
PHYSICAL REVIEW D 66, 045022 ~2002!
Constraints on the variations of the fundamental couplings
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We reconsider several current bounds on the variation of the fine-structure constant in models where all
gauge and Yukawa couplings vary in an interdependent manner, as would be expected in unified theories. In
particular, we reexamine the bounds established by the Oklo reactor from the resonant neutron capture cross
section of149Sm. By imposing variations inLQCD and the quark masses, as dictated by unified theories, the
corresponding bound on the variation of the fine-structure constant can be improved by about 2 orders of
magnitude in such theories. In addition, we consider possible bounds on variations due to their effect on long
lived a- andb-decay isotopes, particularly147Sm and187Re. We obtain a strong constraint onDa/a, compa-
rable to that of Oklo but extending to a higher redshift corresponding to the age of the solar system, from the
radioactive lifetime of187Re derived from meteoritic studies. We also analyze the astrophysical consequences
of perturbing the decayQ values on bound stateb decays operating in thes process.
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I. INTRODUCTION

The nature of fundamental constants in physics is a lo
standing problem. While certain constants can be though
as merely unit conversions (c,\,kB , etc.!, others such as
gauge and Yukawa couplings can be thought of as dynam
variables. Indeed, such is the case in string theory, where
only fundamental parameter is dimensional, namely
string tension. The dimensionless gauge and Yukawa c
plings are then set by ratios of the dilaton and moduli fi
vacuum expectation values~VEV! to the string tension.
Similarly the gravitational coupling~Planck mass! is scaled
from the string tension by a modulus VEV. Thus until the
VEV’s are fixed, the fundamental coupling constants co
vary in time. Of course, while it is widely expected th
nonperturbative effects will generate a potential for t
moduli and fix their VEV’s~probable at some high energ
scale!, the mechanism and scale of this fixing are a subjec
much debate. Thus in principle, one can consider variati
in the fundamental couplings a logical possibility.

Indeed, a considerable amount of interest in the poss
ity of time-varying constants has been generated by re
observations of quasar absorption systems. Observation
the energy level splitting between theS1/2→P3/2 and S1/2
→P1/2 transitions in several atomic states such as CIV, Mg
and SiIV, suggest a time variation in the fine structure c
stant by an amountDa/a5(0.7260.18)31025 @1# over a
redshift range of 0.5–3.5. In addition, there may be prelim
nary evidence for a variationDm/m5(5.763.8)31025 in
the ratio of the proton to electron massesm[mp /me @2# for
redshifts of;2 –3.

Starting from the work of Bekenstein@3#, there have been
a number of attempts to formulate a dynamical model o
variable fine structure constant@4,5#. These models typically
consist of a massless scalar field which has a linear coup
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to the F2 term of theU(1) gauge field. The coupling o
nonrelativistic matter to the scalar field induces a cosmolo
cal change in the background value of this field which can
interpreted as a change in the effective fine structure c
stant. Independent of our prejudices~or lack thereof! regard-
ing a fundamental theory, such models are difficult to co
struct in such a way as to remain consistent with ot
experimental constraints. For example, the presence o
massless scalar field in the theory leads to the existence o
additional attractive force which does not respect Einste
weak universality principle. The extremely accurate che
of the latter@6# lead to a firm bound that confines possib
changes ofa to the rangeDa/a,1021021029 for 0,z
,5 @3,7,5# in the context of the minimal Bekenstein mod
where a change in the scalar field is triggered by the bar
energy density. It was argued@5# that a significantO(1)
coupling between the scalar field and the dark matter ene
density is required in order to allowDa/a;1025 and re-
main consistent with equivalence principle constraints@6#.
Thus it is natural to expect that in generalized Bekenst
models, not only the fine structure constant but all of t
couplings and masses will depend on the expectation v
of a light scalar.

In addition, there exist various sensitive experimen
checks that coupling constants do not change~see e.g.@8#!.
Among the most stringent of these is the bound onuDa/au
extracted from the analysis of isotopic abundances from
Oklo phenomenon@9–12#, a natural nuclear fission reacto
that occurred about 1.8 billion years ago. While the Ok
bound uDa/au,1027 is considerably tighter than the ‘‘ob
served’’ variation, Oklo occurred at a time period corr
sponding to a redshift of about 0.14, and it is quite possi
that whilea varied at higher redshifts, it has not varied r
cently. That is, there is no reason for the variation to
constant in time. Big bang nucleosynthesis also provides l
©2002 The American Physical Society22-1
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its on Da/a @13,14#. Although these limits are weaker, the
are valid over significantly longer time scales.

The Bekenstein model and its modifications are int
duced inad hocmanner, and their relation to deeper mo
vated theoretical models is problematic. A major stumbl
point on the path between the theory and phenomenolog
a changinga is the masslessness of the modulus that me
ates this change@15#. Indeed, to be relevant for the cosm
logical evolution now or in the recent past, the mass of t
scalar has to be comparable or lighter than the Hubble
rameter atz;0 –5, whereas quantum corrections would te
to generate a muchlarger mass. This is a generic problem
for any interacting quintessence-like model that is similar
the cosmological constant problem. Since very little is ac
ally understood about the latter, we do not think that t
problem is a sufficient reason to discard phenomenolog
models of changinga. Disregarding the problem of mass
lessness of the modulus that renormalizes coupling c
stants, we proceed to analyze phenomenological constr
on a theory with a fixed~modulus-independent! high-energy
scaleM P , unified values for all coupling constants atM P ,
and a single modulus that changes the values ofall coupling
constants. Such a theory is motivated by a string model w
dilaton-dependent coupling constants. One has to kee
mind, however, that the simplest string tree-level values
the couplings of dilaton to matter andmdilaton50 lead to a
catastrophic non-universality in the gravitational exchan
by this scalar, which violates the current bound by 10 ord
of magnitude@5,16#. One remedy to this problem may be
more complicated form of the dilaton-matter coupling with
universal extremum@16#. Another possibility is that a mass
less modulus contains a relatively small admixture of
string dilaton, so that all the couplings of this modulus
matter are suppressed to a level consistent with the equ
lent principle@6#.

