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Constraining the variation of the coupling constants with big bang nucleosynthesis
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We consider the possibility of the coupling constants of the SU(3)3SU(2)3U(1) gauge interactions at the
time of big bang nucleosynthesis having taken different values from those we measure at present, and inves-
tigate the allowed difference requiring the shift in the coupling constants not to violate the successful calcu-
lation of the primordial abundances of the light elements. We vary the gauge couplings and Yukawa couplings
~fermion masses! within the context of a model in which their relative variations are governed by a single
scalar field, the dilaton, as found in string theory. The results include a limit on the fine structure constant
26.031024,Dae.m./ae.m.,1.531024, which is two orders of magnitude stricter than the limit obtained by
considering the variation ofae.m. alone.
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I. INTRODUCTION

Big bang nucleosynthesis~BBN! is one of the most im-
portant tools for probing the early universe. Standard
bang nucleosynthesis~SBBN! predicts the primordial abun
dances of light elements~D, 3He, 4He, and 7Li) with the
only free parameter the baryon-to-photon ratioh. For h
;O(10210), they are remarkably consistent with observ
tions of the abundances which extend over nine digits.
quiring that they do not vitiate this consistency, stringe
constraints on various theories that affect cosmology h
been obtained.

Among such theories constrained by BBN, there are so
in which the values of the coupling constants may vary. T
SBBN prediction assumes, along with three light neutr
species and no lepton asymmetry, that the physical par
eters involved in the calculation~the fine structure constan
ae.m., the Fermi constantGF , the electron massme , etc.!
are the same for now and the BBN time. However, this is
an obvious choice because there are a number of way
which they could have varied. In addition to the theoreti
possibility, the recent analysis of quasar absorption li
found possible evidence for a variation inae.m. @1#.

In this paper, we consider a model taken from stri
theory where these coupling constants are all related to
expectation values of a dilaton fieldF and could in principle
vary with time. For example, very general arguments in
cate that the dilaton cannot be stabilized at a value we wo
characterize as corresponding to weak coupling@2#. Also, in
certain popular models for stabilizing the dilaton usi
gaugino condensates, the cosmological evolution would
most inevitably tend to overshoot the desired minimum
the dilaton potential and run off to an anti–de Sitter vacu
@3#.

The notion that the coupling constants are determined
a single scalar field not only motivates the investigation
their time variation as a probe for physics beyond the st
dard model, but also makes the analysis of simultane
changes in the couplings simple and concrete. In additio
the free parameter of the SBBNh, we have only one othe
parameter DF/F[(FBBN2Fnow)/Fnow , the fractional
0556-2821/2002/65~12!/123511~7!/$20.00 65 1235
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variation of the dilaton field. After calculating the primordia
abundances with various values of these two quantities,
search for a parameter region not excluded by the obse
tions. The limit onDF/F thus obtained is readily translate
into limits on the coupling constants.

Our analysis is positioned as an extension to Ref.@4#.
There, the dilaton dependence of the coupling constant
determined by the action of the heterotic string in the E
stein frame. The constraint is obtained from4He whose
abundance and coupling dependence can be estimated
out recourse to a numerical calculation. The method of@4# is
easy to calculate and appropriate for an order of magnit
estimation. But we can extract more information by perfor
ing a numerical calculation, whose advantages are~1! the
abundances of the light elements other than4He are calcu-
lated so we can use more observational data, especially
D, to impose a constraint,~2! we can take into account theh
dependence of the abundances,~3! we use realistic values fo
the reaction rates so we avoid the rough estimation of
weak reaction rate~both absolute value and temperature d
pendence! based on dimensional analysis,~4! by Monte
Carlo simulation, we can estimate the theoretical uncertai
and~5! by calculating a statistical measure~such asx2), we
can objectively quantify the constraint. Of course, as
SBBN becomes more and more precise owing to progres
studies of nuclear reaction rates and of primordial ab
dances, numerical computation is necessary in general to
flect the recent developments and to produce a result clos
the truth.

