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Constraints on the variation of the fine structure constant from big bang nucleosynthesis
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~Received 10 February 1999; published 13 July 1999!

We put bounds on the variation of the value of the fine structure constanta, at the time of big bang
nucleosynthesis. We study carefully all light elements up to7Li. We correct a previous upper limit onuDa/au
estimated from4He primordial abundance and we find interesting new potential limits~depending on the value
of the baryon-to-photon ratio! from 7Li, 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 uDa/au&231022, two orders of magnitude less restrictive than previous bounds. In fact, each of the
~mutually exclusive! 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 ina of this magnitude is assumed.@S0556-2821~99!04414-8#

PACS number~s!: 12.20.2m, 26.35.1c
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I. INTRODUCTION

Physicists have long speculated~at least since the time o
Dirac @1#! about possible variations of the fundamen
physical constants. The fine structure constant,a5e2/4p, is
especially interesting to test, being dimensionless and a
rately known experimentally.1

Several attempts to constrain the time variation ofa have
been made in the past years@3–6#. The methods involved in
these computations are quite different and the results
complementary since these calculations limit the variati
of a at different cosmological times. In the absence o
particular model for the time dependence ofa, there is no
compelling reason to fit it in any particular way. Thus, it
important to find limits on the variations ofa at different
epochs. In particular, there may be a strong dependenc
the cosmological redshift parameterz which could make
most direct measurement methods insensitive, wherea
indirect method such as the one we are investigatin
primordial nucleosynthesis—puts us nearer the epoch of
unknown physics of the big bang itself where certainly t
standard model of particle physics is inapplicable.

Despite the lack of explicit models for the time variatio
of a, it should be kept in mind that there exist argumen
e.g., from fundamental theories with extra dimensions@7–9#
which support the general idea of nonconstancy of the lo
energy parameters. However, models in which the coup
is governed by some condensate that varies in time are
yet fully understood.

In some~e.g., @8#! the dynamics has a ‘‘pre big bang
phase. After inflation, the universe is such that the dilaton
already massive and the couplings are set at the bottom
the potential without much further variation.

*Email address: lbe@physto.se
†Email address: sergio@physto.se
‡Email address: rub@physto.se
1The presently established value ofa at zero momentum transfe

is given bya215137.035989(61)@2#.
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In another class of models@9# the dilaton remain massles
but it decouples from matter. However, Damour and Pol
kov predict possible effects of dilaton-induced changes ina
and other quantities relevant to primordial nucleosynthesi
be of the order 1028, though in this model other dilaton
effects are more important. In view of the primitive state
theory for an eventual time variation of fundamental co
plings, we use a phenomenological approach and assum
different value ofa than the present one at the time of n
cleosynthesis and investigate what the observable co
quences would be.

Direct measurements in the laboratory have given a li
on the variationuDa/au&10214 over a period of 140 days
@4#. Astrophysical observations of spectra of high red-sh
quasar absorption lines have given limits ofuDa/au&1026

21024 for z ranging from 0.25 to 3@5#. The geological limit
from the Oklo natural nuclear reactor is aboutuDa/au
&1027 over a period of 1.8 billion years@6#. Recently, it
was argued that from future observations of fluctuations
the cosmic microwave background radiation, variations oa
could be bound byuDa/au&102321022 for z;103 @10#.
Finally, assuming a particular model for thea-dependence of
the neutron-proton mass difference, a limit can be extrac
from the 4He primordial abundance forz;10921010 @3#.

This work deals with constraints from nucleosynthes
which have the advantage of probing the earliest cosmol
cal epoch where data exist and where the basic physical
cesses are known from laboratory experiments work. O
analysis corrects that of@3# and extends it since we have n
only considered the4He abundance but also the abundanc
of other light nuclei.

