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Constraints on the variation of the fine structure constant from big bang nucleosynthesis
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We put bounds on the variation of the value of the fine structure conataat the time of big bang
nucleosynthesis. We study carefully all light elements upltio We correct a previous upper limit da o/ «|
estimated fronf'He primordial abundance and we find interesting new potential lifdépending on the value
of the baryon-to-photon ratidrom “Li, whose production is governed to a large extent by Coulomb barriers.
The presently unclear observational situation concerning the primordial abundances precludes a better limit
than|Aa/a|<2x 102, two orders of magnitude less restrictive than previous bounds. In fact, each of the
(mutually exclusivé scenarios of standard big bang nucleosynthesis proposed, one based on a high value of the
measured deuterium primordial abundance and one based on a low value, may describe some aspects of data
better if a change irv of this magnitude is assumef80556-282(199)04414-§

PACS numbsd(s): 12.20—m, 26.35:+c

[. INTRODUCTION In another class of mode[9] the dilaton remain massless
but it decouples from matter. However, Damour and Polya-
Physicists have long speculatét least since the time of kov predict possible effects of dilaton-induced changea in
Dirac [1]) about possible variations of the fundamentaland other quantities relevant to primordial nucleosynthesis to
physical constants. The fine structure constante?/4m, is  be of the order 108, though in this model other dilaton
especially interesting to test, being dimensionless and acceffects are more important. In view of the primitive state of
rately known experimentally. theory for an eventual time variation of fundamental cou-
Several attempts to constrain the time variatiomedfave  plings, we use a phenomenological approach and assume a
been made in the past yedB-6]. The methods involved in different value ofa than the present one at the time of nu-
these computations are quite different and the results areleosynthesis and investigate what the observable conse-
complementary since these calculations limit the variationgjuences would be.
of a at different cosmological times. In the absence of a Direct measurements in the laboratory have given a limit
particular model for the time dependencemfthere is no on the variation|Aa/a|=<10"'* over a period of 140 days
compelling reason to fit it in any particular way. Thus, it is [4]. Astrophysical observations of spectra of high red-shift
important to find limits on the variations af at different ~gquasar absorption lines have given limits|afa/|<10"°
epochs. In particular, there may be a strong dependence onl10~* for zranging from 0.25 to 35]. The geological limit
the cosmological redshift parameterwhich could make from the Oklo natural nuclear reactor is abouta/«|
most direct measurement methods insensitive, whereas @10 ' over a period of 1.8 billion yeargs]. Recently, it
indirect method such as the one we are investigating—was argued that from future observations of fluctuations in
primordial nucleosynthesis—puts us nearer the epoch of th#e cosmic microwave background radiation, variations of
unknown physics of the big bang itself where certainly thecould be bound byAa/a|<10"3—10"2 for z~10° [10].
standard model of particle physics is inapplicable. Finally, assuming a particular model for thedependence of
Despite the lack of explicit models for the time variation the neutron-proton mass difference, a limit can be extracted
of a, it should be kept in mind that there exist arguments;rom the “He primordial abundance fa~10°— 10" [3].
e.g., from fundamental theories with extra dimensiphs9) This work deals with constraints from nucleosynthesis,
which support the general idea of nonconstancy of the lowwhich have the advantage of probing the earliest cosmologi-
energy parameters. However, models in which the couplingal epoch where data exist and where the basic physical pro-
is governed by some condensate that varies in time are neesses are known from laboratory experiments work. Our
yet fully understood. analysis corrects that ¢8] and extends it since we have not
In some(e.g.,[8]) the dynamics has a “pre big bang” only considered théHe abundance but also the abundances
phase. After inflation, the universe is such that the dilaton i®f other light nuclei.
already massive and the couplings are set at the bottom of Besides constituting a more thorough analysis of the nu-
the potential without much further variation. cleosynthesis bounds, our treatment has the advantage of by-
passing the difficult theoretical problem of the dependence of
the neutron-proton mass difference @nrelying on the fact