In the next section, we review briefly the SBBN and s
what kinds of physical quantities are needed to make
prediction. In Sec. III, we estimate their coupling depe
dences. In Sec. IV, we introduce a model containing the
laton and we investigate the dilaton dependence of the c
pling constants. In Sec. V, we put a bound onDF/F by
calculatingx2 with the observational and theoretical unce
tainty from the recent data~the former very much domi-
nates!. In terms of the limit onDae.m./ae.m., we find

26.031024,
Dae.m.

ae.m.
,1.531024, ~1!
©2002 The American Physical Society11-1
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KAZUHIDE ICHIKAWA AND M. KAWASAKI PHYSICAL REVIEW D 65 123511
two orders of magnitude more restrictive than the lim
found in Refs.@5# and @6# where only the variation ofae.m.
was taken into account. We discuss whether this origina
from the unified gauge couplings, which relate the elect
magnetic sector to the strong sector. At the energy scal
BBN, the manifest quantities areae.m. and LQCD , which
appears instead ofastrong through dimensional transmuta
tion. The former depend linearly on the dilaton but the lat
exponentially. The4He abundance is determined by the ma
nitude of the neutron-proton mass differenceDm, which is in
turn determined byLQCD , and this dominates the constrain
by BBN.

II. PHYSICAL QUANTITIES IN THE SBBN

In order to see how the effects of changing coupling c
stants arise, we summarize the main points of the SB
calculation. Following Ref.@7#, we divide it into three stages
The actual calculation is performed by computer which ru
the code to solve the set of ordinary differential equatio
and so, of course, does not distinguish such stages, bu
see that the important quantities which determine the prim
dial abundances of the light elements appear in this b
review.

First stage (statistical equilibrium)(T@1 MeV;t!1 s).
The energy density and the number density are dominate
the relativistic electrone2, positron e1, neutrino n, an-
tineutrinon̄, and photong. There are three types of neutrin
and antineutrino. There is only a tiny fraction of protons a
neutrons, just;1029 number fraction. In this period, al
these particles undergo elastic scattering so frequently
they are in thermal equilibrium and have equal temperatu
In particular, weak interaction cross sections are large
the neutrinos are in thermal equilibrium with the other p
ticles. In addition, there are weak interaction processes in
changing protons and neutrons:

n1ne↔p1e2, ~2!

n1e1↔p1 n̄e , ~3!

n↔p1e21 n̄e , ~4!

so they are also in chemical equilibrium. Thus the num
ratio of protons to neutrons at temperatureT is nn /np
5e2(mn2mp)/Te(mn2mp)/T, where mn (mp) is the neutron
~proton! mass andmn (mp) is its chemical potential, but the
last factore(mn2mp)/T is almost unity if the universe has n
lepton asymmetry, which is the assumption of SBBN. So
long as equilibrium holds at temperatureT, the neutron-to-
proton ratio is determined by the neutron-proton mass dif
enceDm5mn2mp ,

nn

np
5e2Dm/T. ~5!
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At this stage, the nuclear reaction rates are also
enough for light nuclei to be in chemical equilibrium. The
the abundance of the nuclear species with mass numbA
and atomic numberZ is @7#

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

3A5/2S T

mN
D 3(A21)/2

hA21Yp
ZYn

A2Zexp~BA /T!, ~6!

wherez(3);1.202,mN is the nucleon mass,BA is the bind-
ing energy, andgA is the number of degrees of freedom
Sinceh is small (;10210) andBA!T, nuclear abundance i
negligible at this temperature.

Second stage (neutron-proton freeze-out)(T;0.7 MeV;t
;2 s). As the universe expands and cools, the rates of in
actions involving neutrinos decrease. In particular, there
some point when the reactions~2!–~4! practically stop and
the chemical equilibrium breaks down. After this point, t
numbers of neutrons and protons do not change~in reality,
small amount of neutrons turns into protons by beta dec!
and their ratio is fixed~frozen out! at the value determined
from Eq.~5! with the temperature of that epoch. We call th
the ‘‘freeze-out temperature’’ and denote itTf .

The freeze-out occurs when the rate of the reactionG(T)
and the expansion rate of the universeH(T) become equal:

H~Tf !'Gweak~Tf !. ~7!

The expansion rate is determined by the energy densitr
through the Friedmann equation

H25
8pGr

3
. ~8!

At this stage,r is dominated by photons, neutrinos, and re
tivistic electrons (T.me50.511 MeV) and hence the cos
mic density is given byr510.75(p2/30)T4. The rate of
weak interaction is

Gweak5G~n→p!

5G~n1ne→p1e2!

1G~n1e1→p1 n̄e!1G~n→p1e21 n̄e!.

Using the Fermi theory of the weak interaction, this can
written as

G~n→p!5AF E
0

`

1E
2`

2Dm2me
1E

2Dm1me

0 Gdx

3S 12
me

2

~x1Dm!2D 1/2

~x1Dm!2x2

3
1

11ex/Tn

1

11e2(x1Dm)/Te
.

