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For almost 30 years, the predictions of big-bang nucleosynthesis have been used to test 
the big-bang model to within a fraction of a second of the bang. The agreement between 
the predicted and observed abundances of deuterium, helium-3, helium-4, and lithium-7 
confirms the standard cosmology model and allows accurate determination of the baryon 
density, between 1.7 X 1 0-31 and 4.1 X 1 OP3' grams per cubic centimeter (corresponding 
to about 1 to 15 percent of the critical density). This measurement of the density of ordinary 
matter is pivotal to the establishment of two dark-matter problems: (i) most of the baryons 
are dark, and (ii) if the total mass density is greater than about 15 percent of the critical 
density, as many determinations indicate, the bulk of the dark matter must be "non- 
baryonic," composed of elementary particles left from the earliest moments. 

T h e  extremely high temperatures of the 
earliest moments of the universe did not 
allow nuclei to exist. About 1 s after the big 
bang, the temperature fell to 10'' K, and 
synthesis of the light elements D, 3He, 4He, 
and 7Li began. The successful predictions of 
big-bang nucleosynthesis provide the earli- 
est and most stringent test of the big-bang 
model and, together with the expansion of 
the universe and the 2.726 K black-body 
cosmic background radiation (CBR), pro- 
vide the fundamental observational basis 
for the standard cosmology. 

In 1948 Gamow, Alpher, and Herman 
proposed that all of the elements in the 
periodic table could be produced in the big 
bang (1 ); it was soon realized that the lack 
of stable nuclei of mass 5 and 8 and Cou- 
lomb repulsion between highly charged nu- 
clei prevent significant nucleosynthesis be- 
yond 'Li. Shortly before the discovery of 
the CBR, Hoyle and Tayler (2) argued that 
the big bang must produce a large amount 
of 4He (about 25% by mass) and thus could 
explain the large 4He abundance observed 
in many primitive objects. 

After the discoverv of the CBR in 1965. 
detailed calculations were carried out and 
showed that a laree amount of 4He and 

u 

smaller amounts of other light elements 
were produced in the big bang (3). While 
the explanation of the large primeval abun- 
dance of 4He was a ereat success for the bie - - 
bang, the prevailing wisdom was that D and 
'Li were produced primarily during the T 
Tauri phase of stellar evolution and so were 

of no  cosmological significance (4). Because 
the amount of 4He produced in the big bang 
is verv insensitive to the cosmic barvon 
(that is, ordinary matter) density, it was not 
possible to reach any conclusion regarding 
the mean density of ordinary matter. 

The  other lieht elements are ~ roduced  - 
in much smaller quantities, their abun- 
dances relative to hydrogen ranging from 
about for D and 3He to about 10-lo 
for 7Li; therefore, establishing their big- 
bang origin was more difficult, complicat- 
ed by the fact that the material we see 
today has been subjected to more than 10 
billion years of astrophysical processing, 
the details of which are still not com~le t e -  
ly understood. However, over the past 25 
years, the big-bang origin of D, 3He, and 
'Li has been established, further testing 
the model and enabling an  accurate deter- - 
mination of the average density of baryons 
in the universe. 

By 1973, it was realized that no  viable 
astrophysical site for the production of deu- 
terium exists; for example, although D can 
be produced by cosmic-rays, so can 7Li, and 
~roducine  the observed D would lead to a 

u 

massive overproduction of 7Li (5 ,6) .  More- 
over, because D is so fragile, post-big-bang 
processes only destroy it; thus, the present 
deuterium abundance serves as a lower 
bound to the big-bang production. This 
argument, together with the strong depen- 
dence of big-bang deuterium production on 
the baryon density, led to the realization 
that D is an  excellent "baryometer" (5), 
and early measurements of the deuterium 
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reaching the main sequence and later by 
the nuclear reactions that cook hydrogen 
into helium. Some massive stars destroy (or 
astrate) 3He. However, in 1984 it was 
shown that the Dresent sum of D + 3He 
provides an  upper limit to their combined 
big-bang production (9), which in tum 
leads to a lower limit to the baryon density. 

Lithium was the last to come into the 
fold. Stellar processes both destroy and pro- 
duce 'Li; moreover, the abundance of 'Li 
varies greatly, from 'Li/H - to less 
than 'Li/H = 10-12. In 1982, Spite and 
S ~ i t e  circumvented these difficulties bv 
measuring the 7Li abundance in the oldest 
stars in our galaxy, metal-poor, population 
I1 (pop 11) halo stars. They found 7Li/H = 
lo-'' ( l o ) ,  which is consistent with the 
big-bang prediction. Their results, later 
strengthened by others (1 1, 12), established 
the case for the primeval 'Li abundance. 

For the last decade, much effort has been 
devoted to the critical com~arison of the 
theoretical predictions and inferred primor- 
dial abundances of the lieht elements. The - 
predictions depend on the ratio of baryons 
to photons (7) .  [The number of baryons is 
equal to  the number of neutrons plus pro- 
tons; essentially all the photons are in the 
CBR. The baryon-to-photon ratio remains 
constant as the universe expands.] If 7 is 
between about 2.5 x 10-lo and 6 x lo-'', 
then there is agreement between the pre- 
dicted and measured abundances of all four 
light elements (see Fig. 1). This leads to the 
best determination of the baryon density p, 

where m, is the mass of a baryon, and the 
number density of photons, n, = 41 1 ~ m - ~ ,  
is known very  rec cis el^ because the CBR 
temperature, To = 2.726 -C 0.005 K (13), is 
so well determined. O n  the other hand, 
because the critical density 

(where G is the gravitational constant) de- 
pends on the Hubble constant Ho (for con- 
venience, h = Ho/lOO km s-' MpcC1), 
which is still only known to within a factor 
of 2, the fraction of critical density contrib- 
uted by baryons a, is much less well known 

For a generous range for the Hubble con- 
stant, h = 0.4 to 1, baryons contribute 
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between 1 and 15% of closure density. 
This fact has two profound implications. 

