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Evolution of the fine structure constant driven by dark matter and the cosmological constant
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Bekenstein’s model of a scalar fieldf that affects the electromagnetic permeability~usually identified with
‘‘changing a ’’ ! predicts tiny variations of the effective fine structure constant up to very high redshifts,ua(z
53.5)/a021u,10210, when the constraints from Eo¨tvös-Dicke-Braginsky types of experiments are imposed.
We generalize this model by allowing additional couplings off to both a dark matter candidate and to the
cosmological constant. We show that in a supersymmetric generalization of Bekenstein’s model, the coupling
to the LSP, which is assumed to contribute significantly to the dark matter density, can be up to six orders of
magnitude stronger than the coupling to the baryon energy density. This allows one to evade the present limits
on the nonuniversality of the gravitational attraction due tof exchange and at the same time accommodate the
effective shift in a at the level ofa(z53.5)/a021;1025, reported recently from observations of quasar
absorption spectra.

DOI: 10.1103/PhysRevD.65.085044 PACS number~s!: 12.60.2i, 95.30.Cq, 98.80.Cq
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I. INTRODUCTION

Speculations that fundamental constants may vary in t
and/or space go back to the original idea of Dirac@1#. De-
spite the reputable origin, this idea has not received m
attention during the past fifty years for the two followin
reasons. First, there exist various sensitive experime
checks that coupling constants do not change~see, e.g.@2#!.
Second, for a long time there has not been any credible
oretical framework which would predict such changes.

Our theoretical mindset, however, has changed since
advent of string theory. One of the most interesting lo
energy features of string theory is the possible presence
massless scalar particle, the dilaton, whose vacuum exp
tion value defines the size of the effective gauge coup
constants. A change in the dilaton vaccum expectation va
~VEV! induces a change in the fine structure constant as
as the other gauge and Yukawa couplings. The stabiliza
of the dilaton~VEV!, which usually renders the dilaton ma
sive, represents one of the fundamental challenges to be
dressed before string theory can aspire to describe the
servable world. In addition to the dilaton, string theory oft
predicts the presence of other massless or nearly mas
moduli fields, whose existence may influence particle ph
ics and cosmology and may also change the effective va
of the coupling constants as well.

Independent of the framework of string theory, Beke
stein @3# formulated a dynamical model of ‘‘changinga.’’
The model consists of a massless scalar field which ha
linear coupling to theF2 term of the U(1) gauge field,
M

*
21fFmnFmn, whereM* is an associated mass scale a

thought to be of the order of the Planck scale. A change
the background value off can be interpreted as a change
the effective coupling constant. Bekenstein noticed thatF2

has a nonvanishing matrix element over protons and n
0556-2821/2002/65~8!/085044~10!/$20.00 65 0850
e

h

al

e-

he
-
f a
ta-
g
e
ll
n

d-
b-

ess
-

es

-

a

in
f

u-

trons, of order (102321022)mN . This matrix element acts
as a source in thef equation of motion and naturally leads
the cosmological evolution of thef field driven by the
baryon energy density. Thus, the change inf translates into
a change ina on a characteristic time scale comparable
the lifetime of the Universe or larger. However, the presen
of a massless scalar fieldf in the theory leads to the exis
tence of an additional attractive force which does not resp
Einstein’s weak universality principle. The extremely acc
rate checks of the latter@4# lead to a firm lower limit onM* ,
M* /MPl.103 that confines possible changes ofa to the
rangeDa,1021021029 for 0,z,5 @3,5#.

This range is five orders of magnitude tighter than t
changeDa/a.1025 indicated in the observations of quas
absorption spectra atz50.523.5 and recently reported b
Webbet al. @6#. Given the potential fundamental importanc
of such a result, one should remain cautious until this re
is independently verified. Nevertheless, leaving aside the
sue regarding the reliability of the conclusions reached
Webbet al. @6#, it is interesting to explore the possibility o
constructing a dynamical model, including modifications
Bekenstein’s model, which could produce a large change
a in the redshift rangez50.523.5 and still be consisten
with the constraints onDa/a from the results of high-
precision limits on the violation of equivalence principle by
fifth force. It is also interesting to study whether the ran
Da/a.1025 could be made consistent with the limits o
Da/a @7–10#, extracted from the analysis of element abu
dances from the Oklo phenomenon, a natural nuclear fis
reactor that occurred about 1.8 billion years ago. We n
that while big bang nucleosynthesis provides limits on mu
longer time scales, these limits are typically quite we
Da/a;1022 @11#.

The gap of five orders of magnitude between the desira
range of 1025 and the bounds of order 10210 appear to be
©2002 The American Physical Society44-1
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insurmountable for any sensible modification of Bekenste
theory.1 In this paper, we propose a modification of Beke
stein’s idea that is consistent with experimental constrai
but relies on a large coupling between the nonbaryonic d
matter energy density and thef field.