1-2
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CONSTRAINING THE VARIATION OF THE COUPLING . . . PHYSICAL REVIEW D65 123511
We calculate the normalization factorA by using G(n→p

1e21 n̄e)uT505tn
21 wheretn is the neutron lifetime. Inte-

gration givesA50.05606tn
21 MeV24. From this expression

and Eq.~7!, we find Tf'0.7 MeV and, from Eq.~5!, the
freeze-out ratio (nn /np) f5e2Dm/Tf'0.158.

For the nuclear reaction, the situation did not change fr
the previous stage. The abundances are still very small.

Third stage (light-element synthesis)(0.7 MeV.T
.0.05 MeV;3 s,t,6 min). After the second stage
the electron-positron pair annihilation is completed
there remain the photons and the neutrinos as relativ
particles.

Since the early universe has lower density than that ins
stars, there occur essentially only two-body reactions. Th
unless the deuterons are synthesized by the reactionp1n
→D1g, larger nuclei are not synthesized. This reaction d
not proceed until the photon density is low enough not
photodissociate D or, in other words, the factorh exp(BD /T)
in Eq. ~6! becomes O(1). This occurs at aboutT
50.06 MeV. After that, mainly charged-particle reactio
such as D1D→t1p and t1D→ 4He1n proceed, synthe-
sizing almost all of the neutrons into4He because it has th
largest binding energy among the light elements. Theref
4He abundance~conventionally expressed by mass ratio! can
be estimated by the frozenn-p ratio found at the second
stage:

Y4He'
2

11~np /nn! f
5

2

11eDm/Tf
. ~9!

In addition to 4He, small amounts of D and3He and very
small amounts of7Li are synthesized. Their abundances a
determined byh and the reaction rates.

In summary, to perform the BBN calculation, we need
input the following valuesat BBN time: the neutron-proton
mass differenceDm, the neutron lifetimetn , and the nuclear
reaction rates. The abundance of4He is affected mainly by
the first two as seen from Eqs.~7! and~9!, and D, 3He, and
7Li by the last one.

III. THE COUPLING CONSTANT DEPENDENCE
OF THE BBN INPUTS

We know the present value of the BBN input quantiti
pointed out in the previous section with some experimen
uncertainty. To estimate their values during BBN, we try
express these quantities in terms of the coupling constan
12351
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A. Neutron-proton mass differenceDm

The origin of the neutron-proton mass difference is trac
to the electromagnetic self-energy difference and thed-u
quark mass difference~QCD chiral symmetry breaking by
the mass terms!. The former makes the proton heavier th
the neutron but the latter does the inverse and the tota
measured accurately to beDm[mn2mp51.2933318
60.0000005 MeV@10#.

As argued in Ref.@8# the largest contribution to the
electromagnetic part comes from the Born term of the C
tingham formula@9# and hence it can be calculated wi
relatively less uncertainty. This formula expresses
nucleon self-energy in the first order ofae.m. via its electric
and magnetic form factors. Using the formula and expe
mental data for the form factors, the difference between
neutron and the proton is20.76 MeV. This value is propor-
tional to ~of course! ae.m. and to LQCD to have a proper
dimension.

On the other hand, the absolute values of theu and d
quark masses are not well known,mu51 –5 MeV andmd
53 –9 MeV @10#. But, knowing the electromagnetic contr
bution, the quark contribution should be 2.05 MeV. This
proportional to the difference between the Yukawa couplin
yu andyd and the Higgs boson expectation value^H&.

Now we can write

Dm5aae.m.LQCD1b~yd2yu!^H&, ~10!

wherea andb are constants we assume not to depend on
coupling constants. Thus, we estimate the mass differenc
the BBN epochDmbbn as

Dmbbn5aae.m.,bbnLQCD,bbn1bybbn̂ H&bbn

520.76
ae.m.,bbn

ae.m.,now

LQCD,bbn

LQCD,now

12.05
ybbn

ynow

^H&bbn

^H&now
~MeV!. ~11!

B. Neutron lifetime

Neutronb decayn→p1e1 n̄ is very well approximated
by the one-point interaction of four particles: neutron, pr
ton, electron, and neutrino. Its coupling constant is deno
GF and called the Fermi coupling constant. Using th
theory,
tn
21}GF

2E d3ped
3pnd~Ee1En1mp2mn!5GF

216p2E
me

Dm

dEeEeAEe
22me

2~Dm2Ee!
2

5GF
216p2me

5 1

60
$Aq221~2q429q228!115q log~q1Aq221!% ~12!
1-3
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KAZUHIDE ICHIKAWA AND M. KAWASAKI PHYSICAL REVIEW D 65 123511
where we definedq[Dm/me . Denoting the factor1
60 $ . . . %

[ f (q),

tn}GF
22me

25f ~q!215^H&4~ye^H&!25f ~q!21

5^H&21ye
25f ~q!21. ~13!