*Email address: Ibe@physto.se that the other abundances are only weakly sensitive to this
TEmail address: sergio@physto.se mass difference. The abundance of the other light elements
*Email address: rub@physto.se as a function ofe can be extracted with smaller ambiguity,
The presently established value @fat zero momentum transfer and the dependence is in addition very steep, in particular for
is given by~ 1=137.035989(61]2]. ’Li (at least in certain ranges of the baryon-to-photon ratio,
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TABLE |. Reaction rategin units of cn?s™ 1 mole 1) for the most relevank-dependent reactions involved in SBRMactions 1-5
Tg is the temperature in units of 10

Number Reaction Reaction rate

1 2H(p, y)3He 2.650x 10°(1+ 8) 3Ty 2Pexp(— 3.720(1+ 8)2°T, 13
X (1.000+ 1.120x 10~ 1(1+ 8) ~2PT33+1.990(1+ 6)2°T33+ 1.560T,
+1.620< 107 1(1+ 8)**T33+3.240< 107 1(1+ 6)2°T3?)

2 *H(p,7)*He 2.200< 104(1+ 8) 3T *Pexp(— 3.869( 1+ 6)2°T, 13)
X (1.000+ 1.080% 10~ }(1+ 8) ~2°T33+ 1.680(1+ 5)2°T23+ 1.260T,
+5.510¢ 10 (1 + 8)*°Tg"+ 1.060( 1+ 6)2°T53)

3 bLi(p,y)'Be 6.690x 10°(1+ 8)¥3T 30T, 3%exp(— 8.413(1+ 8)2°T, 7
[Toa=To/(1.000-9.690x 10~ T4+ 2.000(1+ 8)2°T5(1.000- 9.690x 10~ 2T4) ~3)]

4 SLi(p,a)%He 3.730x 1011+ 8) V2T 4 ZPexp(— 8.413(1+ 5) 23Ty 13— (1.818< 10 1Tg)2(1+ 8)?)
X (1.000+ 5.000% 10~ 2(1+ 8) ~2PT3*—6.100x 10~ 2(1+ 8)2°T33
—2.100< 10" 2T4+6.000< 107 3(1+ 8)**T¢+5.000< 10~3(1 + 6)2°T?)
+1.330x 101°T; ¥%exp(- 1.776< 10'T, )
+1.290< 10°T4 *exp(—2.182< 10' T4 1)

S "Li(p,a)*He 1.096x 10°(1+ 8) V3T 2Pexp(— 8.472(1+ 6)2°T4 13)
—4.830x 10P(1+ 8) VPT30T *exp(— 8.472(1+ 8) 3T 4,
+1.060x 101°T *%exp(—3.044x 10' T4 1)
+1.560¢ 10°(1+ 6) °Tg exp([ — 8.472(1+ ) 2°T5 %) - (5.896x 10 1Tg)2(1+ 8)?)
X (1.000+ 4.900% 107 %(1+ 8) ~2°T§%—2.498(1+ 6)2°T3"
+8.600< 10 1To+ 3.518( 1+ 8)*°T¢%+ 3.080( 1+ 6) 2°T53)
+1.550< 10P Ty ¥2exp(—4.478T5 1)
[Top=To/(1.000+0.759Mg)]

6 “H(a,7)°Li 3.010< 10%(1+ 6) V3T 4 %Pexp(— 7.423(1+ 8)°T4 M%)
X (1.000+ 5.600< 10" 2(1+ 6) ~2°T§*~ 4.850(1+ 6)%°T3%+ 8.850T,
—5.850¢ 10" (1 + 8)*°Tg—5.840¢ 10 1(1+ 6)°T3")
+8.550x 10Ty ¥%exp(—8.228T5 1)

7). Of course, at the present time these advantages are toahundances, we will briefly review the SBBN model. We

large extent balanced by the disadvantage of observationallyill focus our attention on those aspects concerning the evo-

less well known abundances, something that may hopefulljution of the abundances of light nuclei.

improve in the future. The production of light elements according to the SBBN
In the next section we review the most important aspectsnodel is commonly divided into three stagd4,12.

of the standard big bang nucleosynthe€&BBN) model. First Stage: Statistical equilibrium (T>1 MeV;