At first, such a coupling may appear strange. Indeed, w
should dark matter interact with thef field when it is known
that dark matter particles are not charged@13# and their elec-
tromagnetic form factors are also tightly constrained@14#? It
turns out that in certain classes of models for dark mat
and in supersymmetric models in particular, it is natural
expect thatf would couple more strongly to dark matte
particles than to baryons. It is easy to demonstrate this
by a simple supersymmetrization of Bekenstein’s interacti
In addition to the coupling off to the kinetic term,F2, of
the gauge boson,f will acquire an additional coupling to th
kinetic term of the gaugino,M

*
21fx̄]”x. If this gaugino con-

stitutes a significant fraction of the stable lightest supersy
metric particle~LSP! neutralino, as is often the case, th
source off due to the energy density of dark matter tur
out to be dramatically enhanced compared to the baryo
source,

Dark matter source

baryonic source
;~1022103!

Vmatter

Vbaryon
;1032104.

~1.1!

Such an enhancement factor compensates, although no
tirely, for the tremendous suppression ofDa once the
Eötvös-Dicke-Braginsky~EDB! limits on M* are imposed.
It is then reasonable to study this class of models in furt
detail as they are numerically much more promising than
original Bekenstein framework.

We note that there is another possible ‘‘strategy’’ to avo
the EDB constraint. One can assume the existence of s
extremal valuefext, in the vicinity of which only (f
2fext)

2 couples toF2. This type of coupling was advocate
in Ref. @15#. If the cosmological evolution drivesf close to
fext now @15#, i.e. atz50, the EDB constraints will be re
laxed.

We organize this paper as follows. In the next section
generalize the original Bekenstein model. In Sec. III,
solve the field equation for the scalar fieldf and obtain the
predictions for the change ofa. In the same section, w
impose experimental constraints and compare the result
Da with the range suggested by Webbet al. @6#. In Sec. IV,
we consider predictions forDa in some specific models an
demonstrate one model that passes all constraints. In Se
we analyze the class of models with quadratic couplings
F2. Our conclusions are presented in Sec. VI.

II. GENERALIZATION OF BEKENSTEIN’S MODEL

We start our analysis by formulating a generic action t
includes spin-2 gravity, kinetic and potential terms of

1A recent publication claiming that the 1025 change ina is real-
istic in this framework@12# does not impose the limits from Eo¨tvös-
Dicke-Braginsky experiments.
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modulusf, kinetic terms for the electromagnetic field an
baryons as well as the dark matter action,

S5E d4xA2gF2
1

2
MPl

2 R1
1

2
M

*
2 ]mf]mf2MPl

2 L0BL~f!

2
1

4
BF~f!FmnFmn1 (

i 5p,n
N̄i„iD” 2miBNi~f!…Ni

1
1

2
x̄]”x2

1

2
MxBx~f!xTxG1 . . . . ~2.1!

Throughout this paper we assume a1222 signature for
the metric tensor. In Eq.~2.1!, MPl5(8pGN)21/252.4
31018 GeV is the Planck mass andM* is its analogue in
thef sector. Defined this way,f is dimensionless.Ni stands
for neutrons and protons, andD” 5gm(]m2 ie0Am) for pro-
tons andD” 5gm]m for neutrons. Heree0 is thebare charge
which remains constant throughout the cosmological evo
tion @modulo the standard renormalization group~RG! evo-
lution of e0 which can be neglected in our analysis#. For
definiteness, we assume that the dark matter is predo
nantly the nonrelativistic Majorana fermionx. While it is
clear that one can associatex with a neutralino, our approach
can be easily generalized to other forms of cold dark mat
Ellipses stand for the omitted electron and neutrino terms
well as for a number of possible interaction terms~i.e.,
baryon anomalous magnetic moments, nucleon-nucleon
teractions, etc.!. All mass and kinetic terms are supplied wi
f-dependent factors denotedBi(f). In this sense, the cos
mological constant term acts as a potential forf.

We shall further assume that the change off over cos-
mological scales is small,uDfu[uf(t5t0)2f(t)u!1,
wheret0 is the present age of the universe. As such, we
expand all couplings around the current value off, which
we choose to be zero,f(t5t0)50,

BL~f!511zLf1
1

2
jLf2,

BF~f!511zFf1
1

2
jFf2, ~2.2!

BNi~f!511z if1
1

2
j if

2,

Bx~f!511zxf1
1

2
jxf2.

The effective fine structure constant depends on the valu
f. As such,f(t) andDa/a are directly related,

a~f!5
e0

2

4pBF~f!
,

Da

a
5zFf1

1

2
~jF22zF

2 !f2,

~2.3!
4-2
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EVOLUTION OF THE FINE STRUCTURE CONSTANT . . . PHYSICAL REVIEW D 65 085044
and we have definedDa/a as „a02a(t)…/a0.
The cosmological evolution off follows from the scalar

field equation

M
*
2 hf52MPl

2 L0BL8 2BF8
1

4
^FmnFmn&2^Bn8mnn̄n

1Bp8mpp̄p&2
1

2
Bx8Mx^xTx&. ~2.4!

In this formula, primes denoted/df, and the averagê•••&
denotes a statistical average over a current state of the
verse. The term withFmnFmn can be neglected to a goo
approximation as its average is zero for photons, and
contribution mediated by the baryon densi
(n,pni^ i uFmnFmnu i &, is already included in the terms propo
tional toBn,p8 . We further note that for a Dirac fermionc, the

mass termmcc̄c ~and the analogous combination for a M
jorana fermion! coincides with the trace of thec contribution
to stress-energy tensor, orrc23pc . Thus, the only term tha
drives f in the radiation domination epoch whenr53p is
L0BL8 ~see e.g.@16,17#!. One can easily check that th
change off induced by this term during radiation domin
tion will be small compared to theDf developed in the
subsequent matter domination epoch. Restricting Eq.~2.4! to
matter domination, and assuming a linearized regime~2.2!,
we derive the following equation of motion in a Robertso
Walker spacetime with scale factora(t):

M
*
2 ~f̈13Hḟ !52rm~zm1jmf!2MPl

2 L~zL1jLf!,

~2.5!

whereH5ȧ/a andzm is defined as

rmzm[rxzx1rb~Ypzp1Ynzn!. ~2.6!

