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We update standard big bang nucleosynthesis~SBBN! calculations on the basis of recent nuclear physics
compilations~NACRE in particular!, experimental and theoretical works. By a Monte Carlo technique, we
calculate the uncertainties on the light element yields (4He, D, 3He and7Li) related to nuclear reactions. The
results are compared to observations that are thought to be representative of the corresponding primordial
abundances. It is found that7Li could lead to more stringent constraints on the baryonic density of the universe
(Vbh2) than deuterium, because of much higher observation statistics and an easier extrapolation to primordial
values. The confrontation of SBBN results with7Li observations is of special interest since other independent
approaches have also recently providedVbh2 values:~i! the anisotropies of the cosmic microwave background
by the BOOMERANG, CBI, DASI and MAXIMA experiments and~ii ! the Lyman-a forest at high redshift. A
comparison between these results obtained by different methods provides a test of their consistency and could
provide a better determination of the baryonic density in the universe. However, the agreement betweenVbh2

values deduced from SBBN calculation and7Li observation on the one hand and CMB observations on the
other hand is only marginal.

DOI: 10.1103/PhysRevD.65.043510 PACS number~s!: 26.35.1c, 98.80.Ft
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I. INTRODUCTION

Recently, different ways to determine the baryonic dens
of the universe have been exploited. Here, we use the u
notation whereVb denotes the ratio of the baryon dens
over the critical density of the universe, andh is the baryon
over photon ratio. They are related byVbh253.653107h
with h the Hubble constant in units of 100 km s21 Mpc21. It
is now possible to confront the results of these different
proaches to test the validity of the underlying model hypo
esis and hopefully obtain a better evaluation of this cruc
cosmological parameter. Three independent methods h
been used so far to derive the baryon density of the unive
~i! the pioneering one,~standard! big-bang nucleosynthesi
~SBBN!, based on nuclear physics in the early universe,~ii !
very recently, the study of the cosmic microwave radiat
~CMB! anisotropies and~iii ! the census of H~and also He1)
atomic lines from the Lyman-a forest at high redshift.

Regarding the uncertainties attached to each of th
methods, those related to SBBN are probably the best c
trolled. Standard BBN depends essentially on one param
h, the baryon to photon ratio since the number of light ne
trinos is essentially known. This model, in its standard v
sion, has survived for many decades showing its robustn
It success in reproducing the light element (4He, D, 3He, and
7Li) primordial abundances over a span of 10 orders of m
nitude is remarkable@1#. The leading uncertainties com
0556-2821/2002/65~4!/043510~8!/$20.00 65 0435
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from the observations of the isotopes in different astrophy
cal sites and the way they are interpreted~D in particular! to
estimate the primordial abundances and the insuffic
knowledge of some reaction rates. Lithium suffers from tw
drawbacks:~i! it is affected more than any other light isotop
by uncertainties in the nuclear reaction rates and~ii ! the val-
ley shape in its abundance versush curve leads to two pos
sibleh values for a given abundance. This shape is due to
production modes, by3H14He and 3He14He, respectively
at low and high baryonic density. The first difficulty could b
reduced by a better determination of a few key cross s
tions, but the second one is intrinsic to the calculation. Th
to remove the degeneracy on the baryon density, lithi
should be associated with, at least, one other light elem
deuterium for instance. However, the relation between7Li
observations and its primordial abundance seems m
straightforward than for D.

In the case of the CMB, theVbh2 values deduced from
observations tend to converge but their interpretations
probably still model dependent. The CMB analyses invo
many parameters, principally the various energy densi
(V tot , Vb , VL , respectively the total density, baryon
density and the cosmological constant contribution!, h, the
initial fluctuation spectrum index (ns), the reionization opti-
cal depth (tc) and the overall normalization. The baryo
density is extracted from the amplitudes of the acous
peaks in the angular power spectrum of the CMB aniso
©2002 The American Physical Society10-1
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COC, VANGIONI-FLAM, CASSÉ, AND RABIET PHYSICAL REVIEW D 65 043510
pies. It is important to note that the ratio of amplitudes b
tween the first and second peaks increases withVb , in con-
trast with all other cosmological parameters. Hence,
determination ofVbh2 does not suffer from the cosmic de
generacy that affectsVL andVm and a high precision can b
expected@2#. However, these values are obtained in t
framework of inflationary models that could be altered
other cosmological contexts@3#.

The third method is based on the study of the atomicI
and HeII Lyman-a absorption lines observed in the line
sight of quasars. Quasars being the brightest objects of
universe, they can be observed at very large redshift.
their line of sight, atoms both in diffuse or condensed str
tures absorb part of their radiation, making absorption lin
apparent. It allows in particular to study the intergalac
medium via the so-called Lyman-a forest. This method lead
to an estimate of the baryon content of the Universe on la
scales@4,5#. Indeed, the evaluation ofVbh2 through the
study of the evolution of the Lyman-a forest in the redshift
range 0,z,5, though indirect because of the relative
large ionization uncertainties, leads to results consistent w
the two previous methods.