The possibility that significantly stronger constraints
the variation of the fine structure constant can be obtaine
the context of theories in which the change in a scalar fi
VEV induces a change in the fine structure constant as
as the other gauge and Yukawa couplings was first explo
in @14# ~see also,@17#!. There it was recognized that in an
unified theory in which the gauge fields have a comm
origin, variations in the fine structure constant will be a
companied by similar variations in the other gauge c
plings. In other words, variations of the gauge coupling
the unified scale will induce variations in all of the gau
couplings at the low energy scale. Note that even in theo
with nonuniversality at the string scale, there is almost
ways some relation between the couplings.

It is easy to see that the running of the strong coupl
constant has dramatic consequences for the low energy
ronic parameters, including the masses of nucleons@14#. In-
deed the masses are determined by the QCD scale,L, which
is related to the ultraviolet scale,MUV , by dimensional
transmutation:

as~MUV
2 ![

gs
2~MUV

2 !

4p
5

4p

b3ln~MUV
2 /L2!

, ~1!
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where b3 is a usual renormalization group coefficient th
depends on the number of massless degrees of freedom,
ning in the loop. Clearly, changes ings will induce ~expo-
nentially! large changes inL:

DL

L
5

2p

9as~MUV!

Das~MUV!

as~MUV!
@

Das~MUV!

as~MUV!
, ~2!

where for illustrative purposes we took the beta function
QCD with three fermions. On the other hand, the elect
magnetic couplinga never experiences significant runnin
from MUV to L and thusDL/L@Da/a. A more elaborate
treatment of the renormalization group equations aboveMZ
@18# leads to the result that is in perfect agreement with@14#:

DL

L
.30

Da

a
. ~3!

In addition, we expect that not only the gauge couplings w
vary, but all Yukawa couplings are expected to vary as w
In @14#, the string motivated dependence was found to be

Dh

h
5

DaU

aU
~4!

whereaU is the gauge coupling at the unification scale anh
is the Yukawa coupling at the same scale. However in th
ries in which the electroweak scale is derived by dimensio
transmutation, changes in the Yukawa couplings~particularly
the top Yukawa! lead to exponentially large changes in th
Higgs VEV. In such theories, the Higgs expectation va
corresponds to the renormalization point and is given qu
tatively by

v;M P exp~22pc/a t! ~5!

wherec is a constant of order 1, anda t5ht
2/4p. Thus small

changes inht will induce large changes inv. For c;ht;1,

Dv
v

;80
DaU

aU
. ~6!

This dependence gets translated into a variation in all
energy particle masses. In short, once we allowa to vary,
virtually all masses and couplings are expected to vary
well, typically much more strongly than the variation in
duced by the Coulomb interaction alone. Unfortunately, it
very hard to make a quantitative prediction forDv/v simply
because we do not know exactly how the dimensional tra
mutation happens in the Higgs sector, and the answer
depend, for example, on such things as the dilaton dep
dence of the supersymmetry breaking parameters. This
certainty is characterized in Eq.~5! by the parameterc. For
the purpose of the present discussion it is reasonable to
sume thatDv/v is comparable but not exactly equal
DL/L. That is, although they are bothO(102100)Da/a,
their differenceuDL/L2Dv/vu is of the same order of mag
nitude which we will take as;50Da/a.

In @14#, these relations were exploited to derive a stro
bound on variations ofa during big bang nucleosynthesis
2-2
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The standard limit@13# of Da/a&1022 is improved by
about 2 orders of magnitude toDa/a&1024 as recently con-
firmed in a numerical calculation@19#. Here, we will con-
sider the effect of these relations on the existing Oklo bou
as well as derive new bounds relating to the long liveda-
and b-decaying isotopes,147Sm and 187Re; we will also
comment briefly on the influence of changing the fundam
tal couplings ons-process yields.

Before proceeding, we note briefly that in the class
theories we are considering, we would predict that
proton-electron mass ratio is also affected. For example,
would expect that

Dm

m
;

DL

L
2

Dv
v

. ~7!

From Eqs.~3! and ~6!, we estimate thatDm/m;331024,
based on the reported claim of a variation ina @1# and is
somewhat larger than that reported in@2#. For related discus-
sions see@20#.

II. THE OKLO BOUND REVISITED

Approximately two billion years ago, a natural fission r
actor was operating in the Oklo uranium mine in Gabo
Shlyakhter@9# argued that a strong limit on the time variatio
of a was possible by examining the isotopic ratios of Sm
the Oklo reactor. This suggestion was confirmed by Dam
and Dyson@10#, who performed a detailed analysis of th
isotopic ratios and the effect that varyinga would have on
the resonant neutron capture cross section of Sm. T
analysis provided a bound of

UDa

a U&1027. ~8!

The bound was derived primarily by calculating the shift
the resonance energy,Er.0.0973 eV, of the Sm neutro
capture cross section which is induced by a variation in
Coulomb contribution. While a full analytical understandin
of the energy levels of heavy nuclei is not available, it
nevertheless possible to obtain an estimate of the size o
energy shift if the fundamental parameters of the theory
varied. In particular, it is possible to identify the over-ridin
scale dependence of the terms which determine the bin
energy of the heavy nuclei. We perform this estimate in
context of the Fermi gas model. We will argue that the O
data can provide a sufficiently strong bound on the variat
of mq andL, or more precisely, on the variation ofmq /L.

We begin by considering the semi-empirical formula f
the binding energyB(A,Z) of a spherical nucleus with mas
numberA and atomic numberZ @21#:

B~A,Z!5CVA2CSA2/32aCZ2A21/31d~A,Z!apairA
2e

1CdZ2A211Dshell~A,Z!, ~9!

where the first three terms on the right-hand side repre
the volume, surface, and Coulomb contributions, resp
tively, and the last three terms represent corrections du
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pairing, surface diffusiveness, and shell structure. The c
rections due to asymmetry between neutrons and protons
included inCV andCS . The coefficients in Eq.~9! are given
by

CV5aVF12kS A22Z

A D 2G , ~10!

CS5aSF12kS A22Z

A D 2G , ~11!

aC5
3

5

e2

r 0
, ~12!

Cd5
p2

2 S a0

r 0
D 2e2

r 0
. ~13!

Numerical values for the pertinent quantities areaV
515.68 MeV, aS518.56 MeV, k51.79, aC
50.717 MeV, a050.546 fm, r 051.205 fm, apair
511 MeV, e50.5, and

d~A,Z!5H 1 for even2A even2Z,

0 for odd2A,

21 for even2A odd2Z.