The first equality follows fromGF5g2
2/MW

2 5g2
2/(g2^H&)2

51/̂ H&2 whereg2 is the SU~2! coupling constant andMW is
the weak boson mass. Therefore, we obtain

tn,bbn5F ye,bbn

ye,now
G25F ^H&bbn

^H&now
G21F f ~qbbn!

f ~qnow!G
21

, ~14!

where ye is the electron Yukawa coupling andf (qnow)
51.63615.

C. Charged-particle-induced reaction rates

Most of the reaction rates involved in the BBN calcul
tion are charged-particle-induced reaction rates. Theirae.m.
dependence is considered in Ref.@5# for the rates discusse
in Ref. @11#. We implemented theae.m. dependence in the
same manner, updating the reaction rates recently comp
by Angulo et al. @12#. Since only a few reaction rates hav
resonance terms which are considered to be dependent o
strong coupling constant, or in other words since
charged-particle reaction rates influential for BBN are ess
tially determined by Coulomb barrier penetrability, we e
pect that neglecting their strong coupling dependence
not affect our results much.

D. Neutron-induced reaction rates

The cross section forn1p→D1g is calculated at ener
gies relevant to BBN using the effective field theory th
describes the two-nucleon sector@13#. The rate obtained by
thermal averaging this theoretical cross section reprodu
the abundance calculation using the rate shown in Ref.@11#.
We exploit this theoretical formula to estimate the coupli
dependence by assuming the parameters that have the d
sion @ length#n in the formula to be proportional tomp

2n . The
coupling dependence of the pion massmp is known from the
Gell-Mann–Oakes–Renner relation to be mp

2

}mquarkLQCD . The other parameters in the formula are t
nucleon massmN and the deuteron binding energyBD . Their
dependence is estimated bymN}LQCD and BD}mp

2 /LQCD

}mquark . This BD dependence is estimated by considerin
simple square well potential for the deuteron. It is also e
mated by the uncertainty principlep;1/Dx;mp , and
2BD1p2/2mN;0.1

For the other neutron-induced reactions3He(n,p)t and
7Be(n,p)7Li, we use the rate fitted from the experiment
data as found in Ref.@15# for the former and Ref.@11# for the
latter, and they are assumed to be independent of the
plings because there are no theoretical derivations for th

1A more elaborate study ofBD’s light quark mass dependence
found in Ref.@14# but a complete answer is not yet obtained.
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Because3He(n,p)t affects 3He abundance, which is no
used for our analysis, our result does not change by neg
ing its coupling dependence. On the other ha
7Be(n,p)7Li affects 7Li abundance a lot whenh is large, so
its effect may be large. However, since there is large ob
vational uncertainty in7Li, it is expected that our result will
not change but we have to know its coupling dependenc
extract a reliable constraint from the7Li data when the un-
certainty of 7Li abundances decreases in the future.

IV. THE DILATON DEPENDENCE OF THE COUPLING
CONSTANTS

Next, we introduce the action that governs the variation
the coupling constants as used in Ref.@4#. This is the tree
level low energy action of the heterotic string in the Einste
frame:

S5E d4xA2gS 1

2k2
R2

1

2
]mF]mF2

1

2
DmfDmf

2V22V~f!2c̄gmDmc2V21mcc̄c

2
a8

16k2
V2FmnFmnD , ~15!

whereF is the dilaton field,f is an arbitrary scalar field, and
c is an arbitrary fermion.Dm is the gauge covariant deriva
tive corresponding to gauge fields with field strengthFmn .
k258pG and V5e2kF/A2, which is the conformal factor
used to move from the string frame. Powers ofV(F) mul-
tiplying terms in the action indicate the dilaton dependen
of the coupling constants and masses.

More concretely,f is the Higgs field andV(f) is its
potential, which we assume to be given by hand~as is done
in the standard model!. The overallV factor before the scala
potential means that the Higgs vacuum expectation va
^H& is independent of the dilaton so it has the same value
now and the BBN time.̂ H& is taken to be constant in ou
calculation.