In the following, we update the big bang nucleosynthe
calculations on the basis of the recent NACRE compilat
@6# of reaction rates supplemented by other recent wo
@7–9#. We performed Monte Carlo calculations to estima
the uncertainties on light element yields arising from nucl
reactions alone. Similar calculations have been perform
recently, based on a different compilation and analysis
nuclear data~Nollett and Burles@10#, and Cyburtet al. @11#!.
However, here, we put the emphasis on7Li as its primordial
abundance is more reliable than that of other light isoto
~D in particular!. Using 7Li as the mainbaryometerone
deducesVbh2 and we compare it with~i! with the helium
and deuterium primordial abundances,~ii ! other SBBN in-
vestigations and~iii ! independent evaluations~CMB and
Lyman-a forest!.

II. OBSERVATIONAL CONSTRAINTS FROM THE LIGHT
ELEMENTS

Here we present the selection of astrophysical obse
tions that we use for the determination of the baryon den
of the Universe from the SBBN calculation. To estimate p
mordial abundances, observations are made on the oldes
jects that are characterized by their high redshiftz or low
metallicity.1

The determination of the primordial4He abundances is

1Metallicity represents the abundance ofmetalswhich, in the as-
trophysical language, corresponds to all elements above helium
metallicity increases in the course of galactic evolution, this is
indicator of the age of an object. Abundances of common elem
like Fe ~or e.g. Si!, are often taken as representative of the me
licity. The notation @Fe/H#[ log(Fe/H)star2 log(Fe/H)( is often
used. For instance,@Fe/H#522 corresponds to 1% of the sola
(() metallicity. Otherwise, D/H or7Li/H for instance, represent the
ratio of abundances by number of atoms.
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derived from observations of metal-poor, extragalactic, io
ized hydrogen~H II! regions. This extraction is difficult to the
level of precision required, due to the incomplete knowled
of the different atomic parameters involved. Olive and Sk
man @12# have studied in great detail the systematic unc
tainties, and concluded that the typical errors given in pre
ous studies are underestimated by a factor of about two.
extreme values published@13–15# cover the range fom 0.231
to 0.246~in mass fraction!, putting little constraint on mod-
els. Consequently, in this work,4He will not be considered
as a discriminating indicator of the baryonic density.

Deuterium is peculiar because, after BBN, this fragile is
tope, can, in principle, only be destroyed in subsequent s
lar or galactic nuclear processing. Hence the primord
abundance should be represented by thehighest observed
value. It is measured essentially in three astrophysical s
~i! in the local interstellar medium~present value!, ~ii ! in the
protosolar cloud~4.6 Gyr ago! and~iii ! in remote cosmologi-
cal clouds on the line of sight of high redshift quasars~large
lookback time!. In principle, the later sample~iii ! should be
the closest representative of the primordial D value, but up
now, the observations lead to two ranges of D abunda
values. However, very recently, it has been shown@16# that
the D abundance on the line of sight of the quasistellar ob
~QSO! PG171814607 cannot be determined due to blendi
between the Lyman-a and the main hydrogen absorptio
lines, contrary to a previous study@17#. Since this observa-
tion was the main evidence for a high D/H valu
(;1024 corresponding to a lowh range; see for instanc
Ref. @18#!, the very high primordial D abundance seems
have lost its support and hence only one range of~low! D/H
values remains. However, the D abundance data from
mological clouds remain scarce and scattered~Fig. 1, upper
panel!. The extreme values deduced from the different obs
vations@20–23# lead to the interval 1.331025,D/H,4.65
31025 ~including error bars!. This dispersion~amounting to
a factor of about 3!, if physical and not observational, casts
doubt on the direct identification of the observed values w
the primordial D abundance. Alternatively, it could indica
that this fragile isotope has already been processed in t
high redshift clouds despite their low metallicity@19#. Thus,
in this perspective, averaging the D/H abundances meas
in cosmological clouds to infer the primordial value see
somewhat inappropriate. In addition the observations of
absorbing cloud on the line of sight of QSO 0347-3818 ha
been analyzed using two methods@22,24# and lead to differ-
ent values~stars in Fig. 1!. This suggest that systematic e
rors may still be important.

On the other hand, it has been shown@25# that there exists
a large dispersion in the local measurements@(0.5 to 4)
31025]. This could indicate that unknown processes are
work to modify the D abundance at small scale in our G
axy. Thus, if it is confirmed that local D abundances a
scattered as the result of yet unknown physical processes
same thing could occur in absorbing clouds at large reds
In addition, the lowest value obtained at high redshift@23#
@D/H5(1.6560.35)31025# is uncomfortably close to both
the solar system and interstellar ones~respectively around
2.131025 and 1.531025 @26,27,25#!. It is inconsistent with
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CONSTRAINTS ONVb FROM NUCLEOSYNTHESIS OF . . . PHYSICAL REVIEW D 65 043510
even the most conservative galactic evolution models sinc
would require a negligible D destruction. Note that this lo
est value@23# ~in parenthesis in Fig. 1! is affected by a large
uncertainty concerning the level of the continuum and
blending of the relevant lines@28#. If this questionable ob-
servation is put aside, a trend appears in the D/H data ve
metallicity @Si/H# ~Fig. 1! showing a D abundance decrea
ing when metallicity increases, as qualitatively expec
from stellar evolution@19#. ~To view the trend we do no
consider the alternative analysis@24# of QSO 0347-3818 to
be consistent with the analyses of the other observatio!
Accordingly, the true primordial D/H value should be o
tained from extrapolation to zero metallicity. Consequen
even though, in principle D better constrainsh than 7Li ~U
shape of the curve!, the value of its primordial abundance
still a matter of debate. We adopted the highest obser
value@20# in a cosmological cloud assuming that lower va
ues are the result of subsequent processing.