Then, in Sec Il we explain howr enters into the SBBN t<1 sec)

scenario. In Sec. IV, we study the-dependence of the rel- During this first stagé€as in the other twp the universe is

evant nuclear reactions involved in primordial nucleosyntheradiation-dominated. The relativistic degrees of freedom are

sis. Finally, in Sec. V we estimate the corresponding limitphotons, electrons, positrons and the three light neutrino spe-

placed on|Aa/a| at z~10°—10'° We find that, given the cies. The weak interactions that interconvert neutrons and

present observational uncertainties of light-element abunprotons, i.e.,

dances, it is not possible to put a more stringent bound than

Al n=p+e +vg, (2
—=2x 102, (1)
n+rve=p+e, 3
two orders of magnitude less restrictive than the one claimed
in [3]. and
Il. THE FINE STRUCTURE CONSTANT n+e+:p+7e, (4)

IN THE SBBN SCENARIO

In order to give a complete account of the effects of aare rapid enough to keep them in statistical equilibrium. The
variation of the fine structure constant on the primordialneutron-to-proton ratio is, then, given by its equilibrium

045005-2



CONSTRAINTS ON THE VARIATION OF THE FINE . .. PHYSICAL REVIEW D 60 045005

TABLE Il. Reaction ratesin units of cn? s~ mole 1) for the most relevant-dependent reactions involved in SBBMactions 7—12
Tg is the temperature in units of 10

Number Reaction Reaction rate

7 H(a, ) Li 3.032x 10°(1+ 8) 3Ty *exp(— 8.090(1+ 8)2°T4 %)
X (1.000+ 5.160x 10~ 2(1+ &) ~2PT3"+2.290x 10~ 2(1+ 6)2°T33
+8.280x 10 3Ty —3.280< 10 4(1+ 5) T4~ 3.010x 10 4(1+ 5)2°T3?)
+5.100 10°(1+ 8) Y3TS6T s 3%exp(— 8.068(1+ 5)2°T 413
[Toe=To/(1.000+0.1387)]

8 He(a,y) 'Be 4.817x 10P(1+ 6) T4 #Pexp(— 1.496< 104 (1+ 6)°T4 1)
X (1.000+ 3.250% 107 2(1+ 8) ~2°T3"—1.040x 10~ 3(1+ 6)2°T33
—2.370<10 *Tg—8.110< 10" 5(1+ 5)#*T§"— 4.690¢ 10" 5(1+ 5)2°T3")
+5.938< 10°(1+ 6) Y3T3%T 4 3%exp(— 1.286x 101 (1+ 6)2°T4 %)
[Tog=To/(1.000+0.107Tg)]

9 2H(d,n)He 3.950x 10°(1+ 8) 3T 4 ZPexp(— 4.259(1+ 8)2°T, 13
X (1.000+ 9.800% 10~ 2(1+ 8) ~2°PT3"+7.650x 10~ 1(1+ 6)2°T33
+5.250¢ 10" 1Tg+9.610< 107 3(1+ 8) T4+ 1.670x 10~ 2(1+ 5)2°T3?)

10 2H(d,p)°H 4.170< 10°(1+ 8) VT4 Pexp(— 4.258(1+ 5)2°T4 1)
X (1.000+ 9.800x 10~ 2(1+ &) ~2PTY3+5.180x 10~ 1(1+ §)2°T33
+3.550< 10 1Tq—1.000< 10" 2(1+ 6)¥3T¢®— 1.800< 10" (1 + 6)°T3")

11 3H(d,n)*He 1.063x 101+ 8) 3T, 2Pexp(— 4.559(1+ 8) T4 3~ (1.326x 10MTg) (1 + 6)?)
X (1.000+ 9.200% 10~ 2(1+ 8) ~2PT33—3.750x 10~ 1(1+ 6)2°T33
—2.420<10 T4+ 3.382< 104 (1 + 8)**T¢3+5.542x 101 (1 + 6)2°T3?)
+8.047x 10°T4 ?Pexp(—0.486T, %)