Fmn is the gauge field with gauge group includin
SU(3)3SU(2)3U(1). We define its Lagrangian density a
2(1/4g2)FmnFmn whereg is the unified coupling constant
Comparing with Eq.~15!,

1

g2~M p
2!

5
a8e2A2kF

4k2
[

a8S

4k
, ~16!

where we define

S[
e2A2kF

k
. ~17!

For each value ofS, we can calculate the gauge couplin
constants at low energy using renormalization group eq
tions.ae.m. almost does not run, so
1-4
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ae.m.~Mbbn!'ae.m.~M p!5
g~M p!2

4p
5

k

pa8
S21. ~18!

Therefore,

ae.m.,bbn

ae.m.,now
5F Sbbn

Snow
G21

5
1

11vS
, ~19!

where we define the fractionalS variation

vS5
Sbbn2Snow

Snow
. ~20!

From the solution of the one-loop renormalization gro
equation~RGE! for the SU~3! coupling constantg3, of which
the integration constant is determined byg3(LQCD)5`,

k

pa8
S215

g3~M p!2

4p
'

12p

27 log~M p
2/LQCD

2 !
~21!

or

LQCD5M pexpS 2
2p2a8S

9k D . ~22!

Therefore, we obtain

LQCD,bbn

LQCD,now
5expS 2

2p2a8@Sbbn2Snow#

9k D
5expS 2

8p2

9g~M p!2
vSD , ~23!

where we useg(M p)250.1.2

Finally, the c ’s are the ordinary standard model lepto
and quarks. As we takêH&5const, the Yukawa couplingsy
depend on the dilaton as}ekF/A2. In terms ofS,

ybbn

ynow
5

1

A11vS

. ~24!

V. CONSTRAINTS ON THE VARIATION
OF THE COUPLING CONSTANTS

Using the model described in the previous section, we
express the coupling dependence of the BBN input par
eters considered in Sec. III on the fractional variation of
dilatonvS defined in Eqs.~17! and~20!. In order to quantify
how much variation is consistent with the observations,
calculate the abundances for different values ofvS in addi-
tion to h with the standard BBN code@19#. Then we calcu-
late x2(h,vS) as

2Our RGE argument above to derive the relations between
dilaton vacuum expectation value and the gauge coupling cons
@Eqs.~18! and~22!# follows Ref.@4# and contains some approxima
tions. More detailed arguments are found in Refs.@16,17# and@18#.
12351
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x25(
i

~ai
th2ai

obs!2

~s i
th!21~s i

obs!2
~25!

wherei is the type of element with which we try to impose
constraint. To estimate theoretical errors, we have perform
1000 Monte Carlo simulations using the values of Ref.@15#
for the nuclear reaction rate uncertainty and of the Part
Data Group@10# for the neutron lifetime 885.760.8 s. For
the observational errors for D,4He, and7Li, we adopt

~D/H!obs5~3.060.4!31025, ~26!

Yobs50.2386~0.002!stat6~0.005!syst,
~27!

log10@~
7Li/H !obs#529.766~0.012!stat6~0.05!syst

6~0.3!add . ~28!

Equation~26! is taken from Ref.@20# and Eq.~27! from Ref.
@21# where the first error is the statistical uncertainty and
second error is the systematic one. Equation~28! is from
Ref. @22# with the error we have added for the uncertainty
chemical evolution@23#.

The results are shown in Fig. 1. The shapes of the con
lines are easily understood. The contours drawn from thex2

of the three elements@Fig. 1~a!# are just the product set of D
@Fig. 1~b!# and 4He @Fig. 1~c!# because7Li @Fig. 1~d!# does
not give much constraint.

D and 7Li do not vertically constrain much and4He alone
constrainsvS . The reason is that D and7Li abundances are
determined mainly by charged-particle reactions and4He by
the freeze-out ratio. The former is determined by t
Coulomb barrier penetrability or the electromagne
coupling ae.m. and the latter by the neutron-proton ma
difference Dm. Dm depends linearly onLQCD as de-
scribed in Sec. III A.ae.m. and LQCD are related to each
other through Eqs.~19! and ~21! which come from genera
notions of the gauge coupling unification. This relation te
that DLQCD /LQCD,now'(80p2/9)Dae.m./ae.m.,now where
Dae.m.5ae.m.,bbn2ae.m.,now , etc., so a small increase i
ae.m. is accompanied by a great increase inLQCD andDm.
This is the reason why4He constrainsvS much more than D
and 7Li do in our model.