Compared to D, the determination of the7Li primordial
abundance from observations leaves less room for inter
tations. Since the discovery of a plateau in the lithium ab
dance as a function of metallicity~Fig. 1, lower panel!,
drawn for metal poor dwarf stars@29#, many new observa
tions have strengthened its existence. The fact that the a

FIG. 1. Observed abundances as a function of metallicity fr
objects which are expected to reflect primordial abundances. U
panel: observed D abundances, from Refs.@20,21,23,22,24# ~stars
corresponding to two analyses of observations of the same c
@22,24#!. Lower panel: observed7Li abundances, circles@32# and
triangles@31# from Ryanet al.; squares from Bonifacio and Molar
@30#.
04351
it
-

e

us

d

s.

,

d

e-
-

n-

dance does not increase with time~metallicity! at the surface
of the oldest stars was interpreted as being representativ
the primordial 7Li abundance@30–32#. As such, these mea
surements could have been affected by two processes~i! a
production related to nonthermal~spallation! nuclear reac-
tions ~mainly a1a) in the interstellar medium, increasin
the amount of lithium in forming stars at a given metallici
and ~ii ! a depletion in the envelope of these stars. The c
tribution of the first process is small at very low metallici
amounting typically to less than 10% at a metallici
@Fe/H#522 @33#. At @Fe/H#521, this contribution is more
significant but remains within the dispersion of the data. T
second one concerns the potential depletion of lithium
nuclear destruction and possibly by diffusion and rotatio
mixing @34#. The small scatter of the data, over three met
licity decades, on the one hand and the presence of the
more fragile 6Li isotope in a few halo stars~e.g., Ref.@35#!
on the other hand, strongly limit the amount of possib
depletion. Hence, this effect should also be within the d
persion of the data. Bonifacio and Molaro@30# have deduced
from their large observational sample a primordial valu
log(Li/H) 529.76260.012 ~statistic, 1s) 60.05 ~system-
atic!. More recently, Ryanet al. @31,36#, on the basis of their
observations, have provided a new determination:7Li/H
5(1.2320.32

10.68)310210. Their mean value and~95% confi-
dence! limits take into account all possible contribution
from 7Li depletion mechanisms and bias in analysis. But
main difference with the earlier work@30# is that they have
taken into account a slight rise of the lithium abundance d
to spallation reaction leading to a smaller primordial abu
dance when extrapolated a zero metallicity. Accordingly,
adopt their range for the primordial7Li abundance.

III. CMB AND LYMAN- a FOREST OBSERVATIONS

CMB anisotropy measurements give independent e
mates of the baryonic density of the Universe. The first
terminations ofVbh2 from BOOMERANG and MAXIMA
@37–39# yielded Vbh2'0.03. The Cosmic Background Im
ager ~CBI!, ground based, has given preliminary results
marked contrast@40# (Vbh2'0.009) to BOOMERANG-
MAXIMA values. The Degree Angular Scale Interferomete
DASI ~along with its sister instrument CBI! @41#, is one of
the new compact interferometers specifically built to obse
the CMB. Combined with the large angle measureme
made by the Cosmic Background Explorer~COBE!, it has
been able to reveal a significant signal in the second p
region and has determinedVbh250.02220.003

10.004 (1s). Re-
cently, new analyses@42,43# of BOOMERANG data have
also led toVbh250.02220.003

10.004 (1s). But the situation is not
yet settled and a wealth of new data is expected from fut
ground instruments, long balloon flights and especially s
ellites @Microwave Anisotropy Probe~MAP!, Planck Sur-
veyor#.

As mentioned above, the study of the baryon content
the intergalactic medium evolution of the Lyman-a forest in
the redshift range 0,z,5 leads to an evaluation ofVbh2.
Such analyses have lead toVbh2>0.0125@4,28# and<0.03
@4,5,28#. Hui et al. @44# using recent observations@45,46#
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COC, VANGIONI-FLAM, CASSÉ, AND RABIET PHYSICAL REVIEW D 65 043510
have foundVbh2h50.0360.01. These various results a
summarized in Table II, compared in Fig. 5 and discusse
Sec. V.

IV. NUCLEAR DATA

Most of the important reactions for7Li production~Table
I! are available in the NACRE compilation of thermonucle
reaction rates@6#. Other reactions in our BBN network ar
adapted from an earlier compilation@7# or more recent works
@8,9#. In our previous studies, we have studied the influe
of individual reactions@18# or extreme yield limits@48# ob-
tained when considering all combinations of low and hi
rates. Here, instead, we have performed Monte Carlo ca
lations to obtain statistically better defined limits, as we d
in a previous work@49# that was limited to the NACRE
reactions. Here we update these calculations by taking
account uncertainties on the remaining reactions. In the
lowing, we discuss the origin of these calculated uncerta
limits.