~14!

The shell structure coefficients are discussed below.
The Coulomb contribution has a simple interpretation

the electromagnetic energy stored in a uniformly charg
sphere of total chargeZe and radiusr 0A21/3. The volume
and surface contributions can be rewritten as

CVA2CSA2/352~^T&1^V&!, ~15!

where T and V represent the kinetic and potential energ
respectively, of the nucleons. Based on the Fermi gas m
and considerations of nucleon-nucleon interaction poten
@21#,

^T&5T0F11
5

9 S A22Z

A D 2G S 12
f S

A1/3D A, ~16!

^V&5FVV1VsymS A22Z

A D 2G S 12
f S

A1/3D A,

~17!

where

T05
3

10

kF
2

M
}

1

Mr 0
2 ~18!

is the zeroth-order contribution to the total kinetic ener
and the terms with the coefficientf S represent surface cor
rection. For a Fermi momentumkF51.36 fm21, T0
523.01 MeV, and the other quantities can be obtained
VV5238.69 MeV,Vsym515.29 MeV, andf S51.184.
2-3



th

.9

d
en
ou

th

m
c-

e
tio
he
te

ou

th
t a

o

tu

th

on
g

d

it

nt.

the
of
e

ing
e
ight
ch as
ale

s

-

the

ous

on
not
pling
em
nic

s

ss.
alar

iral

a

KEITH A. OLIVE et al. PHYSICAL REVIEW D 66, 045022 ~2002!
Now consider the reaction

149Sm1n→150Sm1g. ~19!

The Q value of the reaction is

Q5B~150,62!2B~149,62!

520.987T020.851VV20.245Vsym

11.615aC18.1631022apair20.172Cd

1Dshell~150,62!2Dshell~149,62!, ~20!

where the numerical values for all the terms except for
last two on the right-hand side are222.71, 32.93,23.75,
1.16, 0.90, 20.21 MeV, respectively. Comparing theQ
value calculated above with the experimental value of 7
MeV gives an estimate ofDshell(150,62)2Dshell(149,62)
50.33 MeV. Clearly, changes inT0 and VV produce the
largest effects on theQ-value. Thus not only will our limit be
strengthened~relative to the purely electromagnetic boun
@10#! due to the strong interaction, but also due to the
hanced sensitivity of the binding energy relative to the C
lomb term alone.

Since we are lacking a complete analytical theory for
origin of the terms entering into Eq.~9!, it will be sufficient
to concentrate on the dominant kinetic and potential ter
Even in this simplified formalism, it is not possible to a
count for the exact scaling of the dimensionful termsT0 , VV
andVsym. However, we can identify a certain degree of r
quired scaling, and it is quite clear that an exact cancella
of such a scaling is extremely unlikely. Furthermore, t
resonant cross section proceeds through an excited sta
150Sm, which happens to lie very close to theQ value given
in Eq. ~20!. Thus the quantity of interest is

Er5Q2E* 50.0973 eV ~21!

whereE* is the energy of the excited state of150Sm. Unfor-
tunately, we expect that variations in the fundamental c
plings also lead to changes inE* . The previous bound ona
was based on the presumption that taking into account
variation ofE* with a only strengthens the bound, so tha
conservative bound onDa can be traced directly toDQ.
Here we will have to rely on the probability that it is als
highly unlikely that bothQ and E* depend on all of the
fundamental parameters in exactly the same way. We re
to this point below.

Before we derive our bound on possible variations of
gauge couplings it will be useful to first use Eq.~20! to
derive the bound ona along the lines of@10#. If we ignore
all of the unification arguments given in the previous secti
then the only clearly identifiable piece with the electroma
netic coupling in Eq.~20! is the Coulomb term. Damour an
Dyson @10# derived the bound

20.12 eV,D~Q2E* !5DQ,0.09 eV ~22!

where

DQ[QOklo2Qnow. ~23!
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For our purposes it will be sufficient to consider the lim
uDQu,0.1 eV. The Coulomb term in Eq.~20! is simply

1.6aC.1.16 MeVS a

a0
D ~24!

wherea0 is the present value of the fine structure consta
Thus

DQ51.16 MeVS Da

a D ~25!

We can therefore immediately derive the limit

UDa

a U&1027 ~26!

in good agreement with Damour and Dyson.
We next attempt to use the same procedure to derive

limit on the gauge coupling when the unification argument
the previous section is included. We first note that if w
simply associate all dimensionful quantities as originat
from LQCD , no significant limit is possible. In such a naiv
approach, one would argue that the masses of the l
quarks can be neglected, and all hadronic parameters su
mN and the strength of the nucleon-nucleon potential sc
linearly with L. It is clear, though, that in this limit there i
no sizable effect on the position of the resonance, since

DEr;D~Q2E* !;
~Q2E* !

L
DL ~27!

and henceDEr /Er;DL/L. Since the constraint on varia
tion in Er is only O(1) @cf. Eq. ~22!#, one is simply left with
DL/L,O(1). This point has been repeatedly stressed in
literature. For the most recent discussion, see, e.g., Ref.@22#.

There are two generic problems that prevent a rigor
analysis ofDEr as a function ofmq /L. The first problem lies
in fact on the interface of the perturbative QCD descripti
and the description in terms of hadrons. In short, we do
know the exact dependence of hadronic masses and cou
constants onL and light quark masses. The second probl
concerns modeling nuclear forces in terms of the hadro
parameters.

Generically, the mass of a hadroni can be parametrized a

mi.const3LS 11k i

mq

L
1O~mq

2! D , ~28!

where k i reflects the dependence on the light quark ma
Clearly, masses of the members of the lightest pseudosc
octet have a significant dependence onmq , andkp;1/2. On
the other hand, heavy hadrons remain massive in the ch
limit which suggests that for nucleonskN!1. In practice,kN
~Fig. 1a! probably varies from 0.1 to 0.2 due in part to
rather large value of the matrix element ofmss̄s over a
nucleon state,̂ Numss̄suN&;100650 MeV @23#, which is
known to admittedly poor accuracy~the combined matrix
element overu and d quarks is 45 MeV!. Other particles
2-4
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which are important for nuclear dynamics such as vec
resonances are expected to havekN,kV,kp . We note that
although a complete analysis ofDmi /Dmq is certainly lack-
ing ~due to the difficulty of the problem!, some insight can
be gained from QCD sum rule analyses.