Besides constituting a more thorough analysis of the
cleosynthesis bounds, our treatment has the advantage o
passing the difficult theoretical problem of the dependence
the neutron-proton mass difference ona, relying on the fact
that the other abundances are only weakly sensitive to
mass difference. The abundance of the other light elem
as a function ofa can be extracted with smaller ambiguit
and the dependence is in addition very steep, in particular
7Li ~at least in certain ranges of the baryon-to-photon ra
©1999 The American Physical Society05-1
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TABLE I. Reaction rates~in units of cm3 s21 mole21) for the most relevanta-dependent reactions involved in SBBN~reactions 1–6!.
T9 is the temperature in units of 109.

Number Reaction Reaction rate

1 2H(p,g)3He 2.6503103(11d)1/3T9
22/3exp„23.720(11d)2/3T9

21/3
…

3„1.00011.12031021(11d)22/3T9
1/311.990(11d)2/3T9

2/311.560T9

11.62031021(11d)4/3T9
4/313.24031021(11d)2/3T9

5/3
…

2 3H(p,g)4He 2.2003104(11d)1/3T9
22/3exp„23.869(11d)2/3T9

21/3
…

3„1.00011.08031021(11d)22/3T9
1/311.680(11d)2/3T9

2/311.260T9

15.51031021(11d)4/3T9
4/311.060(11d)2/3T9

5/3
…

3 6Li( p,g)7Be 6.6903105(11d)1/3T9a
5/6T9

23/2exp„28.413(11d)2/3T9a
21/3

…

@T9a5T9 /„1.00029.69031022T912.000(11d)2/3T9
5/3(1.00029.69031022T9)22/3

…#

4 6Li( p,a)3He 3.73031010(11d)1/3T9
22/3exp„28.413(11d)2/3T9

21/32(1.81831021T9)2(11d)2
…

3„1.00015.00031022(11d)22/3T9
1/326.10031022(11d)2/3T9

2/3

22.10031022T916.00031023(11d)4/3T9
4/315.00031023(11d)2/3T9

5/3
…

11.33031010T9
23/2exp(21.7763101T9

21)
11.2903109T9

21exp(22.1823101T9
21)

5 7Li( p,a)4He 1.0963109(11d)1/3T9
22/3exp„28.472(11d)2/3T9

21/3
…

24.8303108(11d)1/3T9b
5/6T9

23/2exp„28.472(11d)2/3T9b
21/3

…

11.06031010T9
23/2exp(23.0443101T9

21)
11.5603105(11d)1/3T9

22/3exp„@28.472(11d)2/3T9
21/3#2(5.89631021T9)2(11d)2

…

3„1.00014.90031022(11d)22/3T9
1/322.498(11d)2/3T9

2/3

18.60031021T913.518(11d)4/3T9
4/313.080(11d)2/3T9

5/3
…

11.5503106T9
23/2exp(24.478T9

21)
@T9b5T9 /(1.00010.759T9)#

6 2H(a,g)6Li 3.0103101(11d)1/3T9
22/3exp„27.423(11d)2/3T9

21/3
…

3„1.00015.60031022(11d)22/3T9
1/324.850(11d)2/3T9

2/318.850T9

25.85031021(11d)4/3T9
4/325.84031021(11d)2/3T9

5/3
…

18.5503101T9
23/2exp(28.228T9

21)
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h). Of course, at the present time these advantages are
large extent balanced by the disadvantage of observation
less well known abundances, something that may hopef
improve in the future.

In the next section we review the most important aspe
of the standard big bang nucleosynthesis~SBBN! model.
Then, in Sec III we explain howa enters into the SBBN
scenario. In Sec. IV, we study thea-dependence of the rel
evant nuclear reactions involved in primordial nucleosynt
sis. Finally, in Sec. V we estimate the corresponding lim
placed onuDa/au at z;10921010. We find that, given the
present observational uncertainties of light-element ab
dances, it is not possible to put a more stringent bound t

uDau
a

&231022, ~1!

two orders of magnitude less restrictive than the one claim
in @3#.

II. THE FINE STRUCTURE CONSTANT
IN THE SBBN SCENARIO

In order to give a complete account of the effects o
variation of the fine structure constant on the primord
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abundances, we will briefly review the SBBN model. W
will focus our attention on those aspects concerning the e
lution of the abundances of light nuclei.