One of the main innovative features of NACRE with r
spect to former compilations@50# is that uncertainties are
analyzed in detail and realistic lower and upper bounds
the rates are provided. Using these low and high rate lim
it is thus possible to calculate the effect of nuclear uncerta
ties on the light element yields. Recently, two other SBB
calculations have been performed: one based on the No
and Burles~NB! @10# compilation and another on a parti
reanalysis the NACRE data by Cyburt, Fields, and Ol
~CFO! @11#. The NB and NACRE compilations differ in sev
eral aspects. The NB compilation addresses primordial
cleosynthesis while NACRE is a general purpose comp
tion. Consequently, NB contains a few more reactions
interest to BBN and a few more data in the energy range
interest. Also,from the statistical point of view, the rate un-
certainties are better defined in NB, however the astroph

TABLE I. Influential reactions and their sensitivity to nucle
uncertainties for the production of4He, D, 3He, and7Li in SBBN.
@DN/N[Nh /Nl21; n.s.: not significant (uDN/Nu,0.01).]

Reaction\ DN/N 4He D 3He 7Li

1H(n,g)2Ha n.s. n.s. n.s. 0.08
2H(p,g)3He n.s. -0.19 0.19 0.26
2H(d,n)3He n.s. -0.09 0.06 0.12
2H(d,p)3H n.s. -0.03 -0.04 0.01
3H(d,n)4He n.s. n.s. n.s. -0.07
3H(a,g)7Li n.s. n.s. n.s. 0.24
3He(n,p)3Hb,d n.s. n.s. -0.06 -0.03
3He(d,p)4Hec,d n.s. n.s. -0.12 -0.12
3He(a,g)7Be n.s. n.s. n.s. 0.39
7Li( p,a)4He n.s. n.s. n.s. -0.25
7Be(n,p)7Li c,d n.s. n.s. n.s. -0.13

aChen and Savage@9#.
bBruneet al. @8#.
cSmith, Kawano, and Malaney@7#.
d61s variation.
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cal S factors2 are fitted by splines which have no physic
justification and can produce local artifacts by following
closely experimental data points. On the contrary,
NACRE compilation spans wider energy ranges, and o
these ranges, theS factors are fitted to functions based o
theoretical assumptions.

Figure 2 shows that outside of resonances a simple
~second order polynomial in this case! is sufficient to account
for '2 orders of magnitude variation inS. For the
D(p,g)3He reaction, as in Ref.@18#, we use the revised dat
of Schmidt et al. @51# ~SC96 in Fig. 2! not considered in
NACRE. The lower panel displays the ratio between the
perimental and fittedSvalues. The dispersion around unity
small and can hardly be considered physical. It should
noted that by using such a simple fit~when permitted by
theory!, precise data points outside the range of BBN ene
~e.g., the high energy data point in this case! helps constrain
the fittedS factor in the region of interest (;0.1 MeV in this
case!. This eliminates spurious local effects induced by a f
erratic data points associated with experimental proble
rather than a genuine physical effect. For instance, Fig
~adapted from NACRE@6#! shows the nuclear data and th
NACRE recommendedS factor for the 7Li( p,a)4He reac-
tion can be compared with Fig. 12 of NB@10#. In this latter
analysis, theS factor is unduly influenced by the Harmo

2The astrophysicalS factor is defined by s(E)[@S(E)/
E#exp(22ph)[@S(E)/E#exp(2AEG /E) where hereh (5Z1Z2e2/
\v) is the Sommerfeld parameter. It reduces the strong depend
of the cross section (s) at low energy by approximatively correct
ing for the penetrability of the Coulomb barrier.

FIG. 2. Upper panel: astrophysicalS factor for the2H(p,g)3He
reaction ~adapted from NACRE@6#, for references see NACRE
except for SC96@51#.! Lower panel: relative dispersion of residua
(Sexp/Sfit).
0-4
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CONSTRAINTS ONVb FROM NUCLEOSYNTHESIS OF . . . PHYSICAL REVIEW D 65 043510
@52# data which is a measurement relative to the assum
constantS factor of the6Li( p,a)3He reaction. The rise ofS
at low energy is also more likely interpreted by the effect
atomic electron screening of the nucleus. In this ene
range, the cross section is expected to be non reson
mainly determined by the tails of higher energy resonanc
This is why, NACRE has constrainedS to follow a low order
polynomial with the consequence that the good and ex
sive data provided by Rolfs and Kavanagh@53# are better
taken into account. In some cases@e.g., the D(d,n)3He reac-
tion# the NB compilation provides more data points in t
region of interest than NACRE. However, considering
wider energy range, NACRE relies on an interpolation b
tween high and low energy data. It is difficult to furth
compare the reaction rates obtained in both compilations
cause NACRE provides reaction rate limits~and in some
casesS factors! that can be used for e.g., subsequent Mo
Carlo calculations, while in NB the rate calculation a
Monte Carlo cannot be disentangled. Indeed, in NB,
Monte Carlo procedure is not applied to the rates but to
data points within experimental errors followed by spli
fitting. This method is expected to take better into acco
experimental errors but is difficult to evaluate especially
cause it could depend on the partitions of the energy inte
used for spline fitting which are not given. Nevertheless
final results~i.e., 4He, D, 3He, and 7Li yields! are in good
agreement@49# showing that both approaches are valid. CF
@11# have reanalyzed the compiled data from NACRE us
the sameS factor energy dependences but leaving the sca
factors free. They found that global normalization facto
were slightly different from the NACRE ones. As the fittin
procedure is straightforward, the origin for this difference
difficult to interpret. One possibility is that a few data poin
were excluded by NACRE due to suspected experime