Recent progress in understanding the chiral dynamic
few nucleon systems is not directly applicable to large nu
such as Sm~see e.g.@24# and references therein!. Instead,
one has to resort to a model description of nuclear for
such as contact interactions generated byt-channel ex-
changes of vector and scalar resonances. In this appro
the relevant Lagrangian can be symbolically written as

L5( N̄~ i ]mgm2mN!N1
a

M2
~N̄N!~N̄N! ~29!

where the sum runs over all relevant isospin and Lore
structures. The scaleM remains finite in the chiral limit, and
thus scales approximately linearly withL. It is important to
note that single pion exchange, which is the most import
source of the nuclear force in the deuteron, plays little if a
role in nuclei with largeA. Nevertheless, one can provide
conservative estimate of themq dependence of a nucleon
nucleon potential by considering chiral loop corrections
the contact nucleon-nucleon interaction, Fig. 1b. This w
one obtains

a

M2
5

a0

L2
1

a1mq

L3
1

1

8p2f p
2 S ^Numqq̄quN&

f p
D 2

lnF4p f p

mh
G

1O~mq
2!, ~30!

and f p scales linearly withL. In principle, the strength o
overall numerical (L andmq independent! coefficienta can
be fit to nuclear data but for the purpose of present disc
sion, we simply take it to beO(1). Unfortunately, there is no
known reliable way of calculating the coefficientsa0 anda1
in front of the zeroth and first order terms of the expansion
mq . On the other hand, it is very unlikely thata0 and a1
would conspire to form exactly the same combination ofL
and mq as in mN , Eq. ~28!. Fortunately, the presence of
chiral logarithm in Eq.~30! in the O(mq

2) term and the
known absenceof such a term inmN ensures that the
nucleon mass,mN , and the interaction strength, 1/M2, de-
pend differently on (mq /L). Thus, to be very conservative
we consider only the variation of the chiral logarithm in~29!

FIG. 1. Themq dependence of hadronic parameters.~a! illus-

trates the insertion ofmqq̄q into the nucleon line that determine
kN . ~b! is the chiral loop that gives themq dependence of the
nucleon-nucleon interaction.
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and use 100–200 MeV for the value of^Numqq̄quN& @23#,
noting that the linear term~of ordermq) is likely to produce
a more stringent bound:

DL;~124!31021 fm2~N̄N!~N̄N!
D~mq /L!

mq /L
1•••.

~31!

From DL we obtain the HamiltonianDH using the mean
field approximation:

DH5~124!31021 fm2n0

D~mq /L!

mq /L (
i

u~R2r i !,

~32!

whereR is a nuclear radius andn0 an average nuclear den
sity inside the nucleus,n0.0.17 fm23. The sum runs over
all nucleons inside a given nucleus. As discussed above
change in the position of the resonance comes as the resu
the change in the position of the ground state of149Sm and
the excited state of150Sm. In this naive approach, we hav
neglected all specific origins of the resonant energy found
Q and E* . If we then associateDEr with the difference in
DH between the relevant states of149Sm and 150Sm, we
obtain

uDEr u
Er

;
~124!31021 fm2n0

Er
UD~mq /L!

mq /L U
;~2.5210!3107UDv

v
2

DL

L U. ~33!

Note that our result~33! is about an order of magnitud
weaker than the result obtained in@22#. Applying uDEr /Er u
,1 @10#, we arrive at the following bound:

UDv
v

2
DL

L U,~124!31028. ~34!

In the theoretical framework discussed in this paper, the
sult ~34! allows us to improve the limits on the variation o
the coupling constant by over an order of magnitude co
pared to Ref.@10#. Indeed, combining Eq.~34! and the esti-
mateuDL/L2Dv/vu;50Da/a, one gets

UDa

a U,~228!310210. ~35!

We remind the reader that the range quoted in the limit ab
is due to the uncertainty in the strange quark contribution
the nucleon mass and corresponds to using 100–200 M
for ^Numqq̄quN&.

It is also possible~though it bears its share of uncertaint!
to use the expression forQ ~20! to further strengthen the
bound. One should note that the resonance energy,Er , is
tiny due to a cancellation betweenQ andE* . Both are indi-
vidually '8 MeV. However, the value ofQ is also deter-
mined by a set of cancellations between the terms in Eq.~20!
which are of order 20–30 MeV. By once again relying on t
2-5
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improbability that all terms will depend on the fundamen
constant in the same way, one can in principle use only
largest term~or terms! in Q, which are the potential and
kinetic terms.

If we again parametrize our ignorance of exact scalin
with uDL/L2Dv/vu, we can expect that

DEr

Er
;

D~Q2E* !

Er
;

DV

Er
;

V

Er
kUDv

v
2

DL

L U,1 ~36!

which leads to

UDa

a U,~125!310210 ~37!

for the range 0.1&k,0.5. In Eq.~37!, we have assumedV
;30 MeV. This is the most optimistic bound that one c
expect from the Oklo data. Recalling that the Oklo eve
occurred some 2 Gyr in the past, we would obtain the lim
ȧ/a,2.5310219 yr21.

III. CONSTRAINTS ON THE VARIATION OF
FUNDAMENTAL COUPLINGS FROM LONG LIVED

a- AND b-DECAY NUCLEI

Bounds on the variation of the fundamental couplings c
also be obtained from our knowledge of the lifetimes of c
tain long-lived nuclei. In particular, it is possible to use re
tively precise meteoritic data to constrain nuclear decay r
back to the time the solar system was formed~about 4.6 Gyr
ago!. Thus, for the current standard inputs ofVm.0.35,
VL.0.65 andh050.71, we can derive a constraint on po
sible variations at a redshiftz.0.45 which borders the rang
over which such variations are claimed to be observedz
50.5–3.5). Note that nuclei with relatively short lifetime
especially in the case of bound beta decay~see Sec. IV!,
could be of astrophysical interest in the context ofs-process
nucleosynthesis@25#.

A. Nuclear physics

Here, we will concentrate only on the possible influen
of variations in theQ value ona- andb-decay lifetimes. As
fission processes are less well understood and less sen
than the other decay processes, we do not consider t
isotopes for which fission is the dominant decay mode.
the other hand,a- and b-decay processes are better und
stood, and our basic constraints can be seen as due
change in the phase space of emitted particles in the cas
b decays, while fora decays, the constraints are related
Coulomb barrier penetrability.