12 3He(d,p)*He 5.021X 1011+ 8) V3T, ZPexp(— 7.144(1+ 5) 23T Y3~ (3.704T ) 2(1+ 6)?)
X (1.000+ 5.800% 10~ 2(1+ &) ~2PT33+6.030x 10" 1(1+ 8)2°T33
+2.450< 107 1T+ 6.970( 1+ 8)**T¢R+7.190(1+ 6) 2°T53)
+5.212x 10°T4 Y2%exp(—1.762T4 %)

value (we use units such that the speed of light, Planck’sber of degrees of freedom of the nuclear specke& and?
constant and Boltzmann’s constant are all set to imity is the Riemann zeta functicn.
Because of the fact that the number density of photons is

so large relative to that of baryons; 1019, the abun-
whereAm=m,—m, is the neutron-proton mass difference.

| =<

) —e AmT (5) dances of composite elements are completely negligible and
P eq their synthesis does not truly start at this epoch.

Second Stage: Neutron-proton  “freeze-out” T
~0.8 MeV; t~2 sec)

After neutrino decoupling, at about the time electron-

h K : f han th . ) bositron pairs annihilate, the second stage of primordial nu-
the weak reaction&2)—(4) faster than the universe expansion qqqnthesis takes place. The weak reactit®s(4) be-

rate, but so are the nuclear reaction rates responsible for tr}:%me slower than the expansion rate of the universe and the
production of light elements. Light nuclei are then both in o, 0n_to-proton ratio is no longer able to track its equilib-

kinetic and chemical equilibrium or nuclear statistical equi-; - value: it “freezes-out.”
librium (NSB), their corresponding abundances being given  afier this freeze-out, the neutron-to-proton ratio can be

<

by [11] approximated by
T \3(a-1)2
_ A-1_(1-A)25(3A—5)/21 752
Ya=0alL(3)" " 2 2JA (mN) (é) —e ATy 7
A-1yZyA-Z Pt
X A IYZYA Zexp(B,/T), (6)

where 7 is the present baryon-to-photon ratimy is the 2The numerical value of the Riemann zeta function ¢iS)
nucleon massB, is the binding energyg, counts the num- ~1.202.
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10° in the previous stage only weak processes were relevant, at
this epoch strong and electromagnetic interactions get impor-
tant and nucleosynthesis begins.

The evolution of light-element abundances is dominated
2 by the competition between the nuclear reaction rates and the
expansion rate. Although the densities of the light “fuels”
for the reactions involved in the process are now significant,
they eventually are not big enough to keep up with the de-
mand for the NSE of heavier elements. Moreover, Coulomb-
barrier suppression becomes gradually more important. Both
] effects result in the freeze-out of nuclear reactions and the
— S consequent series of departures of light nuclei from their
NSE states.

Let us describe the process in detail, followid®]. The
most abundant nucleudHe, is to an excellent approxima-
tion produced only through the mass-3 nucféile and tri-
tium (t), and it is only through these nuclei and the reactions
3He(n, y)*He andt(p, y)*He that it is allowed to be in NSE.

At temperatures greater than 0.6 MeV, thide andt abun-
dances are sufficiently large to allofHe to track its equi-
librium value. But atT~0.6 MeV, the NSE curves of the
mass-3 nuclei cross with that dHe, with the “He abun-
dance rising faster than those fHe andt. At about this
temperature, also, the reactions that maint4ie in equilib-
rium become too slow?He is forced to leave its NSE curve
107 5 3 and follows instead the correspondifige andt NSE tracks.
10 This goes on until~0.2 MeV. At this temperaturéHe
n andt also encounter a bottleneck, a “minor” deuteriya)

FIG. 1. The abundances of the light elemebts *He, “He and bottleneck: reactiond(n,y)t andd(p, y)t, which keep(3:i in
"Li as a function of7, the baryon-to-photon ratio. Curves are NSE with the mass-3 nuclei slow down and ndie, *He
shown for the standard value of the fine structure consiarand ~ andt follow the d NSE curve.
for a variation of+5% of the standard value. The results for the At T~0.08 MeV, the*He(n,p)t reaction freezes-out and
individual abundances are shown on an enlarged vertical scale e mass-3 nuclei lose their NSE too.

