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RESUME
Trois questions en rapport avec la nucloosynthèse primordiale des éléments très légers
sont discutées dans cette contribution :
1- II est démontré que les modèles nucléosynthétiques du Big Bang standard sont ren-
forcés si D est détruit de façon appréciable durant l'évolution de la galaxie. Cela est
le cas pour des modèles spécifiques d'évolution chimique des galaxies tels que ceux qui
adoptent l'hypothèse d'un taux de formation d'étoiles variable avec le temps.
2- L'existence de particules non baryoniques telles que les neutrinos massifs ou les
particules supersymétriques (gravit'mos, photinos...) peut affecter cette nucléosyntlièse
primordiale. Si ces particules sont massives (>500 MeV) et de durée de vie assez longue
(>10 8 sec), les photons énergétiques libérés par leur désintégration peuvent affecter
les abondances relatives des éléments légers. Dans le cas des pholinos, qui sont des
particules supersymétriques et qui peuvent être détectables expérimentalement dans un
proche avenir, cet effet peut fournir des contraintes utiles sur leurs propriétés physiques
(masse, durée de vie, etc)
3- La nucléosynlhèse primordiale peut être affectée par les inhomogénéités crées par Ia
phase de transition quark-hadron. Il est démontré que l'abondance primordiale de 7Li
limite très sérieusement celle possibilité. Comme dans le cas des photinos, la relation
entre la nucléosynthèse primordiale de 7Li et les caractéristiques de cette phase de
transition quark-hadron peut fournir des-contraintes intéressantes à des paramètres
physiques importants tels que la constante D du modèle dit "des sacs de quarks".
ABSTRACT
Three questions relevant to the primordial nucleosynthesis of the very light elements
are discussed in this contribution:
1- It is argued that the " standard " Dig Bang nucleosynthesis models are strengthened
if 1) is destroyed thoroughly during the galatic history. This can be achieved by specific
models of chemical evolution of galaxies like those assuming a rate of star formation
varying with time.
2- The existence of non baryonic particles such as massive neutrinos or supersymetric
particles (gravitinos, pholinos ...) might affect this early nucleosynthesis.
If they are massive (>500 MnV) and long lived enough (>IO5sec) the energetic pho-
tons released by their possible decay might affect the relative abundances of the light
elements. In the case of the photinos, which are the supersymelric particles and which
might be experimentally delectable in a near future,this possible effect can be used as
to constrain the predictions on their physical properties (mass, lifetime...).
3- The early nucleosynthesis can be affected by the inhoniogeneilies triggered by the
quark-hadron phase transition. It is argued that the primordial abundance of 7Li limits
very severely this possibility. As in the case of photinos the relation between the early
synthesis of 7Li and the characteristics of this quark-hadron phase transition may pro-
vide interesting constraints on some important physical parameters such as the constant
B of the quark-bag model. " "