The production of light elements according to the SBB
model is commonly divided into three stages@11,12#.

First Stage: Statistical equilibrium ~T@1 MeV;
t!1 sec)

During this first stage~as in the other two!, the universe is
radiation-dominated. The relativistic degrees of freedom
photons, electrons, positrons and the three light neutrino
cies. The weak interactions that interconvert neutrons
protons, i.e.,

n
p1e21 n̄e , ~2!

n1ne
p1e2, ~3!

and

n1e1
p1 n̄e , ~4!

are rapid enough to keep them in statistical equilibrium. T
neutron-to-proton ratio is, then, given by its equilibriu
5-2
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TABLE II. Reaction rates~in units of cm3 s21 mole21) for the most relevanta-dependent reactions involved in SBBN~reactions 7–12!.
T9 is the temperature in units of 109.

Number Reaction Reaction rate

7 3H(a,g)7Li 3.0323105(11d)1/3T9
22/3exp„28.090(11d)2/3T9

21/3
…

3„1.00015.16031022(11d)22/3T9
1/312.29031022(11d)2/3T9

2/3

18.28031023T923.28031024(11d)4/3T9
4/323.01031024(11d)2/3T9

5/3
…

15.1093105(11d)1/3T9c
5/6T9

23/2exp„28.068(11d)2/3T9c
21/3

…

@T9c5T9 /(1.00010.138T9)#

8 3He(a,g)7Be 4.8173106(11d)1/3T9
22/3exp„21.4963101(11d)2/3T9

213
…

3„1.00013.25031022(11d)22/3T9
1/321.04031023(11d)2/3T9

2/3

22.37031024T928.11031025(11d)4/3T9
4/324.69031025(11d)2/3T9

5/3
…

15.9383106(11d)1/3T9d
5/6T9

23/2exp„21.2863101(11d)2/3T9d
21/3

…

@T9d5T9 /(1.00010.107T9)#

9 2H(d,n)3He 3.9503108(11d)1/3T9
22/3exp„24.259(11d)2/3T9

21/3
…

3„1.00019.80031022(11d)22/3T9
1/317.65031021(11d)2/3T9

2/3

15.25031021T919.61031023(11d)4/3T9
4/311.67031022(11d)2/3T9

5/3
…

10 2H(d,p)3H 4.1703108(11d)1/3T9
22/3exp„24.258(11d)2/3T9

21/3
…

3„1.00019.80031022(11d)22/3T9
1/315.18031021(11d)2/3T9

2/3

13.55031021T921.00031022(11d)4/3T9
4/321.80031022(11d)2/3T9

5/3
…

11 3H(d,n)4He 1.06331011(11d)1/3T9
22/3exp„24.559(11d)2/3T9

21/32(1.3263101T9)2(11d)2
…

3„1.00019.20031022(11d)22/3T9
1/323.75031021(11d)2/3T9

2/3

22.42031021T913.3823101(11d)4/3T9
4/315.5423101(11d)2/3T9

5/3
…

18.0473108T9
22/3exp(20.486T9

21)

12 3He(d,p)4He 5.02131010(11d)1/3T9
22/3exp„27.144(11d)2/3T9

21/32(3.704T9)2(11d)2
…

3„1.00015.80031022(11d)22/3T9
1/316.03031021(11d)2/3T9

2/3

12.45031021T916.970(11d)4/3T9
4/317.190(11d)2/3T9

5/3
…

15.2123108T9
21/2exp(21.762T9

21)
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value ~we use units such that the speed of light, Planc
constant and Boltzmann’s constant are all set to unity!:

S Yn

Yp
D

eq

5e2Dm/T ~5!

whereDm5mn2mp is the neutron-proton mass differenc
Moreover, at this temperature, not only are the rates

the weak reactions~2!–~4! faster than the universe expansio
rate, but so are the nuclear reaction rates responsible fo
production of light elements. Light nuclei are then both
kinetic and chemical equilibrium or nuclear statistical eq
librium ~NSE!, their corresponding abundances being giv
by @11#