Figs. 2 and 3. Finally, all the elements encounter the “major” deute-
rium bottleneck aff~0.06 MeV and after that the nuclear

whereT; is the freeze-out temperature, which is determinedspecies evolve in quasistatistical equilibrium.

by setting the equality between the expansion and the weak Some ’Li and some’Be are synthesized, but due to the

rates. Note that, since the weak rates dependmnalsoT;  existence of energy gaps among stable nuclei at mass num-

depends implicitly on it. bersA=5 andA=8 and significant Coulomb-barrier sup-

But while reactiong2)—(4) are too slow to track the rate pression at this time, the production of nuclei beyakd 8
of expansion, nuclear reactions are still fast enough to keeg inhibited.
light elements in NSE and, thus, their abundances are still
very small. It is not until the third and last stage that nuclear
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production effectively begins. , Ill. THE « DEPENDENCE OF ELEMENT ABUNDANCES
Third Stage: light-element synthesis(0.6 MeV=T
=0.05 MeV; 3 sest=<6 min) We are now able to discuss which are the most important

Shortly before this time, electron-positron pairs have fi-a-dependent magnitudes that affect primordial abundances.
nally annihilated, transferring their entropy to the photons During the first two stages of SBBN, the only
and increasing their temperature relative to that of the neua-dependent parameters are the weak reaction (ate¢4),
trinos by a factor (11/4)°. So, at this last stage the only which in turn determine the freeze-out temperatiire[see
relativistic species are the neutrinos and the photons. Eqg. (5)], the neutron-proton mass differencem [see Eg.

The neutron-to-proton ratio does not remain really con<(5)] and the binding energieB, [see Eq(6)].
stant after the freeze-out but it continues to decrease during Since the abundances of composite nuclei during these
this stage from its freeze-out value because of neutron decatages are by themselves negligible, the effects of a small
and the effect of the strong neutron-proton reactions. Actuvariation in their binding energies are negligible too.

ally, it will only be at T~0.05 MeV, when practically all But this is not the case with the weak reactid@s—(4)
available neutrons are bound into nuclei, that the neutron-toand with the neutron-proton mass difference. Since almost
proton ratio becomes constant. all available neutrons after freeze-out are finally bound into

But the most important feature of this period is that, while “He, in a good approximation its abundance is given by
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FIG. 2. The abundance dfeft) deuterium andright) *He as a function ofy, the baryon-to-photon ratio. Curves are shown for the
standard value of the fine structure constantind for a variation oft 5% of the standard value.

Y, the electromagnetic binding. It is a qualitatively reasonable
(Y_) method but has no fundamental QCD backing.
YANZL_ (8) Other abundances are not so sensitive\tn asY,: be-
1+(ﬁ) cause of its large binding energ§tle acts as a “sink” dur-
Yo/, ing primordial nucleosynthesis, its abundance is less sensi-

tive to changes in the nuclear reaction rates than the other
From this equation and Eq7) it follows that the main abundances, and more sensitive to variations in the param-
parameters that fix the final value ¥f are preciselAmand  eters that fix the number of neutrons relative to the number
T;. Radiative and Coulomb corrected expressions for th&®f protons, i.e.,Am andT;. We note, following[15], that
weak reactiong2)—(4) have been calculated i3] and it  the dimensionful weakFermij coupling constanGg does
was shown that their corrections to primordial abundancegot depend on the gauge coupling constant in the standard
are very smalf The effect onT; of a variation in« is then  €lectroweak model.

given only through the variation ofm (see[13,14]). That This means that we should use the other light-element
means thal', depends just on a singte-dependent param- abundances to limif «, in addition to the*He abundance,
eter, i.e.,Am. bypassing the problem of the dependence aAm.