1. INTRODUCTION
The importance of the early nucleosynthesis (responsible of the formation of the light-
est elements D1

3He1
4Ht and 7Li) both in cosmology and in particle physics has been

emphasized very often in the current literature (see eg Boesgaard and Steigman (1985),
Audouze (1987): The Standard Big Bang nucleosynthesis mode] (BBN) provides con-
straints on the baryonic densily of the Universe such that (fig <0.1) and on the max-
imum number of families of relativistic particles (neutrinos) such that Nt/ < 3-4.The
merits of BBN and a comprehensive review of the primordial abundances of the lightest
elements are presented by G. Steigman in this book. In this contribution, we aim to
address three questions dealing with the success (or the limitations) of BBN. The first
question is related to the validity of the "canonical" (standard) model of primordial
nucleosynthesis. The relatively low abundance of 4He favours galactic evolution models
leading to a thorough destruction during the galactic history (section 2). The second
question concerns the possible existence of massive, unstable elementary particles such
as massive neutrinos or particles like photinos and gravitinos predicted by supersymetric
(SUSY) theories. These particles might decay in releasing high energy photons which
could photodisintegrate the light elements. If fig is larger than 0.1-0.2,4He and 7Li
would be overproduced while D and 3He would be underproduced. One could imagine
that if such particles exist and release such photons they could transform in part 4He
and 7Li into D and 3He (Audouze et al. 1985, Salati §L_aL 1987). In the case of photinos
i.e. the SUSY particles which are the more likely to be determined if they exist we have
shown (Salati et al. 1987) that BBN can be used to constrain the physical parameters
(lifetime, mass, decay modes...) of such particles (section 3).
Finally, we have also considered the effect of the quark-hadron (Q-H) phase transition
on BBN. After the pionering work of Applegate et_jiL (1987) this question has become
very fashionable among the BBN specialists (see eg Fuller etjiL and Malaney and Fowler,
this book) . The Q-H phase transition can indeed induce some inhornogeneous BBN
and many workers (Applegate et_aL,1987, Alcock etal,1987) believed that they found a
way to reconcile the early production of the very light elements with OB = I . In section
4, we argue that the 7Li abundances and nucleosynthesis are so constraining that this
claim is hopeless. As in the case of photinos the physics of which can be constrained
by BBN it is shown in section 4 that the physics of the Q-H phase transition can be
constrained by the primordial abundance of 7Li.

2. THE MERITS OF THE CANONICAI/BBN MODELS
It has been argued in many papers (Yang eta], 1984, Boesgaard and Steigman, 1985,
Steigman, this conference) that the comparison between the primordial abundances of
D, 3He, 4He and 7Li and standard ( canonical) BBN model has two very important
consequences : the first is cosmological : the baryon density is limited to a value such
that fia —0.1 (i.e.10% of the density predicted by inflationary models); the second is
related to particle physics : the maximum number of neutrino (lepton ) families is 4 and
even 3. This means that particle physicists should discover at most one more leplon
family if standard BBN models apply .As expressed by D.Sciama (1983), " standard
BBN model is a triumph in cosmology" and one of us,HR (see eg Reeves, 1974) shares
this enthusiasm. The three other authors of this contribution such as Page! (1986)
notice that the agreement between the primordial abundances of the light elements
and the predictions coming from the standard BBN model requires some careful "fine
turning". As shown in figure 1, adapted from Yang etaj (198-1) and discussed at more
length in Audouze 1987, the only value of rj-ng/n-j consistent with X(4He) = Y<0.25
and (D+3He)/H<10~4 is J? = 3 ]0 IO corresponding to 0.01< QB <0.04 (the width of
this range is only due to the uncertainty on the Hubble constant H0: 50 < H0 < 100
km s~' Mpc~M
In the frame of the standard BBN model.and given the fact that Yp <0.25 (Kunth,1986)
the only way to enlarge the possible range of r/ and therefore fi is to assume that
(D+3He)/H,,rlmorii,aj can be larger than 10"4. In that case this implies that D is
significantly destroyed during the galactic history. Our group (Delbourgo-Salvador
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Figure 1. Calculations of the light element abundances made in the frame of the

standard BBN model by Yang et al. (1984). The dashed domain indicates the t] range

(f = "B/ n i i-e- the baryonic density relative to the photon density) compatible both with

Yp=O.24±O.Ol (Kunth, 1986) and with the Yang et al. 1984 prescription on D/H<10-*.

One sees that the resulting is quite narrow tj=3.2±0.2 making such comparison farily

contrived.

eta], 1985, Vangioni-Flam and Audouze, 1987) have considered different possibilities to
achieve that goal. There are (i) infall/outflow of processed material in the galactic disk,
(ii) strong stellar mass losses occuring during the pre main sequence phase (Delbourgo-
Saîvador etal, 1985), (iii) a promising model is the chemical evolution scheme in which
the rate of star formation is assumed to be varying. Figure 2 displays a comparison
of the D destruction between such a model ( called model 11) in which the rate of star
formation is constant for t < l ou 2 Gyr and proportional to the density of interstellar
gas for t> l ou 2 Gyr. Models III and IV with bimodal rate of star formation (see Wyse
and Silk, 1987) are not satisfactory in that respect (see Vangioni-Flam and Audouze,
1987, for more details). This model of varying star formation has not only the merit
to account for a thorough destruction of D during the galactic history but also for the
evolution of heavier elements such as O,N,Fe and the s and the r process elements (see
eg Andreani etal, 1988).
In conclusion one has still the choice either to adopt the simplest models of galactic.,
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Figure 2. Evolution of the D abundance during the galactic history . Models 1 to