First, because "optically" luminous matter 
(stars and associated material) contributes 
much less than 1% of the critical density 
[a,,, - 0.003h-' (14)], most baryons 
must be dark, for example, in the form of 
hot, diffuse gas or "dark stars" that have 
either exhausted their nuclear fuels (black 
holes, neutron stars, or white dwarfs) or 
were not massive enough (less than about 
0.08M,) to ignite them. In clusters of gal- 
axies, most of the baryonic matter seems to 
be in the form of hot, x-ray-emitting gas. 
Further, there is now indirect evidence for 
the existence of dark stars within our gal- 
axv. known as MACHOS (massive astro- , , 
physical compact halo objects), detected 
through their gravitational microlensing of 
distant stars (15). 

Second, there is strong-though not yet 
conclusive-evidence that the average 
mass density of the universe is significantly 
greater than 15% of the critical density 
(1 6). If this is indeed the case, most of the 
mass density of the universe must be "non- 
baryonic," with the most promising possi- 
bility being elementary particles left over 
from the earliest moments of the universe 
(1 7). Large-scale experiments are underway 
in laboratories all over the world to directly 

detect the nonbaryonic dark matter associ- 
ated with the halo of our own galaxy (1 8). 

Big-bang nucleosynthesis is central in 
defining the dark-matter problems, which 
touch on almost every aspect of cosmology 
today. For example, the detection of tem- 
perature variations in the CBR by the Cos- 
mic Background Explorer (COBE) satellite 
was a dramatic confirmation of the general 
~ i c t u r e  that structure in the universe (that 
is, galaxies, clusters of galaxies, superclus- 
ters, voids, and so on)  evolved from small 
density inhomogeneities amplified by grav- 
ity. One of the great challenges in cosmol- 
ogy is to formulate a coherent and detailed 
picture of the formation of structure; the 
nature of the dark matter is crucial to doing 
so. A t  present, the most successful models 
involve nonbaryonic dark matter; promi- 
nent among them are the cold dark matter 
models, where the nonbawonic dark matter 
is composed of slowly moving particles (for 
example, axions or neutralinos) and the 
density inhomogeneities arose during a pe- 
riod of inflation (1 9). 

Primordial nucleosynthesis also allows us 
to indirectly study conditions in the early 
universe, and thereby, to probe fundamen- 
tal physics in regimes that are beyond the 
reach of terrestrial laboratories. For exam- 
ple, more than 10 years ago, the overpro- 

Fig. 1. The predictions nBh2 
of big-bang nucleosyn- 
thesis. The dashed 
curves indicate the 2u 0.26 

theoretical uncertainties 
based on our Monte- 
Carlo analysis. The 4He 
abundance is given as 
the mass fraction Y; the 
other abundances are 
number relative to hy- 
drogen. The boxes indi- 
cate the range of 
baryon-to-photon ratio 
consistent with the light- 
element abundance~; 
the 4He box is broken to 
remind the reader that 
4He has not been used 
to derive an upper limit to 

because of the expo- 
nential dependence of 5 
such a limit to Y,. Our 5 
concordance range, 2.5 
x 5 q 5 6 X 10-5 
10-lo, derives from D + 
3He and 'Li. 

duction of 4He was used to rule out the 
existence of more than three light (mass m, 

1 MeV) neutrino species and constrain 
the existence of other light particle species 
(20, 21 ). Measurements of the properties of 
the Z0 boson made with the Stanford Linear 
Collider (SLC) at the Stanford Linear Ac- 
celerator Center (SLAC) and with the 
Large Electron Positron (LEP) collider at 
the European Organization for Nuclear Re- 
search (CERN) have since determined that 
there are iust three neutrino s~ecies. 

The remainder of this article is given to 
a more detailed assessment of the ~ r ed i c -  
tions and observations. We  begin with the 
easier part, a discussion of the theoretical 
predictions, where the few uncertainties are 
primarily statistical in nature and easy to 
quantify. We  then move on to the more 
difficult task, a review of the observations. 
Here the situation is iust the reverse: The 
uncertainties are dominated by possible sys- 
tematic errors and interpretational issues. 
Care and judgment must be exercised to 
reach reliable conclusions. 

Theoretical Expectations 

The assumptions underlying the standard 
scenario of big-bang nucleosynthesis are 
few: (i) big-bang cosmological model; (ii) 
three massless (or very light) neutrino spe- 
cies; (iii) small or vanishing neutrino chem- 
ical potentials; (iv) no  additional light par- 
ticle species present in thermal abundance; 
and (v) spatially uniform baryon-to-photon 
ratio. In addition, there are "nuclear input 
~arameters": neutron mean lifetime, which 
sets the rate for all the reactions that inter- 
convert neutrons and protons, and cross 
sections for the nuclear reactions that lead 
to the synthesis of the light elements. The 
network of nuclear reactions for big-bang 
nucleosynthesis is shown in Fig. 2. 

As recently as 10 years ago, the uncer- 
tainty in the neutron lifetime was signifi- 
cant. Thanks to beautiful ex~eriments with 
trapped, ultracold neutrons, it is now 
known very precisely: 7, = 887 & 2 s (22). 
The other cross sections that are required 
have been measured in the laboratory at 
energies appropriate for primordial nucleo- 
synthesis (this is in contrast to stellar 
nucleosynthesis, where laboratory-measured 
cross sections must be extrapolated to ener- 
gies that are not nearly as large). With the 
exception of 'Li, the uncertainties in cross 
sections do not result in significant uncer- 
tainties in the light-element yields. For 7Li, 
three important cross sections are still poor- 
ly known: 3He + 4He --+ 7Be + y, 3H + 
4He + 7Li + y,  and 7Li + p + 4He + 4He. 