This fact makes the constraint an estimated from the Our next step is, then, to analyze the roleaofluring the

4He primordia| abundance very mode|-dependent: a particuﬂ’]ifd Stage. The fine structure constant affects the third Stage
lar model for thea dependence afm is needed to estimate Pecause it enters into the expressions of the nuclear reaction
the change irY, due to a change ie. One may also note rates: as we have already mentioned, Coulomb-barrier pen-
that changes in the other gauge coupling constants, such gation is a determining factor during nucleosynthesis. To
the Strong Coup"nms, may induce Changes that are evenimplement the Changes ir in these eXpI’eSSionS we first
more important, but more difficult to compute than those of aheed to know exactly the way by which thermonuclear reac-
changinge [15,16]. tipn rates are obtained fro_m experimental data. This will be

As an example of ther dependence akm, we have used discussed in the next section.
the treatment of Gasser and Leutwy]éi7], from which we
deduce

IV. THERMONUCLEAR REACTION RATES

Am=2.05-0.76x(1+Aala) MeV. ©) The rate of a nonrelativistic nuclear reaction taking place

) ) . in a nondegenerate environment is as usual given as the ther-
This method is a phenomenological way to evolve themg| average of the product of the corresponding cross sec-

mass of the nucleon as determined by the change of quatly (E) and the relative velocity times the number densi-
masses due to their strong and electromagnetic energy agdg of the particles involved:

3The most important correction is that féHe, of about 1%. Rij=ninj(o|v|). (10
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FIG. 3. The abundance dfeft) *He and(right) Li as a function ofyp, the baryon-to-photon ratio. Curves are shown for the standard
value of the fine structure constamt and for a variation of- 5% of the standard value.

Under the assumption that these particles have isotropic Let us first consider the nonresonant terms of the reac-
Maxwell-Boltzmann kinetic energy distributions this averagetions 1-12(see Tables | and )l Because of its slow varia-

can be written a$18] tion with energy, we can expar®{E) as a Taylor series:
8\ (" ds 1d2s
(alv]y= ) T’3’2J Ec(E)e ¥TdE, (1)) _ - 2
p 0 S(E)=S(0 )+dE +2 =2 E_OE (14)

whereu is the reduced mass. , . o
For charged-particle induced reactibrise cross section ~ When inserted into Eq(11) this gives

is given by _
( 8 )l/Z s z i
agV)n=|— N;(&), (15
o(E) = S(EE) o 2m(E) (12 (alvDar w i dE' i(€)
where S(E) is the cross section factor or the astrophysicalWhere
Sfactor and#(E) is the Sommerfeld parameter: - 1
Ni(§)=f0 y'e Ve ¥ Tdy (16)
Ec M
nE)=\—==aZiZj\/ 5=, (13
47°E IV 2E and where
where Eg is the Gamow energy and;,Z; the electric “
charges of the colliding nuclei. é=2maZZ VZT (17)

The reason for introducing this factorization for the cross
section is the fact that, because of the exponential energy 2
dependence of the Coulomb barrier penetrability, charged- ntroduce further=£/4. At low temperatures compared
particle cross sections are extremely difficult to measure afith the Coulomb threshold, these “astrophysical” integrals
low energies. Therefore, it is necessary to extrapaldte) are given by 20]
from experimental data to lower energies. Since the expo-
nential factor is given by solid quantum mechanical prin- (&)= 2\[ 1/6 —3K1’3(1+EK—1/3) (18)
ciples, only the unknown nuclear physics p&fE) has to be No 36 '

fitted, and it is generally a slowly varying function of energy.
35
12,33 -13
Ny (&)= 2\[ e (1+36K )

“We are not concerned with neutron-induced reactions since they (19
do not involve any Coulomb barrier penetrability factor in their
cross sections and, therefore, they are not very sensitive[i®]. and, finally
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T 89 !
No(£)=2 \@KS’%“”’( 1+ 3—6K1’3) . @ o Dn-tsur®
2.0 = %He, n=18101
—— *He, n=1.810"
— "L, n=18101

From these expressions it is straightforward to obtain the
a-dependence of the nonresonant contributions to the reac-

tion rates we are treating. We have not considered the -~ D, n=510"
a-dependence of the reduced massand of S(E) and its 15 -8 %He,n=510" |
derivatives about the zero energy since this dependence —h— *He, n=510""
obeys a polynomial law o [18] and it can be safely ne- - Li, n=510"
glected.