YA5gA@z~3!A21p (12A)/22(3A25)/2#A5/2S T

mN
D 3(A21)/2

3hA21Yp
ZYn

A2Zexp~BA /T!, ~6!

where h is the present baryon-to-photon ratio,mN is the
nucleon mass,BA is the binding energy,gA counts the num-
04500
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ber of degrees of freedom of the nuclear species (A,Z) andz
is the Riemann zeta function.2

Because of the fact that the number density of photon
so large relative to that of baryons (h;10210), the abun-
dances of composite elements are completely negligible
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 electro
positron pairs annihilate, the second stage of primordial
cleosynthesis takes place. The weak reactions~2!–~4! be-
come slower than the expansion rate of the universe and
neutron-to-proton ratio is no longer able to track its equil
rium value: it ‘‘freezes-out.’’

After this freeze-out, the neutron-to-proton ratio can
approximated by

S Yn

Yp
D

f

5e2Dm/Tf , ~7!

2The numerical value of the Riemann zeta function isz(3)
;1.202.
5-3
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L. BERGSTRÖM, S. IGURI, AND H. RUBINSTEIN PHYSICAL REVIEW D60 045005
whereTf is the freeze-out temperature, which is determin
by setting the equality between the expansion and the w
rates. Note that, since the weak rates depend onDm, alsoTf
depends implicitly on it.

But while reactions~2!–~4! are too slow to track the rat
of expansion, nuclear reactions are still fast enough to k
light elements in NSE and, thus, their abundances are
very small. It is not until the third and last stage that nucle
production effectively begins.

Third Stage: light-element synthesis(0.6 MeV*T
*0.05 MeV; 3 sec&t&6 min)

Shortly before this time, electron-positron pairs have
nally annihilated, transferring their entropy to the photo
and increasing their temperature relative to that of the n
trinos by a factor (11/4)1/3. So, at this last stage the on
relativistic species are the neutrinos and the photons.

The neutron-to-proton ratio does not remain really co
stant after the freeze-out but it continues to decrease du
this stage from its freeze-out value because of neutron de
and the effect of the strong neutron-proton reactions. Ac
ally, it will only be at T;0.05 MeV, when practically all
available neutrons are bound into nuclei, that the neutron
proton ratio becomes constant.

But the most important feature of this period is that, wh

FIG. 1. The abundances of the light elementsD, 3He, 4He and
7Li as a function ofh, the baryon-to-photon ratio. Curves a
shown for the standard value of the fine structure constanta, and
for a variation of65% of the standard value. The results for t
individual abundances are shown on an enlarged vertical sca
Figs. 2 and 3.
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in the previous stage only weak processes were relevan
this epoch strong and electromagnetic interactions get im
tant and nucleosynthesis begins.

The evolution of light-element abundances is domina
by the competition between the nuclear reaction rates and
expansion rate. Although the densities of the light ‘‘fuels
for the reactions involved in the process are now significa
they eventually are not big enough to keep up with the
mand for the NSE of heavier elements. Moreover, Coulom
barrier suppression becomes gradually more important. B
effects result in the freeze-out of nuclear reactions and
consequent series of departures of light nuclei from th
NSE states.

Let us describe the process in detail, following@12#. The
most abundant nucleus,4He, is to an excellent approxima
tion produced only through the mass-3 nuclei,3He and tri-
tium (t), and it is only through these nuclei and the reactio
3He(n,g)4He andt(p,g)4He that it is allowed to be in NSE
At temperatures greater than 0.6 MeV, the3He andt abun-
dances are sufficiently large to allow4He to track its equi-
librium value. But atT;0.6 MeV, the NSE curves of the
mass-3 nuclei cross with that of4He, with the 4He abun-
dance rising faster than those for3He andt. At about this
temperature, also, the reactions that maintain4He in equilib-
rium become too slow,4He is forced to leave its NSE curv
and follows instead the corresponding3He andt NSE tracks.