The theoretical uncertainties can be 
quantified by Monte-Carlo technique (23, 
24). We  ran a suite of 1000 models with 
input parameters chosen from the probabil- 
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ity distributions for the various cross sec- 
tions and neutron mean lifetime (25). The 
2 a  limits for the light-element abundances 
are shown in Fig. 1 (that is, 950 of the 
models have predicted abundances in the 
intervals shown). The predicted 4He abun- 
dance is known very accurately, AYp = 
?0.001, where Y, is the mass fraction of 
4He produced; the predictions for D and 
3He are uncertain by about 10% and 20%, 
respectively. For 7Li, the theoretical uncer- 
tainty is still about 50%. Updated measure- 
ments of the key reactions (Fig. 2) will 
greatly reduce these uncertainties. In par- 
ticular, a recent measurement of the reac- 
tion 3H + 4He + 7Li + y (26) has reduced 
the theoretical uncertainty in 7Li to about 
25% for 7 < 3 X 10-l0. 

Many modifications of the standard sce- 
nario have been investigated (27): addi- 
tional light particle species; an unstable, 
massive tau neutrino; decaying particles; 
variations in the fundamental constants; 
large neutrino chemical potentials; prime- 
val magnetic fields; and spatial variations in 
the barvon-to-vhoton ratio. In most in- 
stances, the "nonstandard physics" was in- 

troduced for the purpose of using primordial 
nu~leos~nthesis  to constrain the possible 
existence of "new physics"; for example, the 
previously mentioned limit to  the number 
of light neutrino species. In a few cases, 
there were more pressing motivations. 

For example, Witten suggested that the 
transition from quark-gluon plasma, which 
existed before about lop5  s, to matter com- 
~ r i s e d  of neutrons, protons, and related par- 
ticles could involve a strongly first-order 
phase transition and that the resulting dis- 
tribution of baryons could be quite inhomo- 
geneous (28). This would significantly 
change the outcome of primordial nucleo- 
synthesis, and it even appeared that such 
inhomogeneity could relax the bound to 
OB, perhaps permitting closure density in 
baryons (29). 

It is now known that a high level of " 

inhomogeneity upsets the agreement of the 
medictions with the observations and that 
smaller levels of inhomogeneity do not sig- 
nificantly change the results (30, 3 1 ). Fur- 
ther, there is now little motivation from 
particle physics for a strongly first-order 
quark-hadron phase transition. A t  present, 

Fig. 2. The nuclear reaction network used for b~g-bang nucleosynthesis; the most important reactions are 
numbered and have bold arrows. The broken boxes for mass 5 and 8 ~ndicate that all nuclides of this 
mass are very unstable. 

the only modification involving the known 
particles and known physics that leads to 
significant changes is the possibility that 
the tau neutrino is unstable and has a mass 
between 1 and 30 MeV (32) (the present 
laboratory mass limit is about 30 MeV). 

Confrontation Between Theory 
and Observation 

In discussing the observed primordial 
abundances. we emvhasize that the abun- 
dances are inferred and not measured, be- 
cause almost without excention, the ma- . , 

terial that we study today has undergone 
10 billion vears of chemical evolution (bv . , 

chemical evolution, astronomers mean the 
changing chemical abundances in the uni- 
verse that result from nuclear reactions 
that take place in ordinary stars, cosmic-ray 
collisions, stellar explosions, and so on). 

Deuterium and helium-3. Because deute- 
rium is the most weakly bound, stable nu- 
cleus, it is easy to destroy and difficult to 
nroduce. Thus. the deuterium abundance 
today provides a lower limit to big-bang 
vroduction. The A ~ o l l o  Solar Wind Com- 
position experiment, which captured solar- 
wind narticles in foils exvosed on the moon, 
and the subsequent analysis by Geiss and 
Reeves (7) provided the first accurate as- 
sessment of the presolar D plus 3He abun- 
dance (deuterium present at the time the 
solar system formed was quickly burnt to  
3He as the sun became a star). O n  the basis 
of these experiments and studies of the 3He 
abundance in primitive meteorites (33), 
Geiss deduced a  res solar deuterium abun- 
dance (34) 

This value is consistent with measurements 
of the deuterium abundance in the local 
(within a few hundred parsecs) interstellar 
medium (ISM) made two decades ago with 
the Copernicus satellite (8) and more re- 
cently by the Hubble Space Telescope 
(HST) (3.5) 

= 1.65':::; x (5) 

That the ISM value is apparently slightly 

Table 1. Estimate of systematic errors In the ob- 
sewed 4He abundance. 

Type of correction Estimate (%) 

Line ratios (including dust 22  
absorption) 

Emissivities ?2 
Coll~sional excitation and 2 1 

stellar absorption 
Neutral helium + 2 

Total +7, -5 
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lower than the presolar abundance is con- 
sistent with slow depletion of deuterium 
with time because the material in the ISM 
is about 5 billion years younger than the 
material from which our solar system was 
assembled. O n  the basis of these measure- 
ments and their uncertainties, we deduce a 
firm lower bound to the primordial deute- 
rium abundance 

Because D production decreases rapidly 
with T,, this leads to an upper limit to T, of 
9 x 1 0 1 0 ,  which is insensitive to the lower 
bound adopted for DIH. This argument is 
very robust because it involves the simplest 
assumption about chemical evolution, that 
D is destroyed by stellar processing (6). 