IV refers to various scenarios described in Vangioni-Flam and Audouze (1987). Model II

assuming a time varying rate of star formation is the most successful to account both for

a thorough D destruction (Drrcrcni/Dprlmprdla, < 0.1) and a melallicity consistent with

the observations

evolution to the expense of a very narrow possible range of baryonic densities ; or_ to
assume more complex galactic evolution models leading to a thorough D destruction
which would enlarge the range of baryonic values such that 6 10~ < HB <6 10
(Delbourgo-Salvador elaj, 1985).

3. PHOTON DECAY OF NON BARYONIC PARTICLE .
In this section and in the following we examine two scenarios which attempt to reconcile
the possibility of large baryonic densities fit, up to 1 ( remember that inflationary models
predict H=I) with the results of BBN. The first possibility is to invoke partial photodis-
integration processes induced by high energy photons coming themselves from the decay
of massive unstable particles. These photodisintegration processes could transform part
of 4He (and 7Li) into D and 3He. An important feature concerning the occurence of
such processes has been established by Lindley ( 1985). Such photodisintegration pro-
cesses can only take place if the product EHBB < 1/50(MeV)2 where EH is the energy
of the high energy photons and EBB the energy of the thermal photons. Given the fact
that E« > 20-50MeV to be able to induce such photodisintegration processes EBB < 4

10-MCr3MeV which means that t>105-10r'sec.
As a consequence, particles like massive neutrinos and gravitinos with masses of a few
hundred MeV and lifetimes of 105-106sec might decay into energetic photons able to
partly pholodisintegrate 4He and 7Li (see eg Audouze et aJL, 1985)
A more extensive study has been devoted to pholinos by Salati et al. (1987) let us
summarize the main conclusions of this study.
(i) If photinos are stable their mass has to be comprised between 5 and 8 GeV to
lead to n = ] . If their mass is larger their contribution is negligible . If their mass is
smaller they lead to too large values of U because of their too large anhilation rate in
fcrmion-antifermion processes.
(ii) The situation is especially interesting if photinos are unstable. Figure 3 displays
the constraints on their mass/lifetime coming from the early nucleosynthesis. Region
II i.e. photinos massive enough with relatively low lifetime,corresponds to the physical.
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Figure 3. Photino mass M^ and lifetime r̂  domains defined by the nucleosynthesis

constraints for O=I. Each domain is discussed in the text. The only allowed domain is

domain II (low lifetime-high-mass) (from Salati et al., 1987).

conditions which respect the constraints coming from the early nucleosynthesis. Region
I (light photinos with long lifetime) corresponds to the conditions which make photinos
looking as another family of neutrinos which would increase the 4He abundance. Regions
III, IV and V correspond to physical conditions where photinos by their photon decay
may affect significantly the abundances of D, 3He and 4He and are therefore forbidden
by the astronomical observations. In order to fulfill the conditions set up by the early
nucleosynthesis, photinos have to be relatively massive and unstable.
When the different decay modes are envisaged for the photinos these constraints on the
lifetime induce further constraints on different parameters such as the supersymetric
breaking scale, the mixing parameter describing the lepton number violation or the
vacuum expectation value of SUSY particles (Salati etal, 1987).
To sum up the decay of particles predicted by the supersymetric theories can effect the
outcome of the primordial nucleosynthesis. The observed abundances of the very light
elements can be used to constrain the physical characteristics (mass, lifetime...) of such
particles.