This goes on untilT;0.2 MeV. At this temperature3He
and t also encounter a bottleneck, a ‘‘minor’’ deuterium~d!
bottleneck: reactionsd(n,g)t andd(p,g)t, which keepd in
NSE with the mass-3 nuclei slow down and now4He, 3He
and t follow the d NSE curve.

At T;0.08 MeV, the3He(n,p)t reaction freezes-out an
the mass-3 nuclei lose their NSE too.

Finally, all the elements encounter the ‘‘major’’ deut
rium bottleneck atT;0.06 MeV and after that the nuclea
species evolve in quasistatistical equilibrium.

Some 7Li and some7Be are synthesized, but due to th
existence of energy gaps among stable nuclei at mass n
bers A55 and A58 and significant Coulomb-barrier sup
pression at this time, the production of nuclei beyondA58
is inhibited.

III. THE a DEPENDENCE OF ELEMENT ABUNDANCES

We are now able to discuss which are the most import
a-dependent magnitudes that affect primordial abundanc

During the first two stages of SBBN, the onl
a-dependent parameters are the weak reaction rates~2!–~4!,
which in turn determine the freeze-out temperatureTF @see
Eq. ~5!#, the neutron-proton mass differencenm @see Eq.
~5!# and the binding energiesBA @see Eq.~6!#.

Since the abundances of composite nuclei during th
stages are by themselves negligible, the effects of a sm
variation in their binding energies are negligible too.

But this is not the case with the weak reactions~2!–~4!
and with the neutron-proton mass difference. Since alm
all available neutrons after freeze-out are finally bound i
4He, in a good approximation its abundance is given by

in
5-4
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FIG. 2. The abundance of~left! deuterium and~right! 3He as a function ofh, the baryon-to-photon ratio. Curves are shown for t
standard value of the fine structure constanta, and for a variation of65% of the standard value.
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S Yn

Yp
D

f

11S Yn

Yp
D

f

. ~8!

From this equation and Eq.~7! it follows that the main
parameters that fix the final value ofY4 are preciselyDm and
Tf . Radiative and Coulomb corrected expressions for
weak reactions~2!–~4! have been calculated in@13# and it
was shown that their corrections to primordial abundan
are very small.3 The effect onTf of a variation ina is then
given only through the variation ofDm ~see@13,14#!. That
means thatY4 depends just on a singlea-dependent param
eter, i.e.,Dm.

This fact makes the constraint ona estimated from the
4He primordial abundance very model-dependent: a part
lar model for thea dependence ofDm is needed to estimat
the change inY4 due to a change ina. One may also note
that changes in the other gauge coupling constants, suc
the strong couplingas , may induce changes that are ev
more important, but more difficult to compute than those o
changinga @15,16#.

As an example of thea dependence ofDm, we have used
the treatment of Gasser and Leutwyler@17#, from which we
deduce

Dm.2.0520.763~11Da/a! MeV. ~9!

This method is a phenomenological way to evolve
mass of the nucleon as determined by the change of q
masses due to their strong and electromagnetic energy

3The most important correction is that for4He, of about 1%.
04500
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the electromagnetic binding. It is a qualitatively reasona
method but has no fundamental QCD backing.

Other abundances are not so sensitive toDm as Y4: be-
cause of its large binding energy,4He acts as a ‘‘sink’’ dur-
ing primordial nucleosynthesis, its abundance is less se
tive to changes in the nuclear reaction rates than the o
abundances, and more sensitive to variations in the par
eters that fix the number of neutrons relative to the num
of protons, i.e.,Dm and Tf . We note, following@15#, that
the dimensionful weak~Fermi! coupling constantGF does
not depend on the gauge coupling constant in the stan
electroweak model.

This means that we should use the other light-elem
abundances to limitDa, in addition to the4He abundance,
bypassing the problem of thea dependence ofDm.

