
PRIMORDIAL NUCLEOSYNTHESIS 

Jean Audouze l 

Institut d'Astrophysique du CNRS 
Paris - France 

la lso at Laboratoire Ren� Bernas 
Orsay - France 

A quick summary of the primordial nucleosynthesis occuring during the early 
phases of the Universe ( very often referred to as the Big Bang) is provided. The 
observed abundances of the light elements D ,  3He , 4He and 71i such as the proces­
ses responsible for their formation are recalled . D and 7 Li can be used to probe 
the present density of the Universe and its dynamical properties on very large 
scales whi le the 4He abundance is related to the lepton density and the rate of 
expansion of the Universe .  Moreover the influence of the very hypothetical mass 
of the neutrinos  on the early evolution of the Universe is mentionned. 
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I .  INTRODUCTION 

The purpose of th is talk is to review very briefly current thoughts and 

works about the nuc leosynthetic processes which should have occured during the 

early phases of the Universe .  For more than ten years now, it is general ly assu­

med and accepted that the l ightest nuclear species l ike D, 3He , 4He and hi are 

synthet ized at the end of the so called Big Bang : This unique explosive and pri­

mordial event has induced the observed expans ion of the Universe and originated 

the relic blackbody radiat ion at 2 . 7 K. 

The analysis of the primordial nucleosynthesis processes is indeed int imate­

ly rel ated to general astrophysical e ffects or consequences such as the evolut ion 

of the d i latat ion of the Universe ( i s  the Universe "open" , i . e .  expanding for e­

ver or can it  be "c losed" ,  i . e .  able to experience success ive phases of expansion 

and contractions ? ) connected itself  to the value of its present dens ity .  This 

specific nuc leosynthesis can also provide invaluable information on many aspects 

of the nature of the elementary part icles and some of the physical laws which go­

vern them. This paper and other contributions in these proceedings c learly 

estab l ish the c lose relat ion between cosmology and element ary par t ic le physics 

The recent and important progresses present ly achieved in one of these fields 

c learly influence and are bene ficial to the other .  

After a short summary i n  Sect ion I I  of the present ly observed abundances of 

the relevant elements ( D ,  3He , 4He and 7L i )  the main properties of the c lassical 

(or so called canonical)  Big Bang models and the characteris tics of the nucleo­

synthetic processes which occur during the early phases are recal led in  Sect ion 

III .  Sect ion IV is devoted to the consequences of these nucleosynthetic aspects 

on the evolut ion of the expansion of the Universe, the present dens i ty of it  and 

same propert ies of the elementary part icle physics such as the number of exist ing 

neut rinos , their pos sible mas s ,  etc . . .  Section V contains our present conc lusions 

concerning these relat ions exist ing between the nucleosynthes i s ,  the cosmology 

and the e lementary particle phys ics . 

I I .  THE OBSERVED ABUNDANCES OF THE LIGHTEST ELEMENTS 

The re levant elements are Deuterium (D) Hel ium and 4 ( 3He and 4He ) and Li-
thium 7 ( 1Li ) .  Among the many recent reviews which provide some informations on 

their abundances and more references the reader may consult references 1 ,  2 and 3. 

1 )  Deuterium : The present ly adopted D abundance is D/H = 2 ± 1 10-5 although 

with s t i l l  very large uncertaint ies on such value s .  This abundance range is based 



on meteoritical,  solar wind, Jupiter and interstel lar measurement s .  The recent 
determinat ions of the interste llar D/H ratio in the so lar neighbourhood clearly 
show a quite large spread in this abundance according to the different lines of 
s ight of 0 and B s tars used for such searches .  The nearby interste llar D 

4) 
abundance might range from D/H � 2 10-6 up to D/H � 2 10-4 • Never the less 
various physical e ffects may lead to such a spread ( radiat ion pressure affect ing 
specifically the D atoms and chemical fractionation induced by the format ion and 
destruction processes o f  DH in molecular c louds 5 ) ) .  Reference 5 concludes that a 
proper account of these effects should res trict the poss ible variat ions of the 
nearby interstellar D/H within the range quoted above .  

2) He lium 3 : There are s t ill many uncertainties on the 3He abundance. Wood et  al . 

6) dare only to quote an upper limit 3He/H � 5 10-5 from their very careful 
search of the inters tel lar 3He abundance .  There are a l so some uncertainties on 
the So lar System 3He abundance due to the transformation of the Solar Sys tem D 
into i t .  Keeping in mind these large uncertainties one can consider that the 
observed 3He/H ratio should range from 1 to 3 lo-5 . 