Here,Yp andYn are the abundances of neutrons and prot
in the Universe, including those bound in nuclei. We a
assume thatrm5rx1rb . In a more sophisticated treatmen
one may include the contributions of electrons, the Coulo
energy stored in nuclei and other minor effects. As discus
in Refs.@3,5#, to good accuracy,zm remains constant during
the matter dominated epoch.

If the f-dependent energy density becomes comparab
rm or rL[MPl

2 L, Eq. ~2.5! must be solved along with Ein
stein’s equations and energy conservation as a coupled s
equations. However, the smallf solutions that we are inter
ested in imply thatrf is small and Eq.~2.5! can be treated
separately, witha(t) used as an input function.

III. COSMOLOGICAL EVOLUTION OF THE FINE
STRUCTURE CONSTANT AND THE EDB CONSTRAINT

The cosmological evolution off can be determined by
the z i terms in Eq.~2.5! which becomes
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f̈13Hḟ52
1

M
*
2 @zmrm1zLrL#

52
rc

M
*
2 FzmVmS a0

a D 3

1zLVLG . ~3.1!

Here rc53H0
2MPl

2 is the critical density of the Universe a
t5t0 and V i5r i /rc . The solution to this equation can b
easily found@5,10,12#. Throughout this paper we shall as
sume that the Universe is flat and is presently dominated
nonrelativistic matter and a cosmological constant,Vm
1VL51. In this case, the time dependence of the scale
tor is given by

a~ t !35a0
3 Vm

VL
FsinhS 3

2
VL

1/2H0t D G2

~3.2!

and Eq.~3.1! can be integrated analytically. The first integr
is given by

ḟ523VmH0
2

MPl
2

M
*
2

a0
3

a3 Fzmt1
zL

4b
„sinh~2bt!22bt…2tcG ,

~3.3!

whereb5 3
2 VL

1/2H0. In principle, the constant of integratio
tc could be kept arbitrary. There is, however, only one na
ral way of fixing it by imposing initial conditions forḟ deep
inside the radiation domination epoch, i.e., att close to 0. As
discussed in the previous section, during radiation domi
tion, the right-hand side~RHS! of Eq. ~3.1! is effectively
zero. This leads to aḟ;a23 scaling behavior and mean
that any initial value ofḟ will be efficiently damped by the
Hubble expansion over a few Hubble times. Thus, for
solution in the matter dominated epoch we can safely t
ḟ(t50)50 or equivalentlytc50.

Integrating Eq.~3.3! givesf as a function of time,

f~ t !5
4

3

MPl
2

M
*
2 F S zL

2
2zmD „bt0coth~bt0!2bt coth~bt!…

2zmln
sinh~bt!

sinh~bt0!G . ~3.4!

Figure 1 shows three different types of solutions f
Da/a as a function of the red-shiftz, where 11z5a0 /a. In
this plot, we have chosenzF51025, VL50.7 and Vm
50.3. Comparing the three curves, one can see that
variation ofa at high redshifts is mostly determined byzm .
If zF is negative, one would need to choose negativezm in
order to get smaller values ofa in the past. Opposite signs o
zF and zm lead to the larger values ofa in the past. Given
the large parameter space, (M* , zF , zm , zL), one could ex-
pect that it is easy to getDa(z50.523.5)/a;1025 as sug-
gested by the analysis of the quasar absorption spectr
Webbet al. @6#. On the other hand, it is clear that the ED
constraints should severely restrict the parameter spac
our model. The differential acceleration of two elements w
4-3
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KEITH A. OLIVE AND MAXIM POSPELOV PHYSICAL REVIEW D 65 085044
different A1,2 and Z1,2 towards a common attractor can b
expressed in terms ofz i andv5M

*
2 /2MPl

2 ~see, e.g.@18,3#!,

Dg

ḡ
52

g~A1 ,Z1!2g~A2 ,Z2!

g~A1 ,Z1!1g~A2 ,Z2!
5

1

v S 731024zF

Z2/A1/3

Ā

1
Ā2Z̄

Ā
zn1

Z̄

Ā
zpD F ~zn2zp!S Z1

A1
2

Z2

A2
D17

31024zFS Z2
2

A2
4/3

2
Z1

2

A2
4/3D G ~3.5!

where Z̄ and Ā represent averageZ and A of the common
attractor,Z̄5(niM iZi /(niM i . The terms proportional tozF
correspond to the electromagnetic contribution to the to
energy of nuclei. The best constraints on long-range for
are extracted fromDg/ḡ measured in experiments that com
pare the acceleration of light and heavy elements. The d
erential acceleration of platinum and aluminum is<2
310212 at the 2s level ~last reference in@4# as quoted in
@3#!, and the differential acceleration of the Moon~silica-
dominated! and the Earth~iron-dominated! towards the Sun
is <0.92310212 @19#. Choosing the appropriate values ofZ
and A and retaining only the hydrogen contribution to t
mass of the Sun, we get

1

v
uzp~zn2zp12.931022zF!u,2.5310211 Al/Pt system,

1

v
uzp~zn2zp11.831022zF!u,2.5310211 Si/Fe system.