Our next step is, then, to analyze the role ofa during the
third stage. The fine structure constant affects the third st
because it enters into the expressions of the nuclear rea
rates: as we have already mentioned, Coulomb-barrier p
etration is a determining factor during nucleosynthesis.
implement the changes ina in these expressions we firs
need to know exactly the way by which thermonuclear re
tion rates are obtained from experimental data. This will
discussed in the next section.

IV. THERMONUCLEAR REACTION RATES

The rate of a nonrelativistic nuclear reaction taking pla
in a nondegenerate environment is as usual given as the
mal average of the product of the corresponding cross
tion s(E) and the relative velocity times the number den
ties of the particles involved:

Ri j 5ninj^suvu&. ~10!
5-5
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FIG. 3. The abundance of~left! 4He and~right! 7Li as a function ofh, the baryon-to-photon ratio. Curves are shown for the stand
value of the fine structure constanta, and for a variation of65% of the standard value.
op
ge

ca

s
r
e

p
in

y.

ac-
-

d
ls

th
ir
Under the assumption that these particles have isotr
Maxwell-Boltzmann kinetic energy distributions this avera
can be written as@18#

^suvu&5S 8

mp D 1/2

T23/2E
0

`

Es~E!e2E/TdE, ~11!

wherem is the reduced mass.
For charged-particle induced reactions4 the cross section

is given by

s~E!5
S~E!

E
e22ph(E), ~12!

whereS(E) is the cross section factor or the astrophysi
S-factor andh(E) is the Sommerfeld parameter:

h~E!5A EG

4p2E
5aZiZjA m

2E
, ~13!

where EG is the Gamow energy andZi ,Zj the electric
charges of the colliding nuclei.

The reason for introducing this factorization for the cro
section is the fact that, because of the exponential ene
dependence of the Coulomb barrier penetrability, charg
particle cross sections are extremely difficult to measure
low energies. Therefore, it is necessary to extrapolates(E)
from experimental data to lower energies. Since the ex
nential factor is given by solid quantum mechanical pr
ciples, only the unknown nuclear physics partS(E) has to be
fitted, and it is generally a slowly varying function of energ

4We are not concerned with neutron-induced reactions since
do not involve any Coulomb barrier penetrability factor in the
cross sections and, therefore, they are not very sensitive toa @19#.
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Let us first consider the nonresonant terms of the re
tions 1–12~see Tables I and II!. Because of its slow varia
tion with energy, we can expandS(E) as a Taylor series:

S~E!5S~0!1
dS

dEU
E50

E1
1

2

d2S

dE2U
E50

E2 ~14!

When inserted into Eq.~11! this gives

^suvu&nr5S 8

mp D 1/2

T21/2 (
i 50

2
Ti

i !

diS

dEiU
E50

Ni~j!, ~15!

where

Ni~j!5E
0

`

yie2ye2jy21/2
dy ~16!

and where

j52paZiZjA m

2T
. ~17!

Introduce furtherk[j2/4. At low temperatures compare
with the Coulomb threshold, these ‘‘astrophysical’’ integra
are given by@20#

N0~j!52Ap

3
k1/6e23k1/3S 11

5

36
k21/3D , ~18!

N1~j!52Ap

3
k1/2e23k1/3S 11

35

36
k21/3D ,

~19!

and, finally

ey
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N2~j!52Ap

3
k5/6e23k1/3S 11

89

36
k21/3D . ~20!

From these expressions it is straightforward to obtain
a-dependence of the nonresonant contributions to the r
tion rates we are treating. We have not considered
a-dependence of the reduced massm and of S(E) and its
derivatives about the zero energy since this depende
obeys a polynomial law ona @18# and it can be safely ne
glected.