4. QUARK-HADRON PHASE TRANSITION AND EARLY
NUCLEOSYNTHESIS

The possible influence of the quark-hadron phase transition on the early nucleosynthesis
has been envisaged in many recent papers (Applegate etal. 1987, Alcock et al. 1987,
Audouze et al, 1987, Reeves, 1987, Fuller et__aj, 1987). Around a temperature of 100
MeV the quarks confine and transform themselves into hadrons. As in a first order phase
transition during this very short period where T B B ~100 MeV there is the possibility
of coexistence between the quark-gluon phase and the hadron phase. Because of the
difference of the statistical weight between these two phases (the relativistic quarks have
indeed a larger statistical weight than the non relativislic hadron), a natural segregation
between a high density phase (the quark-gluon phase) and a low density phase (the .



hadron phase) takes place.
The contrast of density (between these two phases) is simply given by

n» Vn ' j ^ _

with Z = mN/Tc and Tc is the temperature of the phase transition Tc is related to a
term B called the bag constant which expresses the negative pressure term coming from
the quark confirment if Tc ~106 MeV , C= 120 (the phase density contrast is large for a
small bag constant predicted by the MIT model) if kT= 240 MeV (large bag constant
predicted by the chiral model) c=3.
This quark-hadron phase transition induces therefore inhomogeneities : the quark zone
which is a baryon rich zone which will become a proton rich zone while the hadron zone
which is a baryon poor zone will become a neutron rich zone... This is because the
neutrons have a diffusion mean free path much larger than the protons : the neutron
density is constant while the overall baryon density is large in the former quark zone.
There are two basic parameters which fix the degree of inhomogeneity induced by this
phase transition a) the baryon density contrast c, and b) the fractional mass on the
high density region between the two zones such that Clr—fv^q + (l-fuj^w, where UT,
ft, and flfl are the baryon cosmological parameters of the whole universe, the quark
rich zone and the hadron rich zone. Reeves (1987) and Reeves et al. (1987) consider
also the possibility to vary the neutron diffusion. In the case of a total neutron diffusion
the resulting abundances Xei of the light elements are given by Audouze et al.. 1987.

Xet - xctfv 1"+"7UTcT^Ti *" X c C ^ ~ ^v' i -(- fv<c - i)

where Xn is the n/p ratio when the weak interactions stop and "freeze" this ratio. X\t

and X\. are the resulting abundances in the high density regions(l) and the low density
region('-î). These abundances depend on their relative densities fig and fJB which are
such tl at

and

To give an example, in the case of JV=O-Ol and c=10 for ^=0.2, n'=0.035 and
n2=0.005 (60% of the light elements come from the first zone) for f,,=0.8, fl1 =0.012
and n2=2.5 10 ~3 (98% of the light elements come from the first zone).
A first series of calculations have been reported by Audouze etjiL (1987). They clearly
show that 7Li is significantly overproduced as soon as fi >0.05 and c>5. The abundance
of D is also significantly decreased with respect to the standard case. All calculations
performed so far in the frame of this model (Alcock et al.. 1987, Applegate et al., 1987,
Fuller et al.. 1987, Malaney and Fowler, 1987) exhibit this conspicuous 7Li overabun-
dance). A graphical explanation of such a striking behaviour is currently proposed by
Reeves (1987 ) and Reeves et_aj. (1987).
The basis of this explanation comes from the fact that 7Li is overproduced at low
densities by the (T, 4He)7Li reaction and at high densities by the (3He4He) 7Be reaction.
Figures 4 and 5 show respectively the 7Li "trench" and the quark hadron "butterflies"
: the "butterfly" is delineated by the three parameters related to the quark- hadron (c,
fv and Q) while the 7Li trench is due to two different origins at low and at high density
of this element. • :•
The reader is referred to Reeves (1987), Reeves et al (1987)and Audouze et al. (1987)
for more details ; the outcome of their analysis is that the 7Li abundance constitutes



the most stringent constraint against models where the contrast c is higher than 3-5.
The inhomogeneity of the Universe due to the quark-hadron is strongly limited by tins
abundance. As a consequence the high values of the bag constant (250AZeV) predicted
by the chiral model are favoured compared to the low values predicted by the Mil bag

f n s & of seeking a universe with Qu = I which is_not consistent with the observed
abundances of 7Li it seems to us more appropriate to use the observed abundances of
this element to constrain the physics of the quark-hadron phase transition and possibly
that of quarks through the determination of the bag constant.
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Figure 4. The 7Li trench. The BB yield of 7Li is calculated as a function of the

present baryonic density in g/cm3 (in ordinales) and the n/p ratio, in units of the standard

(homogeneous density) BB nucleosynthesis n/p ratio (in abscissa).