FIG. 3. AstrophysicalS factor for the 7Li( p,a)4He reaction
~adapted from NACRE@6#!. For references other than HA89@52#
and RO86@53#, see NACRE.
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problem or physical bias~screening at low energy!. CFO
@11# subsequently determined scaling factors for each exp
ment to take into account systematics. From the dispersio
these factors they obtained a better evaluation of rate un
tainties including systematic effects. These analyses unde
timate the fact that data on experimental cross sections a
general of much better quality at BBN energy or above th
at lower energies. Indeed the cross sections for charged
ticle reactions drop very rapidly at low energy~Coulomb
barrier! making experiments more and more difficult an
hence subject to systematic errors. In addition screening
the nucleus by atomic electrons is known to affect cross s
tions at low energy@54#. Hence, a scaling factor obtaine
from a low energy measurement is likely to be more affec
by systematic errors that another one derived from a h
energy data set, even if the quality of the fits is the sam
This could affect the calculated CFO systematic error con
bution.

Clearly those recent compilations or analyses@7,6,10,11#
have all improved the determination of BBN rates and r
uncertainties but more progress could be made. This wo
include a better theoretical determination of the energy
pendence ofS factors sometimes just assumed to be a l
order polynomial. This would improve the constraint give
by the shape ofS(E). Such work is under way@55#.

Because of the difficulty of defining a universal statistic
method for the wide set of reactions~each with its peculiari-
ties! and range of temperature, the NACRE rate limits c
respond to upper and lower bounds rather than standard
viations. Accordingly, we assumed a uniform distribution f
the rates between the limits~keeping the mean rates equal
the recommended rates!.

Four reactions of interest to BBN are not found
the NACRE compilation of charged particle induced
reactions. They are the neutron induced reactio
n↔p, 1H(n,g)2H, 3He(n,p)3H, 7Be(n,p,)7Li and also
3He(d,p)4He. The first reaction governs the neutron-prot
ratio at the time of freeze-out and hence directly the4He
primordial abundance. The main source of uncertainty
this rate used to be the neutron lifetime but its value is n
precisely (886.761.9 s) known@56#. So even though im-
proved theoretical calculations@57# may introduce small cor-
rections, this reaction is now sufficiently known for BB
calculations. The following reaction,1H(n,g)2H, also relies
almost exclusively on theory. A new calculation includin
quoted uncertainties has been made available recently@9#.
For this reaction, the uncertainties arising from the expe
mental input data~one low-energy normalization value fo
the cross section! are expected to be much smaller than tho
from theory. The errors are given by the order of the fi
neglected terms in the expansion@9#. To derive the reaction
rate and its limits, we performed numerical integrations
ing the analytical formulas for the cross section and its c
culated uncertainties@9#. As there is no way to determine th
statistical distribution of thesetheorical errorswe adopted
~as for NACRE! a uniform distribution as for the following
reaction. Following discrepancies and lack of documentat
for the 3H(p,n)3He reaction and its inverse, a new and pr
cise measurement has recently been performed@8#. The re-
0-5
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sults corroborate the cross section provided by the EN
B-VI evaluation of neutron data@58# leading to an estimated
uncertainty of 5%@8#. For the two remaining reaction
3He(d,p)4He and 7Be(n,p)7Li no new measurements ar
available and we adopt accordingly the reaction rate and
certainties provided by Smith, Kawano and Malaney@7#. ~In
the more recent NB analysis the reaction rates and uncer
ties are not available due to the intricate coupling of
fitting and Monte Carlo methods.! They performed an
R-matrix analysis~a standard nuclear physics method
tackle resonant reactions! complemented by polynomial fit
to the data. Their quoted 1s uncertainties are respectively
and 9%@7# and we use accordingly for these two reaction
Gaussian distribution of errors.

V. RESULTS

In a first step, we complemented our previous analy
@18#, limited to NACRE reactions, by calculating the influ
ence of individual reaction rates on4He, D, 3He and 7Li
yields. Then we calculated the maximum of the quan
DN/N[Nhigh /Nlow21 within the range ofh10 variations
for each of the 4 isotopes. Positive~resp. negative! values
correspond to higher~resp. lower! isotope production when
the high rate limit is used instead of the low one~see Ref.
@18#!. Results are displayed in Table I.