For reactions 3, 5, 7 and 8 the nonresonant terms
predicted to have a combination of polynomial and decre
ing exponential terms@18#; so, expressions like

S~E!5S~0!q~E!e2bE, ~21!

whereq(E) is, again, a slowly varying function of the en
ergy, must be included into theS-factor. For most of the
cases we are considering, a very good approximation res
when q(E) is assumed to be a constant, i.e.,q(E)5q(0)
51. Then an additional term of the form

^suvu&ed5S 8

mp D 1/2

T23/2TbS~0!N0~jb!, ~22!

whereTb5T/(11bT) andjb52paZiZj (m/2)1/2Tb
21/2, ap-

pears in the expressions of the corresponding reaction r
However, for reaction 3,b is assumed to be of the form

b5g01gS j

2D 2/3

T ~23!

and then the effective temperatureTb is also ana-dependent
parameter:

Tb5
T

11g0T1gS j

2D 2/3

T2/~11g0T!2/3

. ~24!

Continuum and/or narrow and broad resonant terms
pear in the expressions for the rates of reactions 4–6, 11
12. These terms are generally of the form@18#

^suvu& res5g~T!e2Ē/T, ~25!

whereĒ is about the continuum threshold energy or the re
nance energy, respectively, andg(T) is a function of the
temperature. But since the electromagnetic contribution
these energies is very small compared with the strong c
tribution, we can safely neglect theira dependence.

Finally, reactions 4, 5, 11 and 12 have in addition a c
off factor for the nonresonant terms of the form

f co5e2(T/Tco)2
, ~26!

whereTco is a cutoff temperature. From@18# it follows that
this temperature is roughly proportional toa21.

In Tables I and II we have explicitly shown the releva
dependence ona for all the charged-particle induced rea
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tions having an impact on primordial abundance chang
For the relative change in the value ofa, we define the
quantityd:

d5
Da

a
~27!

V. CONSTRAINTS ON THE VARIATION OF THE FINE
STRUCTURE CONSTANT

Using the theoretical framework we have described
proceed to see what is the effect of varyinga on the relative
abundances. We do use the newest version of the SB
code@14# to implement these variations. We keep all oth
coupling constants fixed and assume no other ‘‘exotic’’
fects are present, like strong primordial magnetic fields.
discuss these effects below. We have performed several
to see that the code is working correctly. We use a neut
lifetime of tn5886.7 sec, which is the currently accept
value according to the Particle Data Group@2#.

In Fig. 1 we show the results for the final abundances
the observationally interesting elements4He, 3He, d and
7Li as a function ofh, for SBBN and for a 5% increase o
decrease of the value ofa during nucleosynthesis. In Figs.
and 3 the results for the abundances are shown separate
an expanded scale. As can be seen, the fractional chan

FIG. 4. Fractional variation of the light-element abundanceY
vs fractional variation of the fine structure constanta, for two val-
ues of the baryon-to-photon ratioh. Notice that the curves for4He
for the twoh values nearly overlap. The dramatic decrease of
7Li abundance for a highh value is due to the strong Coulom
barrier in its production.
5-7
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the 4He abundance is quite insensitive to the value ofh, as
are the other abundances with the notable exception of7Li.
This is due to the two competing mechanisms for7Li pro-
duction, i.e., for h&3310210, 7Li is produced by
4He(t,g)7Li, a process in which the Coulomb-barrier is n
as significant~but where the change inDm caused by a
change ina is! as in the reaction4He(3He,g)7Be, which,
followed by decay of7Be to 7Li, is the dominant reaction
that synthesizes7Li for h*3310210.

Actually, the h coming from a comparison between th
predictions of standard nucleosynthesis and observati
data is presently quite uncertain, as is exemplified by
differing recent analyses of the problem in SBBN@21,22#. In
@21#, a combined analysis givesh;1.8310210 ~driven
largely by accepting a high value of the deuterium ab
dance!, whereas in@22# a low deuterium abundance is take
as the preferred observational result leading to a valuh
;5310210. In Fig. 4 the fractional changes in the ligh
element abundances are shown versus the assumed frac
change ina for both these values ofh.

In the case of the low value ofh;1.8310210, the 7Li
abundance does not vary as strongly with a changinga, and
since this abundance is known less accurately than tha
4He it is the latter which has to be used to bound poss
variations ofa. However, the observational status4He is
still a matter of debate, and it does not seem likely that
systematic errors are larger than usually quoted. For insta
the global fit referred to in@21# is

Y450.23860.00260.005, ~28!

whereas the corresponding value in a recent reanalysi
Izotov et al. @23# is given as

Y450.24460.002 , ~29!