In principle, slight changes in a coupling strength c
stabilize~destabilize! certain isotopes. Clearly, the maximu
effect is expected to occur for nuclei with smalluQu. A pio-
neering study on the effect of variations of fundamental c
stants on radioactive decay lifetimes was performed
Dyson @26#. The isotopes which are most sensitive
changes in theQ value are typically those with the lowes
value ofQb , which is theQ value corresponding tob decay.
In addition, DQ’s arising from variations of fundamenta
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constants are expected to scale withDB, which is the change
in the binding energyB of the parent nucleus. Accordingly
as a first step, we consider isotopes with the smallest va
of uQbu/B as calculated from nuclear mass tables@27#, re-
gardless of their actual decay modes. Fora decay, small
values ofQa ~of order the smallestQb , i.e. a few tens of
keV! are not interesting because the Coulomb barrier is
high that the decay probability is vanishingly small. Henc
we considered isotopes with the smallestQa values which
have dominanta-decay mode (Qa;1 MeV).

The possible influence of the variation of constants on
binding energy and on theQ values has been discussed
Sec. II. Here, we will considerDQ/B as a parameter~assum-
ing again thatDQ scales withDB, i.e. DQ}DB andDB/B
}Da/a). Isotopes with smallQ for b1 decay are not con-
sidered as the electron capture channel is already open
will dominate the decay. Tables I and II present respectiv
thea priori most interesting nuclei concerningb2 decay and
electron capture~EC!. These isotopes haveuQu/B less than
the typical value of 1024 and are selected from the NUBAS
files of nuclear data@27#. For each isotope, theQ value,
lifetime, binding energyB and theQ/B ratio are displayed;
also shown is the difference in spin and parity between
parent and the daughter nuclei, which governs the degre
forbiddenness. Stable nuclei which could become unsta
are also included. In Table III, we show thea-decay isotopes
with half-life longer than 106 yr and 1.9,Qa,4.7 MeV.

In the following, we concentrate on the most favorab
cases and we study the variation of their half-life as a fu
tion of DQ/B in the limit of uDQu/B,1024. We see that the
isotope with the smallestQb2 value is 187Re (2.66
60.02 keV). In the case of electron capture~Table II! a few
isotopes also have smalluQu values, such as187Os and
163Ho. These lowQ isotopes could be involved in boun
stateb decay prevailing in stellar conditions~see Sec. IV!.

The rate of beta decay depends on the decay energy
on the leptons’ angular momentum,. The decays are class
fied as allowed (,50) and, forbidden (,Þ0). Uniquetran-
sitions occur when only one multipolarity is permitted b
spins and parities. We will consider here only the allow
and first forbidden transitions and neglect those that wo
give an even longer half-life. The half-live,T1/2, is related to
the nuclear matrix element,M f i , through

f T1/25
2p3ln 2

~me!
5GF

2 uM f i u2
, ~38!

whereGF51/2v2 is the weak coupling constant andf con-
tains all the energy dependence. For allowed transitions,f is
given by @28#

f ~Z,R,e0![E
1

e0
r~Z,R,ee!~e02ee!

2eeAee
221dee

~39!
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TABLE I. Properties of selected nuclei with lowuQb /Bu.

A Element Qb2 Half life Decay B Q/B DI Dp
~keV! ~yr! ~MeV!

106 Ru 40.0 1.02 b2 9.073102 4.4131025 1 1

107 Pd 33.0 6.53106 b2 9.163102 3.6031025 2 2

123 Sb 253.3 -.- stable 1.043103 25.1131025 3 1

150 Nd 287.0 2.131019 2b2 1.243103 27.0331025 1 2

151 Sm 76.7 90. b2 1.243103 6.1631025 0 2

148 Eu 41.0 0.15 b1 1.223103 3.3631025 1 2

157 Gd 260.1 -.- stable 1.293103 24.6731025 0 2

160 Gd 2105.6 -.- stable 1.313103 28.0731025 3 2

163 Dy 23.0 -.- stable 1.333103 22.2631026 1 1

171 Tm 96.4 1.92 b2 1.393103 6.9631025 0 2

179 Hf 2110.9 -.- stable 1.443103 27.7131025 1 1

184 Re 31.5 0.10 b1 1.243103 27.0331025 1 2

187 Re 2.6 4.3531010 b2 1.493103 1.7431026 2 2
a
id

to

at
vice
that
e

e

a-
whereZ is the atomic number of the daughter nucleus,e (e0)
is the ~maximum! electron energy in units ofme , and

r~Z,R,ee!52~2peR!2(s21)~11s!ephUG~s1 ih!

G~2s11!
U2

~40!

is the relative electron density at the nuclear surface~radius
R!, with h[aZEe /pe and s2[12(Za)2. We will use f to
calculate the energy dependence of the half-life for the
lowed and first forbidden transitions. For unique first forb
den transitions (DI 52,Dp52), we will use the approxima-
tion f u'(e0

221) f ~see @29#!. The calculated half-life is
displayed in Fig. 2 as a function ofDQ/B for the isotopes of
04502
l-
-

interest. The individual panels of Fig. 2 correspond
uDQu/B,102n for n53, 4, 5, and 8.

WhenuDQu/B is relatively large as in Fig. 2a, we see th
several isotopes may change from stable to unstable or
versa. For smaller variations as seen in Fig. 2b, we see
the half-life is slightly altered for a few isotopes, but th
most spectacular effects arise for187Re and163Dy, the latter
becoming unstable. When we restrict variations touDQu/B
,1025, we see that only the187Re half-life is significantly
altered. After an examination of Tables I, II, and III and th
dependence of the half-life onDQ, we conclude that187Re is
the most promising isotope for studying variations of fund
mental constants. We will discuss187Re in more detail after
considering the case of long-liveda decays.
TABLE II. Properties of selected nuclei with lowQEC /B.

A Element QE.C. Half life Decay B Q/B DI Dp
~keV! ~yr! ~MeV!