Then we performed Monte Carlo calculations with t
rate distributions discussed above. For eachh value, we cal-
culated the mean value and standard deviation (s) of the 7Li
yield distribution. The corresponding62s limits are repre-
sented in Fig. 4. In Fig. 5 is represented the likelihood fu
tions for 7Li only @L 7(h)#, D only @L 2(h)# and for both
@L 7,2(h)# . The ns confidence intervals~see Table II! are
obtained by solving ln„L(h)…5 ln(L max)2n2/2, for h. To
calculateL, we use the abundance distributions obtained
Monte Carlo together with a normal distribution associa
with the adopted primordial abundances. Following the c
clusions of Sec. II, we assumed that the primordial7Li abun-
dance is such that log(7Li/H) is normally distributed with
mean29.91 and standard deviations50.19/2 as given by
Ryan et al. @36#. We neglected the asymmetry in the err
bars (29.9120.13

10.19 @36#! by taking the largest because th
smallest concerns the7Li lower limit that only affects theL 7

central dip, and not theh limits ~Fig. 4 lower panel!. Unfor-
tunately, the U shape of the7Li curve together with the Ryan
et al. @36# values leads to a merging of the low and highh
intervals. For comparison, we also show the likelihood fu
tion obtained when using the Bonifacio and Molaro@30#
older value exhibiting twoh intervals. Their merging clearly
originates from the new lower primordial abundance o
tained when correcting for the apparent7Li/H versus metal-
licity slope ~see Fig. 1 and Sec. II!. From this curve, we
obtain for Vbh2, the range 0.006–0.016~95% C.L., 7Li
only!.

To calculateL 2, the likelihood function concerning D
only, we adopted the highest observed value@20# ~see Sec.
II !. TheL 2 curve~Fig. 5! is centered onh55310210 and is
only marginally consistent with theL 7 one. The situation is
even worse if the smaller values of the D primordial abu
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dances are considered. The agreement between SBBN
the 7Li and D observed primordial abundances is impress
when considering the orders of magnitude involved but
mains only moderately good when trying to determine
Vbh2 value. The globalL 2,7 likelihood function provide
Vbh250.01560.003 (2s) which is reasonably compatibl
with the BOOMERANG @43# (Vbh250.02220.003

10.004; 1s),
and DASI @41# (Vbh250.02220.006

10.007; 2s) values. However,
as discussed above this is based on unsettled discrepa
on the ranges dictated separately by7Li and D. Better agree-
ment between SBBN and CMB has been claimed in ot
works @59#: Vbh250.02060.002 ~95% C.L.!. This result
from the choice of smaller D primordial abundances, driv
Vbh2 to higher values but at the expense of compatibil
with 7Li. Considering that the chemical evolution of D from
BBN to present is not well known, but given that it can on
be destroyed in this process, our choice of adopting
higher observed value seems justified. However, a be
compatibility with the more reliably determined primordi
7Li abundance would even favor a possible higher D ab

FIG. 4. Abundances of4He ~mass fraction!, D, 3He, and 7Li
~by number relative to H! as a function of the baryon over photo
ratio h. Mean values~solid curves! and 2s limits ~dashed curves!
are obtained from Monte Carlo calculations. Horizontal lines rep
sent primordial4He, D, and7Li abundances deduced from obse
vations ~see text!. For D the dotted lines represent the range
observed values~see Fig. 1! while the dashed lines corresponds
the adopted value of Ref.@20#.
0-6



ye
th

m
hi
et
re
d

t
o

lig

h

te

in-
-

of

is
ut
-
tem-

ick
k

on
nd

he
d-
the

al

e

ys

n

CONSTRAINTS ONVb FROM NUCLEOSYNTHESIS OF . . . PHYSICAL REVIEW D 65 043510
dance, implying that D has already been partially destro
in the cosmological cloud. Of course this would decrease
compatibility with CMB observations.

VI. CONCLUSION

Big bang nucleosynthesis has been the subject of per
nent interest since it gives access to the baryon density w
is a key cosmological parameter. Though independent m
ods are now available, the SBBN one remains the most
able because~i! the underlying physics is well known an
~ii ! there is essentially only one free parameter contrary
other methods. It is worth pursuing the improvement
nuclear reaction rates and abundance determination of
elements, essentially D and7Li.

Our SBBN results,Vbh250.006–0.016 based on7Li
only and 0.01560.003 with D are good agreement wit
those from Cyburtet al. @60#. The Vbh2 value derived by
Burles, Nollett and Turner@59# ~D and 7Li) is in reasonable
agreement with ours. These results are broadly consis
with the CMB ones~MAXIMA, BOOMERANG and DASI!
and those obtained via the observation of the Lyman-a forest
at high redshift~see also Cyburtet al. @60#!. However, the

FIG. 5. Likelihood function for7Li, D, 7Li1D and h ranges
from CMB, Lyman-a and other SBBN calculations. The horizont
lines representVbh2 and h intervals: 2s confidence limits~solid
lines!, twice the 1s limits ~dash-dotted line! or statistically less
well defined limits ~dashed lines and arrows!. Labels
(a, b, . . . ,5, 6) point to the last column of Table II where mor
details are given. The solid curve representsL 7 for the adopted
value of 7Li primordial abundance while the dotted curve displa
L 7 if the higher value of Bonifacio and Molaro@30# is adopted. The
likelihood function for D (L 2, dash dotted curve! is only marginally
consistent withL 7 as shown byL 7,2 ~dashed curve!. @L 2 andL 7

have been normalized toL max51.#
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SBBN values derived separately from7Li and D are only
marginally compatible and when using the more reliable
dicator, lithium, the agreement with the CMB and Lymana
values is also marginal.