Using the second upper limit and the first lower limit f
the 4He abundance, as is difficult to avoid before better d
become available, we see from Fig. 3~a! that a reduction of
the value ofa larger than 5% is not excluded, if4He is
considered alone, and the other abundances are only us
generously boundh to be in the interval 1021021029. In-
terestingly, one may note that on the contrary an increas
the electromagnetic strength by 2% would relieve the pr
sure these low-h models feel from the upward revision of th
4He abundance of@23#, while still falling in the allowed
range for 7Li discussed below. Of course, we have to r
member the fact that the change in4He is caused by the
model-dependent variation of the neutron-proton mass
ference witha.

For the high value ofh;5310210, we see that a decreas
of a by 2% is within our allowed range of the4He abun-
dance~the change in deuterium caused by such a changea
does not affect very much theh value assigned to a give
deuterium measurement!. Since for the highh solution the
variation of 7Li with a is rapid, we have to consider th
observational data for lithium. Unfortunately, the situation
04500
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by
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to
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less than clear here as well. It seems that the data are
described by a ‘‘plateau’’ value versus metallicity, given b
@24#

Y75~1.7360.30!310210. ~30!

The fact that there is little dispersion around this val
could indicate that it represents the primordial abundan
However, lithium could be destroyed by stellar processes
an unknown amount, which has led some workers in the fi
@22# to consider the possibility that the true primordial val
is up to a factor of 2 larger.

It is interesting to note from Fig. 1 that the7Li abundance
for this value ofh can be brought down to 2310210 if the
strength ofa was larger by around 3% than the standa
value ~thus making the Coulomb suppression stronger!. For
the same change ofa, the 4He abundance is, however, vio
lating our~model-dependent! upper bound by a considerab
amount. Thus, we conclude that the high-h solution, which
already has problems explaining7Li @if Eq. ~30! represents
the primordial value# cannot be improved by changinga, in
contrast to the low-h solution which may benefit from an
increase ofa by a couple of percent during nucleosynthes

VI. CONCLUSIONS

The successful first-order comparison between big b
nucleosynthesis predictions and observed abundances
plies that the values of the fundamental coupling constant
that epoch cannot have been too much different from
present ones. When it comes to more precise statements
situation is complicated by the presently partially conflicti
measurements.~Similar conclusions have recently been o
tained concerning possible limits on the effective number
neutrino species during nucleosynthesis@25#.! We argue that
it is impossible to quote a better bound than 2% on
deviation from the present value ofa at the time of nucleo-
synthesis, and note that such a variation may even be
plied, if the deuterium observations leading to the lowh
solution are confirmed with increased significance, and
trend continues of an increasing value for4He from obser-
vations.

A new ingredient in our treatment is the discovery of t
large sensitivity, especially at high values ofh, of the 7Li
abundance on the electromagnetic strength, due to expo
tial Coulomb barriers. If the experimental and theoretic
situation is improved for this isotope, it holds the promise
giving the most stringent bound on variation ofa, with the
added virtue that it is less sensitive to model assumpti
than, e.g.,4He. The problem that the high-h ~low deuterium!
solution may have in explaining the low plateau value of7Li
can in principle be solved by an increase ina by a few
percent, but only if the true primordial4He abundance is
well above 0.25~or if Dm depends ona in a different way
than we have assumed!.

It is of interest to notice that other exotic effects such
the presence of strong primordial magnetic fields mainly
fect the 4He abundance@26# and not Li or the other ele-
ments. Also in this respect the signal given by7Li is clearer.
5-8
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The limit obtained here is about the same as the one
tentially given by the recombination time test@10#, but prob-
ably more significant since it is at a higher redshift. Ho
ever, at the time when the microwave background w
emitted, the universe was totally dominated by gravity a
electromagnetic interactions from which it can be argued
it offers a less model-dependent test.
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