Because deuterium is so easilv destroved. , . 
it is not possible to use the ISM deuterium 
abundance to obtain a lower bound to n. 
However, an equally useful bound can be 
derived from the sum of D + 3He. Primor- 
dial deuterium either resides in the ISM or 
has been burnt to  3He (by means of D + p 
-+ 3He + y). A significant fraction of 3He 
survives stellar processing, and thus, an  up- 
per bound to the primordial D + 3He abun- 
dance can be inferred from present-day 
measurements. Yang et al. (9) derived such 
a bound assuming the 3He survival fraction 
g3 is greater than 25%. [Low-mass stars are 
net producers of 3He; even massive stars, 
which burn 3He, eiect some 3He in their 

bound to the primeval abundance of D + 
3He because D + 3He production vanes 
rapidly with T,. Together, D and 3He define 
a concordance interval (a range of values 
for whlch the predicted abundances are 
consistent with the observed values) of 2.5 
x 10-lo 5 T, 5 9 X 10-lo. 

The linchpin of the above argument in- 
volves the chemical evolution of 3He, 
which to be sure is more complicated than 
that of D. The theoretical belief that low- 
mass stars increase the D + 3He abundance 
by producing 3He is supported by the obser- 
vations of Wilson, Rood, and Bania (37), 
who found 3He/H .= lop3  in planetary neb- 
ulae. This much additional 3He ~roduction 
agrees with the value predicted by stellar 
models (38). However, measurements of 
the 3He abundance by the same method in 
hot, ionized gas clouds, so called H 11 re- 
gions, vary greatly from 3He/H - 1 x lop5 
to 8 x lop5 (39), which suggests that 3He 
is destroyed by varying degrees (40). Al- 
though H 11 regions are one of the few 
places outside the solar system where the 
3He abundance can be measured, they are 
samoles of the cosmos dominated bv the 
effects of massive, young stars, the most 
efficient destrovers of 3He. and thus, thev , , 

do not represent "typical samples" of the 
cosmos so far as 3He is concerned. All this 
being said, we believe that a 3He survival 
fraction of 25% or more is a conservative 
estimate as applied to the solar system 3He 
abundance. 

Helium-4. In two important regards, the 
primordial 4He abundance is the easiest to 
measure: It is large, around 24% by mass 
fraction, and the chemical evolution of 4He 
is straightforward-stars are net producers 
of 4He. O n  the other hand, although the 
~redicted abundance is accuratelv known, it 

, , 
winds (36).] Their argument was improved 
bv taking account of material that has been " 

~rocessed by more than one generation of 
stars (21). Both methods lead to similar 
upper limits to the primordial D + 3He 
abundance 

baries only logarithmically with i, so mea- 
suring the 4He abundance with sufficient 

This then leads to a lower bound to T, of 2.5 
x 1 0 " .  Like the upper limit to T, based on 
deuterium, it is insensitive to the precise 

u 

accuracy to sharply test the big-bang pre- 
diction is still challenging. 

Because 4He is ubiquitous, its abundance 

Fig. 3. The 4He mass fraction ver- 0.27 
sus nitrogen abundance for very 
metal-poor, extragalactic H l i  re- 0.26 
gions. The solid line is the best ex- 
trapolation to zero metallicity (45). 0.25 

0.24 
Z 

0.23 

0.22 

0.21 

can be measured In manv different wavs, all , , 

of which give values cokistent with a pri- 
meval mass fraction of around 24%. Be- 
cause stars produce both helium and other 
heav~er elements (collectively referred to as 
metals), contamination from stellar produc- 
tion can be minimized in metal-poor Sam- 
ples of the universe. The most accurate 
determinations of the primeval 4He abun- 
dance relv on measurements of the ratio of 
helium td hydrogen in highly ionized, ex- 
tragalactic gas clouds ( the H 11 regions) that 
are metal poor (41). Because of the high 
quality data that exist and the accuracy of 
abundances desired, systematic errors now 
dominate the error budget. 

Observed line strengths of the recombi- 
nation radiation of hydrogen and helium 
are translated into a helium mass fraction 
by means of theoretical emissivities and 
modeling of the H 11 region. In modeling an 
H 11 region, spherical symmetry and uni- 
form temperature are assumed, neither of 
which actually pertains because a typical 
H 11 region is heated by a few massive, 
young stars near its center. Because the 
ionization potentials for hydrogen and he- 
lium are different, corrections must be made 
for any neutral or doubly ionized helium 
present. Collisional excitation can be sig- 
nificant but is not easy to estimate accu- 
rately. Stellar absorption by the stars heat- 
ing the H 11 region can affect the excitation 
of the hydrogen and helium in the H 11 
region. Absorption by intervening dust can 
also affect abundance determinations. A re- 
cent analysis of the size of the systematic 
effects (42) is summarized in Table 1. A . , 

numerical assessment of some of these ef- 
fects (43) suggests that the systematic errors 
could even be slightly larger. 

Even in the most metal-poor H 11 re- 
gions, some of the 4He is ~roduced  by stars. 
Because stars also ~ roduce  metals, there 
should be a direct relation between metal- 
licity and stellar-produced 4He. Oxygen, ni- 
trogen. and carbon have all been used as - ,  

indicators of stellar nucleosynthesis and 
hence the amount of stellar-produced 4He 
(44). A recent analysis of all the very metal- 
poor, extragalactic H 11 regions yields a pri- 
mordial 4He abundance (45) 

where the statistical error is quoted first and 
the systematic error appears second (Fig. 3). 