3 )  Helium 4 : The reader is re ferred to Kunth ( these proceedings) for a detai led 
ana lys is o f  the 4He abundance deduced from the He observations from galaxies with 
low metal licity and high gas content ( these galaxies are often referred to as 
blue compact galaxies or "lazy" galaxies 7l) . According to this author and contra­

ry to previous works on th is subject a signi ficant and clearcut correlat ion 
between the hel ium and meal abundance does not seem to exist anymore The 
primordial He abundance (by mas s )  is equal to Y = 0 . 243 ± 0 . 010 while the Solar 
System He abundance is about 0 . 2 7 ± 0 . 0 3 .  

4) Lithium 7 : The 7Li abundance can be  evaluated from carbonaceous chondrites 
determinat ions < 71i = 2 . 2  ± 0 . 4 10-9 ) ,  chondrites C hi = 1 . 9 ± 0 . 8  10-9 ) ,  the Sun 
( 7Li = 1 . 0 ± 0 . 3  lo-1 1 ) 1 , di fferent s tars ( 7Li 10-9 )  and the interstel lar me-
dium ( 7Li � 5 lo-10 . One adopts finally an overall 71i/H abundance of about lo-9 .  

Fina l ly the re levant light element abundances are : 

(�) = (�) = 2 ± -5( 4He) 71 · 9 10 \H = 0 . 08 ± 0 . 0 1  and T = ( I ± 0 . 5 ) 1 0-

III .  THE "CANONICAL" BIG BANG AND ITS NUCLEOSYNTHESIS 
Although it is now fairly we ll estab l ished that the observed Universe is 

1 : One should remember that in this case the 7Li abundance is espec ially low be­
cause 7Li is destroyed by thermonuclear reactions at the bottom of the external 
convective zone . 
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born from a s ingular very hot and dense phase ,  the physical condit ions ruling 
this phase are still  disputable.  In cosmology one is used to call "canonical" or 
"standard" Big Bang the model in which the following quite simple and conservati­
ve assumptions are made like any other Big Bang mode l .  The canonical or standard 

Big Bang model is constructed by assuming that the equivalence principle -which 
indicates that the phys ical laws are total ly invariant , i . e .  do not vary with the 
locat ion and with the time- holds and that the primordial temperature has been 
much higher than lO"K to insure the disruption of all poss ible nuclei and the e­
quilibrium of weak interact ions . Furthermore in the Standard Model one assumes 
also that : 
1 )  the early Universe was homogeneous and isotropic . This assumption is often 

called the Cosmological Principle ; 

2 ) the gravitational interact ions are wel l  described by the E instein Relat ivity 
theory : the recent discovery of a double pulsar sys tem such as the estimates 
of relat ivis tic effects on the propagat ion of radar s ignals ref lect ing on the 
Venus or Mars surface, etc . . . provide very strong support in favour of this 
gravitat ion theory ; 

3 ) the Universe is asymetric, i . e .  the baryon nuwber is pos itive or the amount of 
ant imatter exist ing in the Universe is negl igible in comparison with the a-
mount of mat ter .  This point is quite we ll estab l ished now and is a direct 
consequence of the Grand Unificat ion Theories mentioned in many other chapters 
of the book ( see the contributions of J. E l l is and D.N .  Schramm) ; 

4 ) the leptonic number -i . e .  the number defined as L = n(e-) + n ( µ-) -n(e+)-n ( µ+) 

+ n ( vµ) - n ( vµ) + n ( ve ) - n(ve ) ,  where the former terms represent respect ively 
the dens ities of electrons , negative muons , pos itrons , posit ive muons , muonic 
neutrino s ,  muonic antineutrinos , e lectronic neutrinos ,  e lectronic antineutri­
nos- is much smaller than the photon dens ity ; 

5) there was no unknown elementary particle during the early phases of the Uni-
vers e .  

The two first hypothesis are fairly well es tablished a t  leas t i n  firs t ap­
proximat ion as we ll as the predominance of the matter over the antimatter in the 
observed Universe .  As we wi l l  see in the next sect ion the two las t hypothes is are 
far less settled : There is a growing evidence in favour of very large neutrino 
dens ities which might help in solving some problems generated by the large scale 
dynamics of the Universe .  Moreover the Grand Unificat ion Theories (GUT) which are 
currently built  both to unify the electromagnetic , weak and strong interactions 
and to offer some description of the very early phases ( t«  10-3 sec) of the Uni­
verse invoke some elementary particles whtch can hardly be cons idered as known in 
the sense of hypothes is ( 5)  : the particle "zoo" of the GUT include for ins tance 



Higgs bosons , gluons and many different quarks which can be unified with the lep­
tons during these very early phases and from which the hadrons (pions ,nucleons • . .  ) 

can be formed I O) ,  Therefore the Canonical Big Bang can be more and more refined 
by taking into account the recent progresses in elementary particle physics (and 
also on the observation of the large scale structure of the Universe ) . 

