7Li, as a function of the nucleon density



Uncertainties in synthesized abundances are correlated … estimate using Monte Carlo 
(Smith, Kawano & Malaney 1993; Krauss & Kernan 1994; Cyburt, Fields & Olive 2004)

The neutron lifetime normalises the “weak” interaction rate: τn = 880.0 ± 0.9 s
(has recently dropped in value by ~5σ because of one new measurement!) 
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NEUTRON LIFETIME MEASUREMENT 
USING MAGNETICALLY TRAPPED 
ULTRACOLD NEUTRONS

The neutron lifetime cannot be 
accurately computed 
theoretically (even knowing the 
weak interaction coupling GF
very well) because there are 
corrections due to the strong 
interactions (which push the 
ratio gA/gV above 1) .. so it has 
to be measured experimentally



Linear propagation of errors → covariance matrix (in agreement with Monte Carlo results)
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BBN Predictions
line widths ⇒ theoretical uncertainties (neutron lifetime, nuclear #-sections)
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Nucleosynthesis without a computer 

If … then abundances approach equilibrium values

… but general solution is:

Freeze-out occurs when:

Examine reaction network 
to identify the largest 

‘source’ and ‘sink’ terms

obtain D, 3He and 7Li to 
within a factor of ~2 of 

exact numerical solution, 
and 4He to within a few %

source sink

…………. 
analytic 
solution
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… E.g. we can use this formalism to determine joint dependence of 
abundances on expansion rate as well as on the baryon-to-photon ratio

and so:

… can therefore employ simple χ2 statistics to determine best-fit values and 
uncertainties (much faster than Monte Carlo + Maximum Likelihood)

Lisi, Sarkar, Villante, Phys.Rev.D59:123520,1999

⇒



Inferring primordial abundances

“We, all of us, are what happens when a primordial mixture of hydrogen and 
helium evolves for so long that it begins to ask where it came from.” - Jill Tarter



Inferred primordial abundances

4He observed in extragalactic HII regions:

2H observed in quasar absorption systems (and ISM):

7Li observed in atmospheres of dwarf halo stars:

Systematic errors have been re-evaluated based on scatter in data

(3He can be both created & destroyed in stars … so 
primordial abundance cannot be reliably estimated)

YP = 0.245 ± 0.003 

D/H|P = (2.543 ± 0.027) x 10-5

Li/H|P = (1.6 ± 0.3) x 10-10
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is in agreement with
allowing for uncertainties in the  

inferred abundances  
5.8 < h10 < 6.5 (95% CL)

Expansion was adiabatic until ~5x104 yr

Confirms and sharpens the case for 
(two kinds of) dark matter:

Baryonic dark matter: warm-hot IGM…
+

Non-baryonic dark matter: ?

BBN ⊗ CMB

CMBηBBNη
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Constrains the Hubble expansion rate 
to within a few % at t ~ 1 s

⇒ bounds on new particles (Nn),
fundamental couplings (aem, GF , GN), 
new interactions, ‘dark radiation’, …

BBN

“There is something fascinating about science. One gets such wholesome 
returns of conjectures out of such trifling investment of fact.”  Mark Twain



Extensions of the Standard Model 
predict new (typically) unstable particles, 
which would have been created 
(thermally) in the early Universe,
e.g. TeV mass gravitinos in supergravity

(Weinberg 1982; Khlopov & Linde 1983; Ellis, 
Nanopoulos & Sarkar 1985; Reno & Seckel 1988) 

The BBN laboratory in the early universe
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Ellis et al 1992, Kawasaki & Moroi 1995, 
Cyburt et al 2003,  Kawasaki et al 2005 …

particle lifetime (s)

~

May be relevant to  the “lithium problem” 
(Jedamzik 2004, Pospelov 2007 …) 

The high energy photons would have 
photo-dissociated the synthesized 
elements ⇒ severe limits on the 
decaying particle abundance

This requires that highest temperature 
reached in our past (after inflation) was  
< 108 GeV … constraint on leptogenesis!



Summary
Observational inferences about the 

primordially synthesised abundances of D, 
4He and 7Li presently provide the deepest

probe of the Big Bang, based on an 
established physical theory

The overall concordance between the 
inferred primordial abundances of D and 4He 

with the predictions of the standard 
cosmology requires most of the matter in the 

universe to be non-baryonic, and places 
constraints on any deviations from the usual 
thermal history (e.g. due to singlet neutrinos, 

time-variation of fine-structure constant, 
metastable relic particles, hidden sectors …)

Big Bang Nucleosynthesis marked the 
beginning of the development of 

physical cosmology … seven decades 
later there is still a lot left to explore