107 Ag 233.0 -.- stable 9.153102 23.6031025 2 2

123 Te 53.3 .6.031014 EC1 1.043103 5.1231025 3 1

136 Cs 80.0 3.6131022 b2 1.143103 7.0131025 5 1

150 Pm 87.0 3.0631024 b2 1.243103 7.0431025 1 2

151 Eu 276.7 -.- stable 1.243103 26.1631025 0 2

157 Tb 60.1 71. EC1 1.293103 4.6731025 0 2

160 Tb 105.6 0.2 b2 1.313103 8.0731025 3 2

163 Ho 3.0 4573. EC1 1.333103 2.2631026 1 1

171 Yb 296.4 -.- stable 1.383103 26.9631025 0 2

176 Lu 106.2 3.7831010 b2 1.423103 7.4931025 7 2

179 Ta 110.9 1.82 EC1 1.443103 7.7131025 1 1

178 W 90.0 5.9231022 EC 1 1.433103 6.3031025 1 1

184 Os 231.5 -.- stable 1.473103 22.1431025 3 2

187 Os 22.6 -.- stable 1.493103 21.7431026 2 2

193 Pt 56.6 50. EC1 1.533103 3.7031025 1 2

194 Hg 40.0 440. EC1 1.543103 2.6131025 1 2

202 Pb 49.0 5.253104 EC1 1.593103 3.0831025 2 2

205 Pb 51.1 1.533107 EC 1 1.613103 3.1731025 2 2
2-7
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TABLE III. Properties of selected nuclei with smallQa .

Z A Element Qa Half life B Q/B
~MeV! ~yr! ~MeV!

60 144 Nd 1.905 2.2931015 1.203103 1.5931023

62 146 Sm 2.528 1.033108 1.213103 2.0931023

62 147 Sm 2.310 1.0631011 1.223103 1.9031023

62 148 Sm 1.986 7.31015 1.233103 1.6231023

64 150 Gd 2.809 1.793106 1.243103 2.2731023

64 152 Gd 2.204 1.0831014 1.253103 1.7631023

66 154 Dy 2.947 3.3106 1.263103 2.3431023

72 174 Hf 2.495 2.031015 1.403103 1.7831023

76 186 Os 2.822 2.031015 1.483103 1.9031023

78 190 Pt 3.249 6.531011 1.513103 2.1531023

90 232 Th 4.082 1.4131010 1.773103 2.3131023

92 235 U 4.678 7.043108 1.783103 2.6231023

92 238 U 4.270 4.473109 1.803103 2.3731023
o
lin

r
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r,

ent
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B. Limits due to long lived a decays

Dyson@26# defined the sensitivity of the decay constant
the nucleus to the change of the electromagnetic coup
constant as

s5
a

l

dl

da
, ~41!

which is a function of the decay energyQ. Thea-decay rate
depends ona through the probability of Coulomb barrie
penetration. Approximating this rate by

l} expF2
4paZ

AQa /~2mp!
G , ~42!

whereZ is the atomic number of the daughter nucleus,
can write

s52
4paZ

AQa /~2mp!
S 12

1

2
uD , ~43!

where

u5
a

Qa

dQa

da
. ~44!

The decay energyQa is given by

Qa5B~A,Z!1Ba2B~A14,Z12!, ~45!
04502
f
g
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where Ba is the nuclear binding energy of thea particle.
Varying only the Coulomb terms in Eq.~9! and neglecting
the contributions fromBa , we obtains5774, 890, 575, 659,
571, 466, and 549 for147Sm, 152Gd, 154Dy, 190Pt, 232Th,
235U, and 238U, respectively.

The variationDa/a is related toDl/l as

Da

a
5

1

s

Dl

l
. ~46!

Since the values ofs for the nuclei listed above are simila
the most stringent constraint onDa/a is given by the
nucleus with the smallest knownDl/l. While it is tempting
to use 238U for this purpose, the uncertainty of 6.731024

given in Table IV, corresponds to a laboratory measurem
and is not directly applicable to a constraint at high redsh
Indeed,238U is extremely well measured, and is used to ca
brate the ages of the meteorites. Instead, we consider147Sm
as an example, and assume thatDl/l is less than the frac-
tional meteoritic uncertainty of 7.531023 in the half-life of
147Sm @30# given in Table IV~see also@31#!. This gives

Da

a
&1025. ~47!

The change inl due to more general variations of the fu
damental constants can be written as
TABLE IV. Sensitive and insensitivea andb2 isotopes.

Nucleus Decay Q ~MeV! Half-life ~yr! Dl/l lab ~%! Dl/lmet ~%!
238U a 4.27 4.4683109 0.067 2
235U a 4.678 7.0383108 0.071 2
232Th a 4.082 1.40531010 0.4 .1
147Sm a 2.31 1.0631011 1.9 0.75
87Rb b2 0.283 4.7531010 0.8 0.8
40K b2 1.311 1.2653109 0.6 1
2-8
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FIG. 2. Evolution of half-life of theb2 isotopes as a function of theDQ/B parameter. In~a! the scale is taken to beDQ/B,1023, in
~b! DQ/B,1024, in ~c! DQ/B,1025, and in~d! DQ/B,1028.
th
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Dl

l
52

4paZ

AQa /~2mp!
FDa

a
1

1

2 S Dmp

mp
2

DQa

Qa
D G . ~48!

We again take147Sm as an example, for which

Qa53.36T013.40VV20.070Vsym139.9aC20.975Cd

1Dsh~143,60!2Dsh~147,62!1Ba , ~49!

where the numerical values for all the terms except for
last three on the right-hand side are 77.31,2131.51,21.08,
04502
e

28.63,21.18 MeV, respectively. The experimental value
Ba is 28.30 MeV. Comparing theQa calculated above with
the experimental value of 2.31 MeV gives an estimate
Dsh(143,60)2Dsh(147,62)521.84 MeV. We again see tha
changes inT0 and VV produce the largest effects onQa .
Note, however, that because the decay rate depends o
ratio ofQ to mp , if we neglect quark mass contributions toQ
andmp and retain only the scaling due toL, we see that the
contributions fromDmp /mp and DQ/Q in Eq. ~48! cancel
and no improvement in the limit is possible. Including th
quark contribution through the coefficient,k, we expect that
the scaling ofT0 andVV with mq /L will not be exactly the
same as that ofmp . So Eq.~48! gives
2-9
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Dl

l
.2

2paZk

AQa /~2mp!

T~V!

Qa

D~mq /L!

~mq /L!