~3.6!

These limits were also considered in a recent paper@20#.
zn2zp and zF enter in Eqs.~3.6! in different linear combi-
nations. Thus, it is possible to extractseparatelimits on
v21zpzF andv21zp(zn2zp). Models that have nonzerozF

FIG. 1. Three qualitatively different types of solutions f
Da(z)/a0 that give smaller values ofa in the past for positivezF .
They correspond to the choice ofzF51025 and~a! zm51, zL50,
~b! zm51, zL522 and~c! zm50, zL51. The interval ofz, con-
sidered by Webbet al., 0.5<z<3.5 is shown by two vertical
dashed lines.
08504
l
s
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also have nonvanishingzp,n unless some intricate conspirac
of quark, gluon and photon contributions occur. Barri
such possible cancellations, one obtainsuzn,pu*uzn2zpu
*1023uzFu. Using these relations, we can combine the p
ferred range of Ref.@6# with the constraints, imposed by Eq
~3.6!.

The region excluded by the EDB constraints in t
(zm /Av, zF /Av) parameter space is shown by the lig
shaded region in Fig. 2. Here we have setzL50. The long
negative-sloped band that connects the upper-left and low
right hand corners is the range that reproducesDa/a
51025 in the interval 0.5<z<3.5. In the original Beken-
stein model,zm5(1024 to 1023)zF and corresponds to th
positive sloped band close to the upper-left corner.2 As one
can see, the diamond-shaped intersection is deep inside
rangeexcludedby the EDB experiments. Of course, this is
agreement with conclusions of@3,5#. Finally, the dark-shaded
area represents the choice of parameters that can repro
Da/a51025 @6# and still be in agreement with the EDB
constraints. For this region,zm /Av*331023 and zF /Av
,1023, which points towards models in whichf couples to
dark matter and the couplings to baryons andzF are sup-
pressed.

In addition, we must check whether or not these choi
of parameters which satisfy the EDB constraints are also
agreement with limits onDa/a, derived from isotope abun
dances in the Oklo natural reactor. Typically, these limits
strong, uDa/au,1.231027 @8# and go back toz.0.14.3

This seems to be dramatically smaller than the range s
gested by@6#. Moreover, there is no way of suppressin
Da(z,0.14)/Da(0.5,z,3.5) below the 1022 level using

2zm51023zF would require rather ‘‘generous’’ assumptions co
cerning nucleon matrix elements and/orVb .

3The redshift,z50.14, corresponds to the choiceVL50.7,Vm

50.3,h050.65, and we have assumed that the Oklo event t
place 1.8 Gyr ago.

FIG. 2. The (zm /Av, zF /Av) parameter space. The dark
shaded region is consistent with both the EDB constraints and
a possible relative change ofa at the 1025 level, as suggested by
Webbet al. @6#. The light shaded region is excluded by EDB co
straints.zL is set to zero in this plot.
4-4
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EVOLUTION OF THE FINE STRUCTURE CONSTANT . . . PHYSICAL REVIEW D 65 085044
our freedom inzF or v, as these parameters cancel in t
ratio.

There is, however, an extra free parameter which may
used in an attempt to reconcile a change of 1025 at 0.5<z
<3.5 and the Oklo limit. The behavior of curve~b! in Fig. 1
suggests thatzL can be used to makeDa almost flat atz
,0.2. In order to determine the requirements onzL , we
quantify the comparison between ‘‘Oklo change’’ and ‘‘qu
sar change’’ as follows. In the case of the Oklo constraints
principle, one needs to averagea(t) over the interval 0,t0
2t&23109 yr. Since the exact timing of the Oklo event
known only approximately, we choose to quantify it by sim
ply taking a at the half of the Oklo redshift,Da(z
50.07)/a. This value must be approximately two orders
magnitude smaller thanDa/a, suggested by Webbet al.
Thus, we consider the ratio,uDa(z50.07)/uDa(z50.5)u and
uDa(z50.07)/uDa(z53.5)u as a function ofzL /zm . The
logarithms of these ratios are plotted in Fig. 3. As one c
see, these ratios are two funnel-like curves and it is poss
to choose zL /zm in such a way thatDaOklo /Daquasar
,1022. Forz53.5 this can be done rather easily in the ran
22.2,zL /zm,21.2. Forz50.5 one has to choose this ra
tio rather carefully,zL /zm.21.7, and requires a 5–10 %
fine-tuning. We also note that this specific value ofzL /zm is
very sensitive to the choice ofVL and Vm and varies sig-
nificantly whenVL and Vm are varied within their curren
error bars. The use of more restrictive bounds from Oklo
@9# would only worsen the fine tuning.