To  summarize, there is undisputed evi- 
dence for a large primeval 4He abundance 
whose only viable explanation is the big 
bang and which provides the strongest con- 
firmation of big-bang nucleosynthesis. O n  
the basis of (45), we take Y, = 0.221 to 
0.243 as a reasonable estimate for the pri- 
meval mass fraction, which allows for a 2u 
statistical uncertainty ~ l u s  a l u  systematic 
uncertainty. The 2u  theoretical range is 
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consistent with this provided 0.8 x 10-lo 
5 -q 5 4 x 10-lO. However, the uncertain- 
ties are dominated by possible systematic 
errors; allowing for the higher estimate of 
systematic error in (42) (compare with Ta- 
ble I ) ,  a primeval 4He mass fraction as low 
as 0.21 or as high as 0.25 could not be 
excluded with certainty. This more extreme 
range for the primeval 4He abundance is 
consistent with a much larger interval, 6 x 
lo-" 5 -q 5 1 x lop9, illustrating the 
logarithmic dependence of Y, on  -q. 

Lithium. The  study of extremely metal- 
poor, pop I1 halo stars provides the bulk of 
our knowledge about the primeval 7Li abun- 
dance. Spite and Spite (10) measured the 
7Li abundance as a function of metallicity 
(iron abundance) and surface temperature. 
They found that the 7Li abundance is flat 
for surface temperatures greater than about 
5600 K (Fig. 4),  and further, it is also flat for 
the stars with the lowest iron abundance 
(Fig. 5).  The  first plateau suggests that the 
stars with the highest surface temperatures 
are not destroying their 7Li by convection 
(the depth of the convective zone depends 
on  surface temperature and is shallowest for 
stars with the highest surface temperatures). 
The second plateau indicates that any post- 
big-bang production must be insignificant 
for the most metal-poor stars because the 
7Li abundance does not increase with iron 
abundance. 

The determination of the plateau value of 
the 7Li abundance is subject to systematic 
effects. The effective surface temperatures 
and assumptions about opacities differ from 
author to author; both affect the inferred 7Li 
abundance. These two effects largely explain 
the difference between the abundance found 
by Spite and Spite ( lo) ,  7Li/H = 1.1 X 
10-lo, and that derived recently by Thor- 
bum (12) from a sample of 90 pop I1 stars, 
7Li/H = 1.7 X 10-'O (Figs. 4 and 5). Fur- 
ther, Thorbum's data seem to indicate a 
slight variation of the 7Li abundance with 
surface temperature, possibly indicating 
some depletion from a higher primordial val- 
ue by processes that transport 7Li inward [for 
example, meridional mixing (46)] to regions 
that have a high enough temperature to bum 
7Li. However, the amount of depletion is 
constrained by the relatively narrow spread 
in 7Li abundance for a wide range of surface 
temperatures and metallicities. 

The  case against significant depletion- 
and hence for a plateau abundance that 
reflects the primeval abundance-was fur- 
ther strengthened by the observation of 'Li 
in two pop I1 stars (47). Big-bang produc- 
tion of 'Li is negligible; the 'Li seen was 
most likely produced by cosmic-ray process- 
es (along with beryllium and boron, as dis- 
cussed below). Because 'Li is much more 
fragile than 7Li and yet still survived with 
the abundance relative to Be and B expect- 

Fig. 4. The 'Li abun- 
dance as a function of 
surface temperature for 
very metal-poor, pop I I  
halo stars. The decreas- 
ing 7Li abundance in the 
stars with the lowest sur- 
face temperatures indi- 
cates they have burned 
some of their 'Li (consis- 
tent with the fact that 
such stars are predicted 
to have deeper convec- 
tion zones). The solid 
and dashed lines indi- 
cate the Thorburn (12) 
and Spite and Spite (10) 
plateaus, respectively. 

ed from cosmic-ray production, depletion of 
7Li cannot have been very significant (48). 
These 6Li measurements limit possible 7Li 
depletion to less than a factor of about 2. 

In summary, we infer a primordial 7Li 
abundance of 

where the central value is the average of the 
Spite and Spite (10) and Thorbum (12) 
determinations, the statistical error is listed 
first, and the systematic error second. The 
svstematic error consists of 2 0 . 4  from dif- 
ferences in model atmospheres and + 1.4 to 
account for possible depletion. In fixing a 
range for the primordial 7Li abundance, it is 
the systematic error that is most important; 
accordingly, we use the sum of statistical 
plus systematic error to derive our estimate 
for the 7Li abundance, 0.7 x 10-lo 5 7Li/H 
5 3.5 x 10-lo. Allowing also for the 2u 
theoretical uncertainty, the concordance 
interval is 1 X 10-lo 5 -q 5 6 x 10-lo. 

Bervllium and boron. Although the inho- " 

mogeneous variant of big-bang nucleosyn- 
thesis motivated by a first-order quark-had- 
ron phase transition cannot significantly 
alter the basic conclusions, an important 
question remains: Is there a n  observable 
signature that can differentiate between the 
inhomogeneous and the homogeneous 
models? Regions in inhomogeneous models 
with high neutron-to-proton ratio could 
lead to "leakage" beyond mass 5 and mass 8: 
9Be, 'OB, "B, and possibly even r-process 
elements (neutron-rich isotopes) (29). Un- 
fortunately, detailed studies (30, 31) indi- 
cate that such leakage is negligible when 
the D, 'He, 4He, and 7Li abundances are 
consistent with their observed values. [Oth- 
er signatures, such as low 4He and high D 
and 7Li, have been discussed (31); but at 
present, they are inconsistent with the 
data.] 

Recently, both beryllium (49, 50) and 
boron (51 ) have been detected in  metal- 

poor, pop I1 halo stars. The  observations 
indicate that beryllium and boron abun- 
dances increase with metallicity, which is 
inconsistent with a big-bang origin (49, 51, 
52) and indicative of post-big-bang origin. 
The  processes that produce the beryllium 
and boron (and 'Li) seen in younger pop I 
stars (like our sun) are thought to be cos- 
mic-ray reactions (53); these processes are a 
good candidate for producing the beryllium 
and boron seen in the pop I1 stars. 