5~3220!3102UDv
v

2
DL

L U, ~50!

using D(mq /L)/(mq /L)5uDv/v2DL/Lu. The range is
due to the difference inT andV (80–130 MeV) compared
to Q;2 MeV and the range ink50.1–0.5 as discusse
above. The variation in Eq.~50! corresponds to

Da

a
,~0.825!31027 ~51!

for Dl/l,7.531023. As shown below, this constraint i
less stringent than that derived from187Re b decay.

C. Limits due to long lived b decays

In Sec. III A, we have seen that187Re is the most sensitive
indicator of a possible variation ofa as first argued by
Peebles and Dicke@32# and Dyson@26#. The upper limit
obtained from the analysis of the Re/Os ratio in iron me
orites obtained at that time wasȧ/a55310215 yr21 @26#,
and was less stringent than the Oklo limit@10#. In spite of
this, Re is of interest since the estimate of the effect of
variation of the coupling constants~particularly when we go
beyond variations ina) based on the resonance energy~in
the Oklo case! is more complicated than that based on theQ
value ~in the Re case!. As we saw in Sec. II, the constrain
based on the Sm resonant energy required some knowl
of the role of quark masses in the nucleus and a limit ba
on variations ofLQCD alone could not be obtained. In th
case ofb decay, a constraint can be obtained in a more dir
way. Above all, the Re analysis is independent of the O
analysis and uses different physics. Finally, the dramatic
provement in the meteoritic analyses of the187Re/187Os ratio
mandates an update of the constraint on variations of
coupling constants.

Rhenium occurs in relatively high concentration in iro
rich meteorites. The187Re decay rate has been determin
through the generation of high precision isochrons from m
terial of known ages, particularly iron meteorites. Using t
Re-Os ratios of IIIAB iron meteorites that are thought
have been formed in the early crystallization of asteroi
cores, Smoliaret al. @33# ~see also@34#! found a 187Re half-
life of 41.6 Gyr within 0.5% assuming that the age of t
IIIA iron meteorites is 4.5578 Gyr60.4 Myr which is iden-
tical to the Pb-Pb age of angrite meteorites@35#. For a gen-
eral discussion see Refs.@36,31#. The results of Smoliar
et al. @33# are in good agreement with those of Shenet al.
@37#, which adds confidence to the meteoritic value of t
half-life ~which is more precise than the direct measurem
@38# which carries a 3% uncertainty!. The ages of iron me-
teorites determined by rhenium dating are in excellent ag
ment with other chronometers such as U-Pb and Mn-
which means that the rhenium lifetime has not varied m
than 0.5% over the age of iron meteorites~4.56 Gyr!. This
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gives l̇/l,1.1310212 yr21, to be compared with the limit
of 10210 yr21 given by Dyson@26#. The improvement in the
data is considerable.

The b decay of 187Re is a unique first fordidden trans
tion, for which the energy dependence of the decay rate
be approximated as@39#

l}GF
2Qb

3me
2 ~52!

which is in agreement with@26# and gives a good descriptio
of the variation ofT1/2 with Qb shown in Fig. 2d. The decay
energy,Qb , is given by

Qb5B~187,76!2B~187,75!1~mn2mp2me!

50.339T010.611Vsym226.4aC10.807Cd

1Dsh~187,76!2Dsh~187,75!

1~mn2mp2me!, ~53!

wheremn is the neutron mass and the numerical values
all terms except for the last three on the right-hand side
7.80, 9.34,218.93, and 0.98 MeV, respectively. The expe
mental value of (mn2mp2me) is 0.78 MeV. Comparing the
Qb calculated above with the experimental value of 2.66 k
gives an estimate of Dsh(187,76)2Dsh(187,75)
50.03 MeV. Considering only the variation of the Coulom
term in Qb , we have

Dl

l
53

DQb

Qb
.3S 20 MeV

Qb
D S Da

a D.23104S Da

a D ,

~54!

which givesda/a,331027 for dl/l,0.5% over a period
of 4.6 Gyr orȧ/a,6310217 yr21. This is 100 times more
stringent than the constraint in@26# due to the improvemen
of the limit on l̇/l.

The contributions toQb from T andV, which scale with
L, are comparable to that from the dominant Coulomb te
which scales asaL. As changes inL areO(30) times larger
than that ina, we can estimate

Dl

l
53

DQb

Qb
22

Dv
v

.3
T~V,C!

Qb

DL

L
.23104

DL

L
,

~55!

which gives

Da

a
,831029 ~56!

for Dl/l,0.5% over a period of 4.6 Gyr orȧ/a,2
310218 yr21.

Note that all of these limits based on Re decay hold o
if the variation ofl is of the same order as the accuracy ofl.
This hypothesis can be cross-checked by different chro
metric pairs with different sensitivities to variations ofa.
Furthermore, we can checka posteori, that even though the
meteoritic ages are determined in part by lab measurem
2-10
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of the 238U lifetime, the limits above still hold. To see this
we note that the adopted uncertainty in the Re half-life
determined by the uncertainty in the slope of187Os/188Os vs
187Re/188Os. The uncertainty in the age of the meteorites
neglected. However, Re is far more sensitive to changesa
than is U~i.e., the sensitivity factor for U is about 500, whi
for Re it is 23104). It is relatively simple to check that a
consistent limit requires changes ina which are sufficiently
small so that the uncertainty in the meteoritic age can
neglected.

IV. s-PROCESS NUCLEOSYNTHESIS

A variation of the fundamental constants could have s
eral other significant consequences on astrophysical
cesses particularly on nucleosynthesis. For example, va
tions in the gauge couplings would affect the position of
triple a resonance necessary for the synthesis of12C. This
has been examined recently by Oberhummeret al. @40#.
Here, we focus on the nucleosynthesis of heavier isoto
and in particular those generated by thes process. We will
keep our discussion qualitative since the nucleosynthesi
neutron rich isotopes is complex at both nuclear and ste
levels. Branching on thes-process path occurs every time th
b-decay lifetime of a given isotope is commensurate with
neutron capture lifetime~see@41#, for a review!. Among the
nuclei listed in Table I, several species are involved
s-process branching~especially in the Sm-Eu-Gd, W-Re-O
and Hg-Tl-Pb regions, on the basis of their lowQ/B ratio
@42–45#!. s-process nucleosynthesis has been studied in
context of the classical constant temperature scenario
more realistically in connection to thermal pulses in AG
stars. In the constant temperature scenario of the classis
process, thermal excitation of low lying energy states ta
place, strongly modifying stellar lifetimes, and the subtle
fects of the variation of the coupling constants are mask
However, more realistic models of the stellars process in-
voke highly convective situations during thermal pulses f
lowed by long episodes of quietness. The AGB recurr
thermal pulses give rise to rapid mixing of freshly synth
sized material in cooler zones. In these periods, the effec
variations ina could show up, since in the interpulse regim
the thermal population of excited levels is suppressed. T
the situation is involved and deserves a dedicated anal
on the basis of refined nuclear networks coupled to reali
stellar models.