The above exercise allows us to conclude that in princ
a generalized Bekenstein-like model can yieldDa/a
;1025 at 0.5<z<3.5 and still be in agreement with th
EDB and Oklo constraints. The limits from nonuniversal
of a fifth force could be evaded in models with large co
plings to dark matter and small couplings to baryons a
FmnFmn. Also, the Oklo bounds could be avoided or soften
if the dark matter provides a negative push tof at later
epoch. Although such a suppression ofDaOklo may happen,
it would appear to be highly accidental.

FIG. 3. A plot of log10„uDa(z50.07)/Da(z50.5)u… ~a! and
log10„uDa(z50.07)/Da(z53.5)u… ~b! as a function ofzL /zm for
the choice ofVL50.7 andVm50.3. The portion of the curves
below the horizontal dashed line are consistent with the Oklo lim
@8# and the Webbet al. suggested change ina.
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IV. MODEL REALIZATIONS

It is important to note that neither the original Bekenste
model @3# nor its modifications discussed here are fully d
fined at the quantum level. Indeed, theBF(f)FmnFmn term
contains not only the bare QED Lagrangian term but a
higher dimensional operators such asfnFmnFmn . It is clear
then that at the loop level this will create all other possib
interactions such asfnmeēe, fnmqq̄q, etc., generally, with
divergent coefficients which cannot be fixed from first pri
ciples. While these terms are not expected to drastic
change the model if one makes some plausible assump
about the cutoff in the theory, there is, however, the set
operators contained inBL(f) which are very sensitive to the
cutoff and are very important as they can give rise to
mass of thef field, an effective cosmological constant, et
Unfortunately, the present status of the underlying the
does not allow for a meaningful calculation ofBL(f). This
problem is, of course, tightly related to the cosmologic
constant problem@21#, and/or to the smallness of the ma
term for the quintessence field. As we have nothing to add
these issues, we must assume thatzL and jL are basically
incalculable input parameters and fixL to its value implied
by the observation of highz supernovae, the anisotropy o
the cosmic microwave background and large scale struc
formation. These numbers of course, will be extremely t
compared to any reasonable ultraviolet cutoff in the theo
and therefore extensive fine tuning is required for the s
pression of different coefficients inBL(f) down to the level
consistent with observations. An underlying deep reason
the near-masslessness off could be a string-theoretica
ultraviolet-infrared connection, and a specific example
this in the form of thef-dependent ultraviolet cutoff wa
pointed out in Refs.@15#. It is fair to say, however, that the
existing realizations of this connection are still very far fro
the solutions to the cosmological constant problem and
problem of the small mass forf. In what follows, we com-
pile a list of models which predict certain values for thez i
couplings and/orv and confront them with the phenomen
logical constraints, discussed in the previous section, leav
aside the problem ofBL(f).

1. The Bekenstein model

In this model, one initially introduces the coupling off to
F2, BF(f)5exp(22f) or zF522. BL can be set to a con
stant so thatzL50. In the original model,v51, however,
we will keep it arbitrary for now. The change off is driven
by the electromagnetic fraction of the baryon ener
density. The coupling off to nucleons is given by the
same matrix elements, zN5mN

21^Nu(zF/4)FmnFmnuN&
.2mN

21^Nu(zF/2)(E22B2)uN&, that determine the contri
bution of a ‘‘photon cloud’’ to the nucleon mass. Both th
naive quark model and dispersion approaches give consis
estimates of these matrix elements@22#. Using the results of
@22#, presumably valid to 50% accuracy, we find thatzp
.20.0007zF andzn.0.00015zF . Incidentally, these values
almost coincide with simple extrapolations of the nucle
mass formula toZ51,0: zp.20.0007, zn50. Sincezb is
determined mostly byzp , zm5zb(Vb /Vm);21024zF . As

s
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we have discussed earlier, the constraints from EDB exp
ments, as exemplified in Fig. 2, do not allowa to change by
more than 1 part per billion at redshiftsz,3.5.

Restricting our attention to small variations ina, we see
from Eq. ~2.3! that

Da

a
5zFf. ~4.1!

Then evaluating Eq.~3.4! at z53.5, we find that

Da

a
5

1.2

v
zFzm.21024v21zF

2 . ~4.2!

Note that in this modelzF and zm are of opposite sign and
the final result does not depend on the sign ofzF . Thus from
Eq. ~4.2!, we see that this model leads tolarger values ofa
in the past, which isoppositethe trend reported by Web
et al. Moreover, from Fig. 2, we see that the EDB constra
requires thatzF

2/v,1026 and thus we see again thatuDa/au
is limited to O(10210), in agreement with the results of@5#.
These results however, differ from those of Ref.@12# in both
the allowed magnitude and sign ofDa(z,3.5)/a.

2. A string-dilaton-type model

The starting point for this class of models is the action

E d4xA2gexp~2A2f!„R1~]mf!21L1Lmatter….

~4.3!

The functionsBi(f) are easily obtained by making a confo
mal transformation to the Einstein frame. We find thatzF

52A2, zL5A2, andzm5A2/2. Furthermore, since there
only one scale in the theory, the Planck scale, we havv
51/2. Therefore, we are able to obtain a definite val
Da/a.23 ~over the redshift rangez53.5 to 0!. Clearly
this is not realistic and is related to the well known proble
of a massless runaway dilaton in string theory. Moreov
such a model is ruled out by the EDB constraints, as it p
dicts zn,p.1 and zn2zp;1023. Until more can be said
about the functionBL(f), there is no useful way to us
string theory to predict changes ina.