Toward truly pimordial abundances. The  
task of disentangling 10 billion years of 
galactic chemical evolution is not easy. 
What  are the prospects for determining the 
light-element abundances in very primitive 
samples of the universe (that is, in objects 
seen at  very high redshift)? 

Gas clouds at  high redshift "backlit" by 
quasars offer the possibility of measuring the 
deuterium abundance in very old, very dis- 
tant, and very primitive samples of the cos- 
mos. These clouds, known as quasar absorp- 
tion line systems, are revealed by the ab- 
sorption features they produce in quasar 
spectra: Many are observed to be very met- 
al-poor. Recently, a possible detection of 
deuterium in a hydrogen cloud at  redshift z 
= 3.32 was announced (54): if it is deute- . , ,  

rium, it corresponds to a n  abundance 

There is a significant probability (15% or 
greater) that the feature seen (the deuterium 
Lyman a line) arises from the Lyman a line 
of a smaller hydrogen cloud at slightly lower 
redshift. Further. the same deuterium feature 
has been detecied in two other hydrogen 
clouds with hieh redshifts but with a n  abun- 
dance that is about a factor of 10 smaller. 
These results are not vet ~ublished (55). . . 

If we conservatively kterpret the pub- 
lished detection as a n  umer bound to the 

A 

primordial deuterium abundance, we find 
the constraint to be -q 2 1.6 X 10-lo, 
which is only slightly less stringent than the 
previous bound based on  the production of 
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Fig. 5. The 'Li abundance as a 
function of iron abundance (relative lo-8 
to that seen in the solar system) for 
stars with surface temperatures 
greater than 5600 K. The increase 

10-9 

in 'Li abundance seen for the stars $ 
with higher iron abundance is indic- lo-1o 

ative of additional 'Li from cosmic- 
ray processes and stellar produc- 10-'I 
tion. The solid and dashed lines in- 
dicate the Thorburn (12) and Spite lo-1o 
and Spite (10) plateaus, respective- 
ly. For comparison, the abundanc- 10." 

es of beryllium and boron in metal- 10-~2  
poor, pop I I  halo stars are also 2 
shown (52). Unlike the 'Li abun- 
dance, the B and Be abundances I 0-l4 
increase with increasina metal - 
abundance, indicative of significant I O - ' ~ ~  , 1 1 1 1 ~ I I I I I I I I I I I I I I  
post-big-bang production. I I I I I I I I I I I I I I  

D + 3He. If instead we interuret it as a 
measurement of the primordial deuterium 
abundance. then the barvon-to-uhoton ra- 
tio has been accurately keasurei, q = 1.6 
X 10-lo. However, this interpretation is 
somewhat troubling because (D/H)p - 2 X 
lop4 >> [(D + 'He)H], ;=: 4 X lop5. 
Because it is almost certain that D is de- 
stroyed by burning to 'He, one would ex- 
pect a much higher D + 3He abundance 
than has been observed. This could indicate 
a ~roblem with models of the chemical 
evolution of 'He or simply in the interpre- 
tation of the observation as a deuterium 
detection (56). [The unpublished detec- 
tions (55) are in line with what is exuected 
for the primeval deuterium abundaice on 
the basis of the present D + 'He abun- 
dance.] More data of this kind is likely to 
come soon and clarify the situation. 

With regard to 'He, one might hope to 
determine the 3He abundance in extraga- 
lactic H II regions that are very metal-poor. 
However, present technology is only mar- 
ginally sufficient to observe 3He in galactic 
H II regions, so it will likely be some time 
before extragalactic detections are uossible. 

The 4~eYabundance has been keasured 
through its absorption lines in a quasar at 
redshift 7. = 2.72 (HS1700+6414) (57), 
and very recently, observations made with 
the refurbished Hubble Space Telescope 
have revealed the presence of singly ion- 
ized 4He in the intergalactic medium (58). 
Although both measurements provide im- 
portant confirmation of a large, primeval 
4He abundance in very primitive samples 

of the cosmos, they lack the precision 
necessary to sharply test big-bang nucleo- 
synthesis. Very metal-poor, nearby extra- 
galactic H 11 regions are likely to continue 
to be most useful. 

It seems very unlikely that the 7Li abun- 
dance can be measured in high-redshift ob- 
jects, or even in extragalactic stars. O n  the 
other hand, the data at hand present a good 
case for having determined the 7Li abun- 
dance in the oldest stars in our galaxy. 

Implications and 
Future Directions 

The light-element abundance data are not " 

yet good enough to single out a value for 
the baryon-to-photon ratio. They are good 
enough to delineate a very narrow concor- 
dance interval where the predicted abun- 
dances of all four light elements are consis- 
tent with their measured values. 

The lower limit to the concordance in- 
terval hinges on the D + 3He abundance. 
Based on our understanding of the difficulty 
of efficiently destroying 'He, 7 = 2.5 X 
10-lo stands as a reliable lower bound. This 
lower bound is buttressed by both 7Li-for 
7 I 1 X the predicted 7Li abun- 
dance rises above 3.5 X 10-lo-and by the 
upper limit to the primitive deuterium 
abundance discussed above-for 7 I 1.6 X 
10-lo, D/H exceeds 2.5 X 

The upper limit to the concordance in- 
terval derives from 4He, 7Li, and D, with 
the stringency of the limits in that order but 
the reliability in the reverse order. If the 

Fig. 6. The fraction of critical density contributed 
by baryons as a function of the Hubble constant 
for the reasonable concordance range of baryon- 
to-photon ratio (solid) and the extreme concor- 
dance range (dashed). 

primordial mass fraction of 4He is no larger 
than 0.243 (45), then q must be less than 4 
X 10-lo. But if, owing to systematic error, 
Yp is as large as 0.25, then -q could be as 
large as 1 x lop9. The logarithmic depen- 
dence of the'4He mass fraction on 7 makes 
it a very poor baryometer. 