The isoabundanfc lines are marked with their calculated values. They form a "trench"

with steep slopes, especially in the neutron rich side. The population II star observations

correspond to the deepest part of the trench (X7 = IO 9 ) . The strong upper limit to the

BB contribution is (X7=IO"8).

As described in the text, only the small-size "butterflies" can be "adjusted" to this

trench, giving an upper limit of c=2 (or a strong upper limit of c=4) to the density contrast

emerging from the quark-hadron phase transition. The range of the mean baryonic den-

sities of the universe is essentially the same as obtained from the standard homogeneous

density universe (from Reeves et al.. 1987.)



Figure 5.The quark-hadron "butterfly"

In ordinale the parameter space associated to the quark-hadron phase transition X7

and Xj1 are the baryonic densities in the high density phase (q : former quark sea) and

the low density phase (h : nucleated hadronic bubbles), normalized to the mean baryonic

density. In abscissa, y, and yh are the neutron to proton ratio in these phases, normalized

to the standard BB (homogeneous density) n /p ratio.

Each scenario is described by 1) a choice of c=x,/xi,, the contrast between the two

phaseB 2) a choice of f,, the fractional volume in the q- phase and 3) a choice of fn

the fractional amount of neutron diffusion between the two phases at the moment of

nucleosynthesis.

The set of all these points lakes the form of a "butterfly" with a wing span proportion.;.!

toe. The circled numbers on the main diagonal are the assumed ( paired) values off, in the

case of complete neutron diffusion (fn=l). The ordinale corresponds to fn=0. Intermediate

values of fn span the area of lhe wings.

The large butterfly corresponds to a contrast c=50 ; the small one to c=3. (from

Reeves et al., 1987)



5. CONCLUSIONS
Our current analyses of the nig Dang nucleosynthesis which have bern sum-

marized in this short presentation lead us to propose the following conclusions

a) The standard BBN model predicting UB <0.1 and at most 3-4 fam-
ilies of leptons remains the scenario which provides Die best agreement with the
observed abundances of the very light elements (D, 3IIe , *Be and 7Li). The only
point of conlenlion is to adopt or not a model predicting a large destruction of D
during the galactic history. A few observational tests regarding the D abundance
in quasars or in different regions of our galaxy will favour either a low D destruc-
tion scheme such as this suggested by Yang et j j . , 1984, or a large D destruction
scheme proposed by some of us, Delbourgo-Salvador etal., 1985, Vangioni-Flam
and Audouze, 1987.

b) It seems therefore useless to attempt to day to build up a BBN scenario
such that RB = I- The early 7Li abundance constitutes a difficulty which seems
today impossible to overcome. If fî = l because of the necessity of considering an
inflationary universe, the density of the Universe should come from non baryonic
particles.

c) The Big Bang nucleosynthesis BBN can be used instead to pro-
vide useful constraints on different aspects of particle physics and cosmology. For
instance, it is easier to reconcile the BBN predictions with the existence of the
photinos if those particles are massive and have a relatively low lifetime. Con-
cerning the quark-hadron phase transition it seems to us unavoidable to restrict
the degree of inhomogeneity corning this transition to fulfill the 7Li abundance
requirements. This restriction may have the advantage to restrict the range of
possible values for the quark bag constant. One can be impressed by the longevity
of the standard (simplest) BBN model and by its predictive value not only re-
garding the baryonic density but also many different aspects of cosmology and
particle physics such as the number of leplons, the physical properties of some
supersymctric particles and the quark -hadron phase transition.
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