3. A Brans-Dicke model

In a Brans-Dicke modelf is initially coupled only to the
gravitational sector of the theory

SBD5
1

16pGN
E d4xA2gFfR1

v

f
]mf]mfG1Smatter.

~4.4!

As in the previous example, it is easy to show that after
conformal rescaling of the metric to the standard Einst
frame and a field redefinition forf, the ‘‘new’’ field f ac-
quires a universal couplingz to the mass sector of the matt
fields which is given in terms ofv:zm521/A4v16. One
also obtainszL522A2/(2v13). As in the Bekenstein
model, all physical results depend only onz/Av.
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Due to conformal invariance of the action for the gau
field, a tree level coupling off to F2 is absent yieldingzF
50. However, the conformal symmetry is anomalous, and
the one loop level afF2 term can be generated. In som
sense, the couplings off to the quarks and leptons will b
similar ~apart from their magnitude! to those of the Higgs
boson. It is then clear that a nonzero value ofzF will be
generated through the loops of charged particles in the s
way that the Higgs-g-g coupling is generated. For exampl
the coupling of the Higgs boson,h, to F2 due to the top
quark loop can be obtained by differentiating the top qu
contribution to the QEDb function, F2ln„LUV /@mt(1
1h/v)#…→2F2h/v, wherev is the Higgs vacuum expecta
tion value. This assumes that the ultraviolet cutoffLUV is h
independent. In principle, there could be different possib
ties with regard to thef dependence ofLUV . If one assumes
that the regulator mass depends onf in exactly the same
way as an ordinary mass, thenf drops out of the loop am-
plitude, zF is not generated and the Brans-Dicke scalar
spects the weak equivalence principle even at the one-
level. A different result would arise if we postulate
f-independent regularizationLUV . In this case, a nonzero
value forzF is generated and one would typically have

zF52
2a

p
zmS 2

7

4
11123

5

9D.21.531023zm .

~4.5!

The three terms in parentheses correspond to the cont
tions fromW bosons, charged leptons and quarks from s
ond and third generations. (u andd quarks require a separat
and quite complicated treatment. However, their main c
tribution is given by the charged pion loop and turns out
be numerically small compared to the contributions of hea
quarks.! The couplings off to baryons will be simplyzm ,
and its nonuniversality appears at thezn2zp;1023zm level.
Thus, the bounds~3.6! push the constraints onzm

2 v21 to the
level of 1028 or so and leave no room for aO(1025) relative
change ofa at 0.5<z<3.5. The maximum allowed chang
is not expected to be larger than 10211. The result of Webb
et al. cannot be accommodated in a Brans-Dicke model.

4. A supersymmetrized Bekenstein model

While there are many different possible supersymme
generalizations of the original Bekenstein model, we co
sider the simplest version which begins by promoti
BF(f)(FF) to the rank of a superpotential:

2E d4x
1

4
BF~f!FmnFmn→E d4xd2u

1

4
BF~f̂ !WmWm

1~H.c.! . ~4.6!

Here f̂ denotes a chiral superfield, which hasf as its
bosonic component andW is the supersymmetric field
strength. In component notation this interaction can be
written as
4-6
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E d4xS BF~f!F2
1

4
FmnFmn1

1

2
x̄]mḡmxG

2
1

2
BF8 ~f!FfxTx D . . . . ~4.7!

Ff denotes theF component off̂ and ellipses stand fo
other terms not relevant for the present discussion. We
that in addition to the interaction with the gauge boson,f
acquires a coupling to the gauge fermion or gaugino,x. Ff
may acquire a VEV which contributes to the supersymme
breaking gaugino mass. There may also be additional s
breaking contributions leading to a mass term of the fo
1
2 MxTx. Performing the rescalingx→x/ABF(f), we arrive
at the following Lagrangian in thef2x sector:

Lfx5
1

2
x̄]mḡmx2

1

2

BF8 ~f!^Ff&1M

BF~f!
xTx. ~4.8!

In the linearized version of the theory given by Eqs.~2.2!,
we arrive at the following expression forzx ,

zx5
~jF2zF

2 !^Ff&2MzF

Mx
, ~4.9!

whereMx5M1zF^Ff&.
Clearly,zx can beO(1), if zF;O(1), however its sign is

not uniquely defined unless we make some specific assu
tions aboutzF ,jF ,^Ff& andM. For example, let us takeBF
as in the original Bekenstein model so thatzF522. Let us
further assume that supersymmetry breaking occurs out
the f sector so thatFf50. In this case,Mx5M and zx

52. Since the dark matter dominates the energy densit
nonrelativistic matter, we havezm.zx . Indeed, it is quite
reasonable to expect that in generaluzmu;uzFu which leads
to the relation between the dark matter and baryonic sou
of f advertized in Eq.~1.1!.

The final parameter which must be specified in the mo
is v. In order to obtain consistency with the combination
EDB constraints, we must haveuzF /Avu,1023 or v.4
3106. If we again assumezL50, we can compute the
change in the fine structure constant~from z53.5 toz50)

Da

a
5

1.2

v
zFzm.25/v. ~4.10!