As a consequence of hypothes is ( 1 )  - i . e .  the cosmological principle- the me­
tric describing the evolut ion of the Universe is the one of Robertson-Walker : 

2 2 2 [ du2 2 2 . 2 ds = -dt + R ( t )  --2 + v (d:J + s in  
1 -kv 

( 1 )  

where k i s  the curvature cons tant : the Universe is expanding for ever (open) for 
k = 0 and +l and c losed for k = -1 .  R( t )  is the scale factor of the Universe .  The 
radial (dimensionles s )  coordinate U and the angular coordinate 8 and P are the 
geometrical variables of this metric .  This metric takes into account the isotropy 
of the Universe. 

From the General Re lativity the expansion rate is given by 

I dV 
v d.t  

3 dR 
R. Cit (2) 

where V represent a vo lum element . G is the gravitat ional constant and p the to­
tal dens ity of the Universe .  As we will see in the sequel the dens ity concerns not 
only the nucleons but also many other particles (especially the neutrinos ) .  

To account for an exp ans ion s lower or quicker than the one determined by 
this relat ion one can write the expans ion rate as l l )  

.!_ dV = � � V d t V • � "  v" 

where � = 1 ,  for the canonical B ig Bang, is < 1 for a slow expans ion and > 1 for 
a rapid one. 

The nuc leosynthes is proceeds when neutrons and protons can combine to form 

deuterium which itself transforms in part into 3He and 4He through the D (p ,  y) 3He 
D(D, n) 3He , D(D ,  p )T reactions . This combination between neutrons and protons 
occurs when the temperature of the Universe drops below kT = 0 . 1  MeV .  In the ran­
ge 0 . 1  < kT < l MeV, neutrons and protons are in equilibrium thanks to the inter­
actions 

n + ve � ; + p 
and n + e+ +===± Ve + p 

when the temperature is too low for these interactions to continue to proceed the 
n/p ratio freeze out such that 
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FIGURE 1 - Abundance result ing from the primordial nuc leosynthes is in the frame 
of the canonical Big Bangl2) as a func t ion of the present dens ity of the Univer 
s e .  
Figure l shows the class ical results o f  the B i g  Bang nucleosynthesis obtained in 
the frame of this s imple model 1 2) . One notices the strong dependance of the D,  

3He and 7Li abundance with the present dens ity of the Universe in contras t with 
the 4He abundance which is not very sens i t ive to this parameter .  In fac t : 

x - 2 n 
Xn/l)> 

l + (Xn/Xp ) 
( 5 )  

For ins tance it is wel l  known that too high dens it ies for the present Universe 
lead to too low D abundance s .  

IV. ASTROPHYSICAL CONSEQUENCES 
From these results one realizes that there are two different consequences : 

one related to the present dens ity of the Universe and the other related to the 
condit ions ruling the neutron-proton equil ibrium. 

The firs t consequence ,  i . e .  the determination of an upper limit for the pre­
sent dens ity of the Universe is now very c lassical J ,  I J) : From Fig . l , one sees 



that X(D) becomes much lower than io-5 if p 0 > 10-30 g cm-3 which is about six 
3H02 -30(H )2 -3 t imes lower than the crit ical value Pc  = BG � 5 .  7 J O ?s 

g cm , where Ho, 
the Hubble constant , is expressed in km s-1 Mpc-1 which de l ineates the border be­

tween the open Universe expanding for ever (p present < r:c) and the c losed pul sa­

t ing Universe (ii > i:c ) .  At th is point I would like to stress the interest ing pro­

posal made by Aus t in and King 1 4) who pointed out that the 71i abundance can set 

an upper limit to the present density of the Universe as stringent as those set 

by the use of the D abundance .  According to these authors the present dens ity of  

the  Universe should be  � 9 ± 4 io-3 1  g cm-3 . 

In fac t ,  nuclear cosmologis ts seem to be more int eres ted now by the implica­

t ions of the He abundance which is sens itive to two re lated parameters : 

1 )  the speed of the expansion of the Universe ; 

2 ) the presence or the absence of new fami l ies of lepton$ . . .  

o� 
z Q I-u <( 0:: 0.3 ..... 
(J) (J) <( ::E 
::E :::> 
::::; 0.2 w :I: 

0.1 

h (g crii3 l  
105 104 -3 10 

1<531 1030 1529 
p0 (2.7/Ti Cg  cm3) 

-2 10 

FIGURE 2 - The He abundance produced in mode ls  where the expansion rate factor 
( canonica l Big Bang) � = 2, 1 and 1/2 .  One can not ice the l arge influence of th is 
parameter  on th is primordial abundance l2) . 
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As it has  bean seen above this  abundance depends on the neutron-proton rat io 

reached just after the freeze-out temperature . This rat io i tse lf  depends on the 

actual mass of the neutron Mn and on the freeze-out temperature : When the 

expansion rate is fas t ( l;  > 1 ) the freeze-out temperature remains high which 

leads to a high n/p rat io and therefore a high He abundance (Fig . 2 ) . 