For reactions 3, 5, 7 and 8 the nonresonant terms are
predicted to have a combination of polynomial and decreas- %
ing exponential term§18]; so, expressions like

/

S(E)=S(0)q(E)e” *F, (21)

whereq(E) is, again, a slowly varying function of the en-
ergy, must be included into th&factor. For most of the
cases we are considering, a very good approximation results
when q(E) is assumed to be a constant, i.@(E)=q(0)

=1. Then an additional term of the form

8 1/2 -
<"|V|>ed:(#_w) T ¥TpS(0No(£p), (22 -10010° 50 0 50 100

Aaja
whereTz=T/(1+ BT) andé,=2maZ;Z;(u/2)"?T ;12 ap- . o .
pears in the expre85|ons Of the Correspondlng reactlon rates. FIG. 4. Fractional variation of the ||ght'e|ement abundan¥es

However, for reaction 38 is assumed to be of the form VS fractional variation of the fine structure constantfor two val-
ues of the baryon-to-photon rati Notice that the curves fotHe

213 for the two # values nearly overlap. The dramatic decrease of the
T (23 Li abundance for a highy value is due to the strong Coulomb
barrier in its production.

B=vyoty >

and then the effective temperatufrg is also ane-dependent ) ) ) )
tions having an impact on primordial abundance changes.

parameter: . . :
For the relative change in the value of we define the
T quantity &:
Tg= 213 (24
1+ yT+y 5] T2(1+y,T)?3 Aa
YoT+y 2) (1+%0T) o= (27)

Continuum and/or narrow and broad resonant terms ap-

pgar |: the expressions for tr|1|e ra;tehs o]:‘ reactions 4-6, 11 and,, ~oNSTRAINTS ON THE VARIATION OF THE EINE
12. These terms are generally of the fofb8] STRUCTURE CONSTANT

(o]V|)res=0g(T)e BT, (25 Using the theoretical framework we have described we
- proceed to see what is the effect of varyimgn the relative
whereE is about the continuum threshold energy or the resoabundances. We do use the newest version of the SBBN
nance energy, respectively, agdT) is a function of the code[14] to implement these variations. We keep all other
temperature. But since the electromagnetic contribution t@¢oupling constants fixed and assume no other “exotic” ef-
these energies is very small compared with the strong corfects are present, like strong primordial magnetic fields. We

tribution, we can safely neglect their dependence. discuss these effects below. We have performed several tests
Finally, reactions 4, 5, 11 and 12 have in addition a cutto see that the code is working correctly. We use a neutron
off factor for the nonresonant terms of the form lifetime of r,=886.7 sec, which is the currently accepted
value according to the Particle Data Gro@.
feo= e_(T/Tco)z, (26) In Fig. 1 we show the results for the final abundances of

the observationally interesting elemerftsle, He, d and
whereT,, is a cutoff temperature. Frofi8] it follows that  ’Li as a function ofz, for SBBN and for a 5% increase or
this temperature is roughly proportional 4o *. decrease of the value of during nucleosynthesis. In Figs. 2
In Tables | and Il we have explicitly shown the relevant and 3 the results for the abundances are shown separately on
dependence ow for all the charged-particle induced reac- an expanded scale. As can be seen, the fractional change in
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the “He abundance is quite insensitive to the valueypfis  less than clear here as well. It seems that the data are well
are the other abundances with the notable exceptiofLbf ~ described by a “plateau” value versus metallicity, given by
This is due to the two competing mechanisms foi pro-  [24]

duction, i.e., for »=3x10 %% 7Li is produced by

“He(t,y)"Li, a process in which the Coulomb-barrier is not Y,=(1.73+0.30 10" *°. (30

as significant(but where the change idAm caused by a

change ina is) as in the reactiorfHe(®He,y)Be, which, The fact that there is little dispersion around this value

followed by decay 0f7Be to 7|_i’ is the dominant reaction could indicate that it represents the primordial abundance.
that synthesizedLi for »=3x1071°. However, lithium could be destroyed by stellar processes by