It is interesting to note that the SBBN@10,18,11# results
derived from the two recent andindependentreaction rate
compilations~NACRE @6# and NB @10#! agree very well.
Progress in the derivation of primordial abundances~D! are
certainly needed, but improvement in the determination
nuclear reaction rates would also be of interest (7Li nucleo-
synthesis specifically!. Concerning this last point, reanalys
of existing data constrained with improved theoretical inp
is under way@55#. However, it would be even more impor
tant that new experiments dedicated to precise and sys
atic measurements~e.g., in Refs.@53,8#! of the lesser known
cross section~Table I! be undertaken.
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TABLE II. Comparison ofVbh2 from different methods. Limits
are given for 2s except for values in italic~see table footnotes!.
The last column provides the labels for theVbh2 ranges displayed
in Fig. 5.

Method Vbh2 Fig. 5

SBBN1Obs ~Li !, this work 0.006 – 0.016
SBBN1Obs ~Li1D!, this work 0.01560.003
SBBN from Burleset al.a 0.02060.002 a
SBBN from CFOb He 1 Li 0.006 – 0.017 b
SBBN from CFOb low D 0.017 – 0.023 g
CMB BOOMERANGc 0.02220.006

10.008 1
CMB from MAXIMA d 0.032560.0125 2
CMB from CBIe '0.009 3
CMB from DASIf 0.02220.006

10.007 4
Lyman-ag 0.0125– 0.03 5
Lyman-ah 0.0360.01 6

aBurles, Nollett, and Turner~2001! @59#.
bCyburt et al. ~2001! @11#.
cde Bernardiset al. ~2001! @43#; 2s interval approximated by twice
the width of the 1s interval.
dStomporet al. ~2001! @47#.
ePadinet al. ~2001! @40#; no confidence interval given.
fPrykeet al. ~2001! @41#.
gRiedigeret al. ~1998! @4#; estimated range of values from Petitjea
~2001! @28#.
hScott et al. ~2000! @45# and Hui et al. ~2001! @44#; no details on
statistical significance given.
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COC, VANGIONI-FLAM, CASSÉ, AND RABIET PHYSICAL REVIEW D 65 043510
@1# D. N. Schramm and M. S. Turner, Rev. Mod. Phys.70, 303
~1998!.

@2# W. Hu, N. Sugiyama, and J. Silk, Nature~London! 386, 37
~1997!.

@3# F. R. Bouchet, P. Peter, A. Riazuelo, and M. Sakellariad
Phys. Rev. D65, 021301~R! ~2002!.

@4# R. Riediger, P. Petitjean, and J. P. Mu¨cket, Astron. Astrophys.
329, 30 ~1998!.

@5# J. W. Wadsley, C. J. Hogan, and S. F. Anderson, inClustering
at High Redshift, ASP Conference Series Vol. 200, 2000, e
ited by A. Mazure, O. Le Fe`vre, and V. Le Brun, p. 291.

@6# C. Anguloet al., Nucl. Phys.A656, 3 ~1999!.
@7# M. S. Smith, L. H. Kawano, and R. A. Malaney, Astrophys.

Suppl. Ser.85, 219 ~1993!.
@8# C. R. Brune, K. I. Hahn, R. W. Kavanagh, and P. W. Wrea

Phys. Rev. C60, 015801~1999!.
@9# J.-W. Chen and M. J. Savage, Phys. Rev. C60, 065205~1999!.

@10# K. M. Nollett and S. Burles, Phys. Rev. D61, 123505~2000!.
@11# R. H. Cyburt, B. D. Fields, and K. A. Olive, New Astron.6,

215 ~2001!.
@12# K. A. Olive and E. Skillman, New Astron.6, 119 ~2001!.
@13# B. D. Fields and K. A. Olive, Astrophys. J.506, 177 ~1998!.
@14# Y. I. Izotov and T. X. Thuan, Astrophys. J.500, 188 ~1998!.
@15# M. Peimbert, A. Peimbert, and M. T. Ruiz, Astrophys. J.541,

688 ~2000!.
@16# D. Kirkman et al., Astrophy. J.559, 23 ~2001!.
@17# J. K. Webb, R. F. Carswell, K. M. Lanzettas, R. Ferlet, M

Lemoine, A. Vidal-Madjar, and D. V. Bowen, Nature~London!
383, 250 ~1997!.

@18# E. Vangioni-Flam, A. Coc, and M. Casse´, Astron. Astrophys.
360, 15 ~2000!.

@19# B. D. Fields, K. A. Olive, J. Silk, M. Casse´, and E. Vangioni-
Flam, Astrophys. J.563, 653 ~2001!.