The uncertainty in our upper bound to 
7Li, 7Li/H 5 3.5 X 10-l0, is primarily 
systematic error associated with possible 
7Li depletion in metal-poor, pop I1 stars. 
Our upper bound to 7Li implies q 5 6 X 
10-l0. O n  the other hand, because the 
strongest argument against very signifi- 
cant depletion of 7Li in metal-poor, pop I1 
stars is the observation of 6Li, which has 
only been seen in two stars, very signifi- 
cant depletion of 7Li cannot be ruled out. 
Taking as an extreme upper limit 7Li/H 
6 x 10-lo, corresponding to a depletion 
by a factor of 4, 7 could be as large as 9 x 
10-lo (59). 

The primordial deuterium abundance 
must be larger than what is seen today: D/H 
r 1.5 x lop5. This implies an upper bound 
to -q of 9 x 10-lo. Because there is no 
viable astrophysical site for deuterium, it is 
difficult to get around this bound. 

It is not possible to specify 2u and 3u 
concordance intervals because the dominant 
uncertainties, primarily in the inferred abun- 
dances, are not Gaussian statistical errors. 
Instead, we specify a "reasonable" and an 
"extreme" concordance interval for the 
baryon-to-photon ratio. For the reasonable 
interval, we take 2.5 x 1 0 ~ ' ~  to 6 x 10-l0, 
supported from below by D + 3He overpro- 
duction and above by 7Li overproduction. 
[This concordance interval is essentially the 
same as that derived in 1984 by Yang et al. 
(9), slightly less restrictive than that of 
Walker e t  al. (21), who did not allow for 
systematic error in the 7Li abundance, and 
very much less restrictive than those of 
Smith et al. (23) and Keman and Krauss 
(24), who both based their upper limit to 7 
on 4He.] 

In setting our extreme range, we take 
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note of our less than perfect understanding 
of the chemical evolution of the universe 
during the 15 billion years or so since pri- 
mordial nucleosynthesis, as well as other 
possible systematic errors. Though there is 
little reason to believe that 'He could be 
astrated significantly or that the primeval 
7Li abundance differs significantly from that 
seen in halo pop I1 stars, we base our ex- 
treme concordance range, q = 1.6 X 10-lo 
to 9 X 1 0 P l O ,  solely on  deuterium. 

From these concordance intervals, we 
can bound the baryonic fraction of critical 
density, albeit at the expense of additional 
dependence on  the Hubble constant: For 
the reasonable estimate, 2.5 X 1 0 - l o  5 q 

6 X 1 0 P l O ,  we get 0.009 5 0.009hK2 5 

0, 5 0.02ht2 5 0 .14 ;  for the extreme 
estimate, 1.6 x lo-'' 5 7 5 9 X 1 0 - l o ,  we 
get 0.006 5 0.006hK2 5 a, 5 0.03h-2 5 

0.21,  where the outer limits to 0, allow for 
0.4 5 h 5 1 (Fig. 6). 

The  implications of these big-bang 
nucleosynthesis bounds for cosmology are 
manifold and very significant. First and 
foremost, the nucleosynthesis determina- 
tion of the baryonic fraction of critical den- 
sity, taken together with the observational 
data that indicate that luminous matter 
contributes much less than 1% of critical 
densitv and that the total mass densitv is 
greate; than 14% of critical density, makes 
the case for the two dark matter problems: 
(i) Most of the baryons are dark, and (ii) 
most of the mass densitv in the universe 
exists in the form of nonbaryonic dark mat- 
ter. Dark matter is one, if not the most. 
pressing issue in both cosmology and parti- 
cle physics today. Detecting nonbaryonic 
dark matter could provide the first evidence 
for theories that unify the forces of nature, 
and the composition of the dark matter is 
crucial to understanding how structure 
formed in the universe. 

Next, we mention a n  important and top- 
ical use of the relativelv well known barvon 
density. From measurekents of the rat& of 
total mass to barvonic mass in clusters of 
galaxies, the total, mass density in the uni- 
verse can be estimated as 

Clusters of galaxies are used because they are 
probably large enough to provide a "fair 
sample" of the universal mix of matter and 
their x-rav emission allows a determination 
of both the total mass and baryonic mass. 
White et al. ( 6 0 )  inferred a total mass-tc- 
baryonic mass ratio of (20?5)h'I2 for the 
Coma cluster, which leads to the estimate 
no - 0.15hP'/2 to 0.5h-''2. If h is near the 
lower extreme of current measurements, this 
determination of 0, lends some support to 
both nonbaryonic dark matter and the the- 
oretically attractive notion of a flat universe 

(that is, a, = 1 ) .  However, there are still 
important systematic sources of error and a 
key assumption associated with this method. 
The  key assumption is that the baryons are 
either in stars (visible matter) or hot, x-ray- 
emitting gas (by a wide margin, the baryons 
in the hot gas outweigh those in stars). If 
there is a large amount of baryonic matter 
hidden in dark stars, then Mt,,/MB would be 
smaller. O n  the other hand, essentially all 
systematic errors go in the direction of in- 
creasing Mto,/MB. If the hot gas is partially 
supported by magnetic fields or bulk motion 
of the gas, then M,,, is larger. If the hot gas 
is clumpy, then the gas mass is smaller. 