Actually, the » coming from a comparison between the @n unknown amount, which has led some workers in the field
predictions of standard nucleosynthesis and observation&®2] to consider the possibility that the true primordial value
data is presently quite uncertain, as is exemplified by thds Up to a factor of 2 larger.
differing recent analyses of the problem in SBRAL,22. In It is interesting to note from Fig. 1 that tH&i abundance
[21], a combined ana|ysis give3]~1_8>< 10710 (driven for this value Of7] can be brOUght down t0>210_10 if the
largely by accepting a high value of the deuterium abunstrength ofe was larger by around 3% than the standard
dance, whereas if22] a low deuterium abundance is taken Value (thus making the Coulomb suppression strongeor
as the preferred observational result leading to a vajue the same change ef, the *He abundance is, however, vio-
~5x10 %, In Fig. 4 the fractional changes in the light- lating our(model-dependentipper bound by a considerable
element abundances are shown versus the assumed fractioggtount. Thus, we conclude that the highsolution, which
change ina for both these values of. already has problems explaining.i [if Eq. (30) represents

In the case of the low value of~1.8x107 1 the "Li the primordial valugécannot be improved by changinrg in
abundance does not vary as Strong|y with a Changjngnd contrast to the |OV\07 solution which may benefit from an
since this abundance is known less accurately than that dfcrease ok by a couple of percent during nucleosynthesis.
“He it is the latter which has to be used to bound possible
variations of a. However, the observational statdsle is VI. CONCLUSIONS
still a matter of debate, and it does not seem likely that the

systematic errors are larger than usually quoted. For instance, The successful first-order comparison between big bang
the global fit referred to ifi21] is nucleosynthesis predictions and observed abundances im-

plies that the values of the fundamental coupling constants at
that epoch cannot have been too much different from the
present ones. When it comes to more precise statements, the
situation is complicated by the presently partially conflicting
whereas the corresponding value in a recent reanalysis byeasurementgSimilar conclusions have recently been ob-
Izotov et al. [23] is given as tained concerning possible limits on the effective number of
neutrino species during nucleosynthg€5].) We argue that
it is impossible to quote a better bound than 2% on the
deviation from the present value ef at the time of nucleo-
synthesis, and note that such a variation may even be im-
Using the second upper limit and the first lower limit for plied, if the deuterium observations leading to the Igw-
the “He abundance, as is difficult to avoid before better dataolution are confirmed with increased significance, and the
become available, we see from FigaBthat a reduction of trend continues of an increasing value fiile from obser-
the value ofa larger than 5% is not excluded, ffHe is  vations.
considered alone, and the other abundances are only used toA new ingredient in our treatment is the discovery of the
generously bound; to be in the interval 10°-10"°. In-  J|arge sensitivity, especially at high values f of the “Li
terestingly, one may note that on the contrary an increase afbundance on the electromagnetic strength, due to exponen-
the electromagnetic strength by 2% would relieve the prestial Coulomb barriers. If the experimental and theoretical
sure these lows models feel from the upward revision of the situation is improved for this isotope, it holds the promise of
“He abundance of23], while still falling in the allowed giving the most stringent bound on variation @f with the
range for ’Li discussed below. Of course, we have to re-added virtue that it is less sensitive to model assumptions
member the fact that the change e is caused by the than, e.g.;*He. The problem that the high-(low deuterium
model-dependent variation of the neutron-proton mass difsolution may have in explaining the low plateau value' bif
ference witha. can in principle be solved by an increase dnby a few
For the high value of)~5x 10" !0, we see that a decrease percent, but only if the true primordigiHe abundance is
of @ by 2% is within our allowed range of théHe abun-  well above 0.250r if Am depends onv in a different way
dance(the change in deuterium caused by such a change in than we have assumed
does not affect very much the value assigned to a given It is of interest to notice that other exotic effects such as
deuterium measurementSince for the highy solution the the presence of strong primordial magnetic fields mainly af-
variation of ‘Li with « is rapid, we have to consider the fect the *He abundancg26] and not Li or the other ele-
observational data for lithium. Unfortunately, the situation isments. Also in this respect the signal given fiyi is clearer.

Y,;=0.238+0.002+ 0.005, (28

Y,=0.244+0.002, (29)
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