@20# S. Burles and D. Tytler, Astrophys. J.507, 732 ~1998!.
@21# J. M. O’Meara, D. Tytler, D. Kirkman, N. Suzuki, J. X

Prochaska, D. Lubin, and A. M. Wolfe, Astrophys. J.552, 718
~2001!.

@22# S. D’Odorico, M. Dessauges-Zavadsky, and P. Molaro, Astr
Astrophys.368, L21 ~2001!.

@23# M. Pettini and D. V. Bowen, Astrophys. J.560, 41 ~2001!.
@24# S. A. Levshakov, M. Dessauges-Zavadsky, S. D’Odorico, a

P. Molaro, Astrophys. J.~to be published!, astro-ph/0105529.
@25# A. Vidal-Madjar, in Cosmic Evolution, edited by E. Vangioni-

Flam, R. Ferlet, and M. Lemoine~World Scientific, Singapore
2001!, p. 49.

@26# J. Geiss and G. Gloeckler, Space Sci. Rev.84, 239 ~1998!.
@27# J. L. Linsky, Space Sci. Rev.84, 285 ~1998!.
@28# P. Petitjean~private communication!.
@29# F. Spite and M. Spite, Astron. Astrophys.115, 357 ~1982!.
@30# P. Bonifacio and P. Molaro, Mon. Not. R. Astron. Soc.285,

847 ~1997!.
04351
,

,

,

.

d

@31# S. G. Ryan, J. Norris, and T. C. Beers, Astrophys. J.523, 654
~1999!.

@32# S. G. Ryan, T. Kajino, T. C. Beers, T. K. Suzuki, D. Roman
F. Matteucci, and K. Rosolankova, Astrophys. J.549, 55
~2000!.

@33# E. Vangioni-Flam, M. Casse´, R. Cayrel, J. Audouze, M. Spite
and F. Spite, New Astron.4, 245 ~1999!.

@34# S. Theado and S. Vauclair, Astron. Astrophys.375, 70 ~2001!.
@35# R. Cayrel, M. Spite, F. Spite, E. Vangioni-Flam, M. Casse´, and

J. Audouze, Astron. Astrophys.343, 923 ~1999!.
@36# S. G. Ryan, T. C. Beers, K. A. Olive, B. D. Fields, and J.

Norris, Astrophys. J. Lett.530, L57 ~2000!.
@37# A. Balbi et al., Astrophys. J. Lett.545, L1 ~2000!; 558, L145

~2001!.
@38# A. E. Langeet al., Phys. Rev. D63, 042001~2001!.
@39# A. H. Jaffeet al., Phys. Rev. Lett.86, 3475~2001!.
@40# S. Padinet al., Astrophys. J. Lett.549, L1 ~2001!.
@41# C. Pryke, N. W. Halverson, E. M. Leitch, J. Kovac, J. E. Ca

strom, W. L. Holzapfel, and M. Dragovan, astro-ph/010449
@42# P. A. R. Netterfieldet al., astro-ph/0104460.
@43# P. de Bernardiset al., astro-ph/0105296.
@44# F. Hui, Z. Haiman, M. Zaldarriaga, and T. Alexande

astro-ph/0104442.
@45# J. Scott, J. Bechtold, and A. Dobrzycki, Astrophys. J., Sup

Ser.130, 67 ~2000!.
@46# C. C. Steidel, M. Pettini, and K. L. Adelberger, Astrophys.

546, 665 ~2001!.
@47# R. Stomporet al., Astrophy. J. Lett.561, L7 ~2001!.
@48# E. Vangioni-Flam, A. Coc, and M. Casse´, Nuclei in the Cos-

mos 2000, Proceedings@Nucl. Phys.A688, 393 ~2001!#.
@49# A. Coc, E. Vangioni-Flam, and M. Casse´, in Cosmic Evolution,

@25#, p. 35.
@50# G. R. Caughlan and W. A. Fowler, At. Data Nucl. Data Tabl

40, 283 ~1988!.
@51# G. J. Schmidtet al., Nucl. Phys.A607, 139 ~1996!.
@52# J. F. Harmon, Nucl. Instrum. Methods Phys. Res. B40Õ41, 507

~1989!.
@53# C. Rolfs and R. W. Kavanagh, Nucl. Phys.A455, 179 ~1986!.
@54# C. Angulo, S. Engstler, G. Raimann, C. Rolfs, W. H. Schul

and E. Somorjai, Z. Phys. A345, 231 ~1993!.
@55# P. Descouvemontet al. ~in preparation!.
@56# Particle Data Group, D. E. Groomet al., Eur. Phys. J. C15, 1

~2000!.
@57# L. S. Brown and R. F. Sawyer, Phys. Rev. D63, 083503

~2001!.
@58# ENDF/B-V, National Nuclear Data Center, Brookhaven N

tional Laboratory, Upton, New York~http://www.nndc.bnl.gov/
nndc/endf/!.

@59# S. Burles, K. M. Nollett, and M. S. Turner, Astrophys. J. Le
552, L1 ~2001!.

@60# R. H. Cyburt, B. D. Fields, and K. A. Olive, New Astron.6,
215 ~2001!.
0-8