To make sure, we explain the trend of the4He contour. As
vS increases,LQCD decreases and henceDm increases. This
makes (nn /np)u f reeze-out decrease, so the4He abundance de
creases. Since the4He abundance is an increasing functio
of h, the increase invS relaxes the constraint for higherh.
This shows up in the trend that the contour goes up in
direction of increasingh.

The constraint on the dilaton field variation is obtain
from Fig. 1~a!. For 95% confidence level,

21.531024,vS,6.031024, ~29!

or, using S5e2A2kF/k with k5(8pG)1/25(2.43
31018 GeV)21, we obtain

21.031015 GeV,DF,2.631014 GeV. ~30!

e
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FIG. 1. The contour lines on
the h-vS plane drawn~a! using
the data of the three light elemen
D, 4He, and7Li, ~b! using D, ~c!
using 4He, and~d! using 7Li. The
vertical axis is vS5(Sbbn

2Snow )/Snow. The solid line is
the 95% confidence level and th
dotted line 70%.
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VI. CONCLUSION

In summary, we have considered a BBN calculation w
the coupling constants taking different values from t
present ones and whose variation is determined by the
ton fieldF as in the action~15!. The setup is the same as
Ref. @4# but we have performed a full nuclear reaction n
work calculation with the BBN code so the abundances o
and 7Li in addition to those of4He are available to compar
with the observations and make a constraint. This is done
calculatingx2 as a function of the baryon-to-photon ratioh
and the fractional variation of the dilatonvS defined in Eqs.
~17! and ~20!, and we have obtained the constraint~29!,
which is of the same order as the value found in Ref.@4#. It
might be interesting that the standard BBN (vS50) is out-
side the allowed region at the 70% confidence level as s
in Fig. 1~a!. However, this result relies on the high-h ~low-D
and/or low-4He) observations which are not yet unambig
ous and its error may be underestimated. If the error tur
out to be larger orh to be lower~D and/or4He to be higher!,
vS50 is allowed at the 70% confidence level.

The constraint onvS is readily converted to that onae.m.
using Eq.~19!, which becomesDae.m./ae.m.52vS whenvS
is small, and gives
12351
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26.031024,
Dae.m.

ae.m.
,1.531024, ~31!

which is two orders of magnitude stricter than what w
found in Ref. @5# where onlyae.m. is varied. This feature
should be common in the models in which variations of t
gauge couplings are related to each other through gauge
fication, so the variation inLQCD is much larger than that o
ae.m..

For comparison, we draw a contour diagram when o
ae.m. is varied. The result is Fig. 2. The shape is similar b
noticing the vertical scale, it is two orders of magnitu
larger than in Fig. 1~a!. The constraint becomes25.0
31022,Dae.m.,only /ae.m.,only,1.031022 and this is simi-
lar to the result obtained in Refs.@5# and @6# ~the factor
difference is attributed to the difference in the adopted
servational data!. The contours in Fig. 2 completely cove
the contours in Fig. 1~a!. This is another demonstration tha
the constraint is not obtained by the variation ofae.m. di-
rectly but byLQCD .

Finally, we notice that the limit~31! is consistent and ha
a favorable trend with the result found in Ref.@1# from qua-
sar absorption systems, that is,Dae.m.,only /ae.m.,only
1-6
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5(20.7260.18)31025. This shows thatae.m. wassmaller
at z5O(1). So if thevariation is monotonic, it should be

FIG. 2. The contour lines when onlyae.m. is varied drawn using
the data of the three light elements D,4He, and7Li. The relation
vS'2Dae.m./ae.m. holds.
.
n.

A
a

J.

12351
even smaller at the BBN time. This is just the tendency
Eq. ~31! ~the allowed region is wider on the negative side!. A
more quantitative comparison needs a model for the t
evolution of the coupling constants~for example, a model for
some dilaton potential! and the analysis of the quasar data
the situation where couplings other thanae.m. vary.

We have not reached a stage where such a constrain
Eq. ~30! can be used to say something about particle phys
In this paper, we bear string theory in mind and treat the ti
variation of the coupling constants as caused by the dila
one of the scalar fields found in the theory. However, witho
referring to string theory, scalar fields flourish in cosmolo
to attack important problems~e.g., inflation, quintessence! so
a similar analysis~with a different action! can be used to
constrain such scenarios. In order to find useful applicatio
the analysis itself has to be sharpened because there
remain unsatisfactory estimates concerning the nuclear fo
This sector will be improved with a field theoretic~QCD
based! understanding of the nuclear force.
lck,
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