Although our primary concern here is 
the baryon density of the universe, big-bang 
nucleosvnthesis also wlaces a n  irnwortant 
constraint on  the number of light particle 
s~ec ies  Dresent around the time of nucleo- 
synthesis, quantified as the equivalent num- 
ber of neutrino s~ecies .  N... This limit arises 

, " 
because more species lead to additional 4He 
~roduc t ion  ( 2 0 ) .  The  limit to N., relies on  a . . 
lower limit to q and a n  upper limit to Y,. 
With the D + 'He lower bound (q 2 2.5 X 
1 0 P l O )  and our reasonable upper limit to 
4He (Y, 0.243),  it follows that N, 5 3.3. 
Unlike the upper bound to q, this limit is 
only weakly dependent on  Y,, N y  3.3 + 
( y y x  - 0.243)10.012. 
~ ,~ . ,, 

W e  believe that primordial nucleosyn- 
thesis will continue to be the best method 
for determining the mean baryon density 
and that deuterium will Drove to be the 
ultimate baryometer. Prospects for measur- 
ing its primeval abundance in high-redshift, 
metal-poor gas clouds are good, and a hand- 
ful of such measurements could establish 
the primeval D abundance to a precision of 
lo%, and in turn, the baryon density to 
better than 5%. Because 4He production 
depends so weakly on  the baryon-to-photon 
ratio and because of lingering systematic 
uncertainties associated with 7Li, both 4He 
and 7Li are destined to play supporting 
roles, albeit important ones. It is both ironic 
and satisfying that after 20 years, deuterium 
is still the best baryometer. 

More than 40 years have passed since 
Gamow's introduction of the notion of 
cosmological nucleosynthesis, and 30 
years have passed since the CBR was dis- 
covered. Two decades of careful compari- 
son of theorv with observation has made 
primordial nucleosynthesis the earliest 
and most i m ~ o r t a n t  test of the standard 
cosmology and has led to the best mea- 
surement of the density of ordinary matter 
in the universe. 
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Prospects for Larger or More 
Frequent Earthquakes in the Los 

~ngeles  ~etropoli tan Region 
James F. Dolan,* Kerry Sieh, Thomas K. Rockwell, 

Robert S. Yeats, John Shaw, John Suppe, 
Gary J. Huftile, Eldon M. Gath 

Far too few moderate earthquakes have occurred within the Los Angeles, California, 
metropolitan region during the 200-year-long historic period to account for observed 
strain accumulation, indicating that the historic era represents either a lull between 
clusters of moderate earthquakes or part of a centuries-long interseismic period between 
much larger (moment magnitude, M,, 7.2 to 7.6) events. Geologic slip rates and relations 
between moment magnitude, average coseismic slip, and rupture area show that either 
of these hypotheses is possible, but that the latter is the more plausible of the two. The 
average time between M, 7.2 to 7.6 earthquakes from a combination of six fault systems 
within the metropolitan area was estimated to be about 140 years. 

Californians have long anticipated the re- 
currence of the "Big One," a great earth- 
quake (M - 8) emanating from a long 
section of the San Andreas fault (SAF), 
such as occurred in 1857 and 1906. Conse- 
quently, earthquake hazard assessment and 
preparedness in southern California has his- 
torically focused primarily on the SAF and 
its various strike-slip branches (Fig. 1)  (1,  
2). In the past decade, however, several 
moderate earthquakes have occurred on 

faults beneath the Los Angeles metropoli- 
tan area. Moderate to large earthquakes 
(Mw 6.5 to 7.5) on these faults could po- 
tentially cause even more damage than a 
much larger earthquake on the more distant 
SAF. This was dramatically demonstrated 
by the 1994 M ,  6.7 Northridge earthquake, 
the second most expensive natural disaster 
in U.S. history (after Hurricane Andrew) 
(3). ~, 

The Los Angeles region is geologically 
comnlex. and almost 100 active faults have . , 
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lation centers, sixLmajor fa& systems are of 
particular concern (9-1 2). 

1)  The Sierra Madre-Cucamonga sys- 
tem extends for 100 km along the northern 
edge of the densely populated San Fernando 
and San Gabriel valleys (1 3 ,  14). The west- 
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2) The Los Angeles basin fault system 
comprises two major blind thrust fault 
ramps (Elysian Park and Compton ramps) 
that are connected by a mid-basin flat fault 
segment (7; 16). The Whittier fault (17) 
and the northern Newport-Inglewood fault 
zone (4,  7) may represent partitioned 
strike-slip faults above the blind thrust 
faults. This system underlies the most 
densely urbanized part of the region, includ- 
ing downtown Los Angeles. 

3 )  The Santa Monica Mountains fault 
system, which extends for 90 km from near 
downtown Los Angeles westward along the 
Malibu Coast, consists of a large blind thrust 
ramp and the surficial Hollywood-Santa 
Monica-Malibu Coast subsystem, which we 
interpret as a set of   re dominantly left-lat- 
era1 strike-slip faults (4, 5 ,  16, 18-20). 

4) The Oak Ridge fault system is a ma- 
jor south-dipping thrust system that extends 
for more than 70 km from just east of 
Ventura to at least the eastern end of the 
Santa Clarita River Valley (21, 22). A pre- 
viously unrecognized, blind eastern exten- 
sion of this system appears to have been 
responsible for the 17 January 1994 M ,  6.7 
Northridge earthquake (8). 

5)  The San Cayetano fault, which dips 
moderately northward, extends for 40 km 
along the northern boundary of the oil-rich 
Ventura basin (23). The eastern part of this 
fault exhibits one of the highest slip rates in 
the region (7.5 to 10.4 mm year-') (23). 

6 )  The  Palos Verdes fault, which is 
best known from its onshore extent along 
the northeastern edge of the Palos Verdes 
Peninsula in the southwestern part of the 
Los Angeles basin, also extends as a sub- 
marine feature for more than 50 km to the 
south of the peninsula (24). Recent stud- 
ies indicate that the Palos Verdes fault is 
slipping at a rate of approximately 3 mm 
year-' (25). 

The large number of damaging, moder- 
ate (4.8 M, 6.7) earthquakes that 
have occurred in the Los Angeles region 
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