Note again the sign ofDa predicts thata was larger in the
past, although this conclusion could be modified iff con-
tributes to supersymmetry breaking~so thatFfÞ0). Also,
because of the EDB constraint, the relative change
uDa/au at z in the interval 0.523.5 would typically be at the
level of 1026, unless some additional fine-tuning is intr
duced.~For example, if a partial cancellation betweenM and
zF^Ff& in Mx occurs, one can getuzmu.uzFu and thus satisfy
the constraints shown in Fig. 2.!

In contrast with the nonsuspersymmetric version of
Bekenstein model, the change inf from the time of the
radiation domination–matter domination transition to t
present epoch can be of order 1 or even larger. In this c
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obviously, the linearized approach toBi(f) may fail for z
@1. Therefore, it is impossible to determine the total chan
of a from the BBN epoch, without specifying the comple
functional form for bothBx(f) andBF(f). Nevertheless, it
can be shown that if theBi(f) are dominated by the few firs
terms in the Taylor expansion up toz;105, the change ofa
is within the big bang nucleosynthesis~BBN! bounds. Large
changes inf may also entail a non-negligible back reactio
of thef-dependent stress-energy tensor on Freidman’s e
tions. In this case, one could get interesting effects in
expansion of the Universe due to theBx(f)Mxx̄x term,
which can be interpreted at the same time as varying m
dark matter@23# or the potential term forf, that has an
overall factor ofrm .

An interesting consequence of models wheref couples to
dark matter is the nonuniversality of the free fall towards
attractor dominated by dark matter, e.g., the center of a
lactic halo. The magnitude of differential acceleration of
system of heavy or light elements towards a dark ma
attractor is enhanced compared to the acceleration tow
the Sun by the factorzm /zp :

Dg

ḡ
5

zm

v F ~zn2zp!S Z1

A1
2

Z2

A2
D1731024zFS Z2

2

A2
4/3

2
Z1

2

A2
4/3D G

.331022
zmzF

v
. ~4.11!

Depending on the ratio ofzm /zp , this effect may be as large
as 102721029 when the usual EDB constraints are satisfie
Unfortunately, this is much lower than the current expe
mental sensitivity achieved,;0(1023), in tests of differen-
tial acceleration towards a galactic center@24#.

5. A gaugino driven modulus

It may happen that the modulus field that changesa is
coupled primarily to the soft breaking parameters. Then
coupling to F2 and baryons may only appear at the lo
level. Let us suppose for simplicity that initiallyf couples
only to gaugino masses,

L5 (
i 51,2,3

F1

2
l̄ i]mgml i2

1

2
Mi~11zMi

f!lTlG ,
~4.12!

where the summation is over the three standard model ga
groups~color and weak indices are suppressed!. We assume
that the lightest supersymmetric particle is the neutralinox
which is predominantly theB-ino. Therefore,Mx.M1 and
zm.zx.zM1

.

We now consider the possibility that all couplings off to
standard model fields are induced radiatively. At the one lo
level, the couplings withSU(2) andSU(3) gauge bosons
will be generated,

zW52
2aW

3p
zM2

, ~4.13!
4-7
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TABLE I. Order of magnitude model predictions for the set of relevant couplings, nonuniversalityf
exchange, and maximum alloweduDa/au at 0.5<z<3.5.

Type of model zF zb zm
Dg

ḡ
u
Da

a
umax

at 0.5<z<3.5

Bekenstein model 22 1023 1024 1026

v
10210

‘‘String dilaton’’ 2A2 2A2/2 2A2/2 1023 1

Brans-Dicke model 0 21/A4v16 21/A4v16
1023

v2
10211

SUSY BM 1 1023 1
1026

v
1026

Mx-driven 1024 102721025 0.1
10212

v
102521024

aThe tree-level form ofBi(f) is assumed.
bA f-dependent cutoff is assumed.
b
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zG52
as

p
zM3

. ~4.14!

The calculation of these couplings is trivial: they are o
tained by differentiating gluino andW-ino contributions to
the corresponding beta functions overMi . In the derivation
of these couplings we assumed that the cutoff scale if
independent.

After the breaking of theSU(2)3U(1) gauge symmetry
zW induces a contribution tozF ,

zF5sin2uWzW.21.531023zM2
. ~4.15!

The coupling to baryons is mediated byzF as before or by
zG or by thefmqq̄q operators, induced at the supersymm
ric threshold. Typically,zG induces too large a coupling t
baryons,zn,p;(0.0220.06)zM3

, to be consistent with EDB

limits and v5O(1). Therefore, one must requirezM3

!zM1
,zM2

. Wilson coefficients in front of supersymmetr

threshold-inducedfmqq̄q operators are expected to be at t
level of 102521023 from zM1

andzM2
. This creates a cou

pling of f to nucleons at the levelzn,p;(102621024)zM2
,

which is mostly due to a large matrix element of themss̄s
operator and/or the two-loop inducedGmn

a Gamn operators.

muūu and mdd̄d generate the difference between the co
plings to neutron and proton at the level ofzn2zp;(1027

21025)zM2
. Due to the small values ofzp,n ,zp2zn , and

zF , the constraints based on the violation of the equivale
principle ~3.6! do not lead to very restrictive bounds,

zM2

2 /v&102421022. ~4.16!
08504
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e

The possibility of ‘‘choosing’’zM1
,zM2

andv creates suffi-
cient freedom to satisfy EDB constraints and at the sa
time haveDa/a at 0.5<z<3.5 compatible with the Webb
et al. result. Recall that

Da

a
5

1.2

v
zFzm.2

1.831023

v
zM1

zM2
. ~4.17!