This effect of changing the expansion rate might be due not only to the pre­

sence of new fami l ies of neutrinos and/or leptons as seen below but a lso to inho­

mogeneit ies and/or anisotropies which might affect in some direct ions the gravi­

tational e ffec ts on the overa l l  d i latation of the Universe.  The choice of another 

gravity theory might also influence the expans ion of the Universe and therefore 

modi fy the value of the parameter � .  The influence of the value of � on the pri­

mordial abundance of He has been expressed I S )  as 

Y = 0 . 333 + 0 . 02 log h + 0 . 380 log c 
where h is the so called baryon des ity parameter de fined as h 

cons tant since the expansion is adiabati c .  

( 6 ) 

Tg3 /p which is a 

The expansion t ime s ca le which influence directly the primordial value of Y 

is very sens i t ive to the number of exi s t ing leptons . Up to very recently the only  
2 
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FIGURE 3 - Primordial  abundances of 4He and D calculated with 0 to 5 new famil ies 
of leptons (to be added to the elect rons and to the muons l5 l . 
With the results  reported by Kunth in th is meet ing , there are only  two other fa­
mil ies of leptons which can be added to them (assuming in this case that there 
are no invis ible met ter ins ide the Universe which becomes less and less likely) .  



two observed lepton fami l ies were those of electrons and muons . A third family is 

that of the heavy t au lepton. Each family corresponds to a specific c lass of 

neutrinos . As shown by Yang et al. l5) and by David and Reeves 1 6) 
an increase of 

the number of existing leptons ( therefore on existing neutrinos ) increase the 

toal nergy dens ity and therefore speeds up the expans ion of the Universe and then 

leads to h igher values of the primordial He abundance .  
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FIGURE 4 - Compatib i l ity regions between the observed abundances and the leptonic 
numbers as defined by David and Reeves 16). 
This diagram c learly shows that when the number of different families of leptons 
is a l lowed to increase the present dens ity of the Universe (noted on this dia­
gram) by the value of the cosmological parameter Q (equal to two t imes the dece­
lerat ion parameter q) should a lso be larger to make the Big Bang nuc leosynthesis 
compat ible with the observat ions . 

In references 15 and 16 ( as shown in Fig .  3 and 4 ) ,  the Chicago and Saclay 

groups express s imilar conc lusions according which : 

a) The obse�ved primordial He abundance can set significant cons traints on 

the number of existing types of neutrinos and on the departure from the General 

Re l tivity . As seen from Fig .  3 ,  the calculat ions reported by Yang et al . show 

that the primordial He abundance determined by Kunth ( this conference )  seem to 

fix a str ingent limit ( less than four types of neutrinos ) on the number of diffe­

rent fami l ies of leptons . 

b )  There exists  a corre l at ion between the present density  of the Universe 

and the number of different neutrinos . From reference 16 if this number is equal 

to 3, it  corresponds to a very open Universe ( Q  - 0 . 0 5 )  ; if  there are 10 differ­

ent neutrinos Q - 0 . 0 8 .  More than 5000 diffe rent neutrinos are needed to make the 

corresponding Q > 0 . 8 .  

V .  SUMMARY AND CONCLUSION 

This short review has the only amb ition to call  again the attent ion of the 

astrophysicists  and the elementary part icle physicists  on the s trong connec t ion 

between the cosmology of the early  Universe and some aspects of the physics of 

2 3 9  



2 4 0 

par t ic les . Many other contribut ions inc luding those of Cows ik, Kunth , Nanopoulos 

and Schramm c lear ly show th is very exc it ing connection . 

I would l ike to end up this review by reminding the reader that the D and 
71i abundances can be used to probe the present dens ity of the Universe .  Schrarrnn 

( this conferenc e )  offers the excit ing suggest ion according which the 3He abundan­

ce provides as lower limit ont the baryon/photon rat io nS > 2 10- 10 . I would ny 
l ike final ly to refer those who are interes ted bu the influence of the primordial 

He abundance to the contribut ion of Kunth and to the work of O live et al . I 7 )  . 
According to th is last work which provide a c lear account on th is problem, they 

concur with the conc lus ion reached by many previous authors according whom the 

observations of the l ight element abundances imp ly that the baryons cannot c lose 

by themse lves the Universe .  Neverthe less if the neutrinos are found to be mass ive 

they might provide the bulk of the mass of the Univers e .  We may then l ive in a 

Universe where the mat t er is dominated by the mas sive neutrinos and which could 

be c losed without be ing in conflict  with the observat ions . 

I would l ike to thank Ms Sylvie Corbin for her pat ience and her help in the 

produc t ion of this paper . 
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