There is however an interesting case which benefits fr
the high temperatures involved, that of metastable180Ta,
which is the rarest isotope in nature and is assumed to
predominantly of s-process origin@46,47# ~see however
@48#!. It is also the only isotope which is stable in the is
meric state. Would it remain metastable if the coupling co
stants were different in the past? This question also dese
investigation. Here, we will assume that it does remain me
stable. The difficulty in producing this isotope in contrast
the facility of its destruction by thermally induced depopu
tion of the short lived180Ta ground state in stars is reflecte
in its rarity. The population of an excited state of179Hf at
relatively high excitation energy (7/22 at 214 keV! is cru-
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cial to the synthesis of the metastable180Ta. The decay rate
of excited 179Hf, in turn, is essentially dominated at hig
temperature by the bound stateb decay, thus a small alter
ation of its Q value ~say by a few keV! would have strong
consequences on the final Ta yield~at least in the classica
s-process context!. As theQb value for decay from the 214
keV excited state of179Hf is '100 keV, the variation of
DQb /Qb would be limited to less than a few percent. Com
paring this withDQb /Qb5(1/3)Dl/l,231023 for 187Re,
we expect that the constraints derived from consideration
179Hf decay would be;10 times weaker than those pre
sented in Sec. III C for187Re.

More generally, bound stateb decay is expected to occu
in highly ionized media in which the decay electron has
high probability to be captured in an empty atomic orbit. It
the time reversed process of orbital~bound! electron capture.
It occurs wheneverQ(,0) is of the order of the binding
energy of electrons in the innermost shells.187Os with Q5
22.6 keV is particularly sensitive to variations of the fu
damental couplings. Other interesting cases are121Te, 163Dy,
and 205Tl. Thus, in stellar conditions, new disintegratio
channels could open up and stable nuclei in the labora
could become unstable. Consequently, a slight perturba
of Q values could have significant consequences on the
sults of thes process and more importantly on the Re/O
datation@49#. Indeed, the187Re decay rate could be consid
erably enhanced in stellar interiors@46# by the bound beta
decay of highly ionized187Re. At typicals-process tempera
tures (33108 K), the bound stateb decay of187Re into the
9.75 keV 187Os level is energetically possible, provided th
degree of ionization is high. The nonunique forbidden tra
sition may give an overwhelming contribution to the187Re
decay rate, nonunique transitions being, in general, m
faster than unique ones. This effect could be easily s
pressed by a slight change ofQ related to a change of cou
plings.

V. SUMMARY

We have considered the class of unified theories in wh
gauge and Yukawa couplings are determined dynamically
the vacuum expectation value of a dilaton or modulus fie
While such theories may allow the possibility that the fu
damental coupling constants are variable~in time!, they gen-
erally do so in an interdependent way. That is, one expe
on quite general grounds that a variation in the fine struct
constant is accompanied by a variation in all gauge a
Yukawa couplings. Even more importantly, as described
@14#, such variations are also accompanied by variations
quantities such asLQCD and the Higgs expectation valu
which are determined from the gauge and Yukawa coupli
by transdimensional mutation. Limits on the variations
these dimensionful quantities impose severe bounds
variations in the fine-structure constant. In the context
dynamical models where the change in fundamenntal par
eters is governed by a nearly massless modulus, these l
are complementary to the constraints imposed by check
the equivalence principle.
2-11
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Within this context, we have reexamined the constrai
which can be obtained from the natural nuclear reacto
Oklo. The previous bound@10# of Da/a,1027 was found
by limiting the variations in the Coulombic contribution o
the Q value for the resonant neutron capture process.
found that by including variations inQ which are induced by
variations inL and the quark masses,mq , we can improve
this bound by approximately two to three orders of mag
tude. The improvement is due to~1! the sensitivity of both
DL/L andDv/v to Da/a ~a factor of 50!, and~2! the sen-
sitivity to the dominant terms kinetic and potential terms
Q rather than the Coulomb term~a factor of 30!. However,
we lose a factor of 2–5, due to the rather uncertain contri
tions of the quark masses to the nuclear potential in a he
nucleus. Thus we obtain the limitDa/a,(125)310210. It
is clear that this bound, which is valid at the time peri
corresponding to a redshiftz.0.15, would require sever
fine-tuning in any model which attempts to fit the rece
quasar absorption data withDa/a;1025 over redshiftsz
50.5–3.5. In particular, our results strengthen the need
the fine-tuning in Bekenstein-type models, as emphasize
@5#.

We have also considered the bounds which can be der
from long-lived or barely stable isotopes. Small variations
a (L and v) can lead to changes in theQ value in heavy
nuclei. We showed that limits froma-decay nuclei such a
147Sm can be as strong asDa/a,1025 from purely Cou-
lombic variations, andDa/a,(0.825)31027 based on
147Sm lifetime uncertainties as small asDl/l,7.531023.
v-
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We further showed that improvements in meteoritic abu
dance determinations have enabled one to derive subs
tially stronger bounds based on theb-decay lifetimes of
187Re. From the analysis of the Re/Os ratio in meteori
with ages of 4.56 Gyr~known to an accuracy of 0.01%!, the
half-life of 187Re has been determined to an accuracy
about 0.5%. Purely Coulombic variations ina lead to the
boundDa/a,331027. From the age of the meteorites, th
limit is applicable at redshiftz50.45. Thus not only is it
competitive with the Oklo bound numerically, but it corre
sponds to a higher redshift further emphasizing the difficu
in achieving a value ofDa/a;1025 at higher redshift. We
further stress that the physics involved in deriving this bou
is independent to that used for the Oklo bound. When va
tions in L are included, the bound is improved toDa/a
,831029.
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