Indeed, to satisfy both it is sufficient to take

zM1

Av
52

zM2

Av
.60.1; and zM3!zM1 ,zM2 .

~4.18!

To conclude this section, we combine all model pred
tions in Table I.

V. MODELS OF AN OSCILLATING FINE STRUCTURE
CONSTANT

Finally, we turn to the case when all of the function
Bi(f) have a common extremum pointfext. As was shown
by Damour and Nordtvedt and Damour and Polyakov@15#,
the matter energy density may serve as a cosmologica
tractor forf, so that today its value is close tofext. In our
approach, without losing generality, we choosefext50. The
requirement of a common extremum is equivalent to the c
dition thatall linear couplingsz i50.

The cosmological evolution off is now given by thej i
couplings. There are two distinct regimes to consider:f(t)
5const at early times and an oscillating or runaway regi
at late times. These two regimes are common for cosmol
cal evolution of any quasi-modulus field, e.g., axion. T
transition occurs when the Hubble rate drops below the
fective ~time-dependent! mass off,
4-8
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mf
2 5

2

v FL0jL1
rmjm

MPl
2 G5

6H0
2

v FVLjL1VmjmS a0

a D 3G .
~5.1!

The sign ofmf
2 determines if it is a runaway or oscillator

evolution. Here, we are interested in the oscillatory regim
and thus assume thatmf

2 is positive. The amplitude of thes
oscillations redshifts asa2k, where 3/4,k,3/2. k53/2 oc-
curs if Eq. ~5.1! is dominated by the first term, i.e., rigi
mass, andk53/4 if the second matter-induced term is dom
nant @15#. Thus, the effective value ofa also oscillates, at
twice the frequency, 2mf , and with an amplitude decreasin
asa22k. In this regime, is it possible to satisfy the EDB an
Oklo bounds and haveDa/a;1025 at 0.5<z<3.5?

If jF is the dominant source of the couplings to baryo
the expected level of the violation of the equivalence pr
ciple is

Dg

ḡ
.1026

jF
2fnow

2

v
. ~5.2!

Of course, it is possible that the value off today is close to
zero, simply because in the oscillatory regime,f50 occurs
regularly. This is, however, an accidental situation, and
would naturally expectfnow to be on the order of the ampli
tude of oscillations. On the other hand, the relative chang
a is given by

Da

a
5

1

2
jF„f

2~z!2fnow
2

….
1

2
jFf2~z!. ~5.3!

Using the relation betweenf(z) andfnow, and plugging in
the constraint from Eq.~5.2!, we get

Da

a
&1025~11z!2k

v

jF
. ~5.4!

It is then clear that this can be consistent with 1025 at 0.5
<z<3.5 naturally without a fine-tuning of parameters wh
v/jF;1. The Oklo bounds can be made marginally cons
tent with @6# in this scenario only for largez ~close to 3.5
rather than 0.5! and for largek,k53/2. This favors models
where the oscillations off at z,3.5 are driven by the rigid
jL-proportional mass term off.

VI. CONCLUSIONS

We have shown that generalized versions of the Bek
stein’s model may be consistent with the strong limits i
.
.
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posed by Eo¨tvös-Dicke-Braginsky type of experiments an
at the same time provide a relative change ofa at the 1025

level, claimed recently in Webbet al. @6#. The necessary
flexibility in our models is achieved by the coupling of th
modulus fieldf to the dark matter energy density and to t
cosmological constant. We argue that it is natural to exp
that the cosmological evolution off will be mostly driven
by these sources rather than by the baryon energy den
This can be seen explicitly in the simplest SUSY-version
the Bekenstein model, where the supersymmetric partne
the U(1) gauge field is the dominant nonbaryonic comp
nent of dark matter.

In practice, it turns out that among various models wh
f couples toF2, baryons and dark matter, only a few surviv
the EDB constraints and provide theO(1025) relative
change ina over the redshift range 0.5<z<3.5. In particu-
lar, we find that the models wheref is coupled initially only
to U(1) andSU(2) gaugino mass terms can easily satis
both criteria.

The bounds onDa from the Oklo phenomenon are les
dependent on the details of the coupling off to the matter
field. Generally, they are strong enough to rule out
change of the fine structure constant, implied by Webbet al.
In the context of the generalized models discussed here
negative coupling off to the cosmological constant may b
used to slow down its evolution and make Oklo bounds c
sistent with@6#. This possibility, however, looks accidenta
and very fine-tuned forDa/a;1025 at z50.5. Of course,
our treatment of all models at the loop level is plagued by
usual problem of the cosmological constant and the ne
masslessness of the moduli fieldf. This prevents us from
making any prediction for the size of thezL coupling con-
stant. We also find thatz i50 @15# is easier to reconcile with
EDB constraints and Webbet al., as in this case there is a
additional suppression of thef-mediated force.

Note added. After the submission of this paper, a ne
analysis of the fine-tuning problem for the parameters of
f potential appeared@25#, which further underlines the dif-
ficulties encountered by changinga theories in the effective
field theory approach.
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