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We consider the cosmological variation of low-energy parameters, due to their dependence on the vacuum value ofa dilaton 
field, as suggested by superstring theories. It is pointed out that their effect on primordial nucleosynthesis could imply the exis- 
tence of a new weak long-range force. 

It is well known that in higher (4+D)-dimen-  
sional theories, in which D dimensions are compac- 
tiffed, the four-dimensional fundamental constants 
could become time-dependent. This is due to their 
dependence on the time evolving radius (volume) of 
the compact D-dimensional space [1]. Put differ- 
ently, this is so because the four-dimensional funda- 
mental constants depend on some dynamical 
variables, such as a dilaton, which vary with cosmo- 
logical time [2-5 ]. This typical Kaluza-Klein sce- 
nario applies also to the higher ten-dimensional 
formulation of superstrings [ 6 ]. In fact, time varia- 
tion of fundamental constants in superstring theo- 
ries, due to their dependence on a dilaton, has been 
recently discussed by some authors [7,8 ]. 

On the other hand, the strongest reliable con- 
straints on the values of the fundamental constants 
in the early universe come upon considering the ef- 
fect of their time variation on nucleosynthesis [ 3,9 ]. 
More specifically, time variation of a dilaton field will 
affect the parameters entering into nucleosynthesis 
(Newton's constant GN, Fermi's constant GF, neu- 
tron-proton mass difference etc.). Success of the 
standard nucleosynthesis provides then the strongest 
possible constraints. 

In the present note, we discuss a possible correla- 
tion of the above phenomena, in the context of the 
effective theories derived from the higher dimen- 
sional formulation of superstrings. That is, we iden- 
tify which field will most probably affect, through its 
time evolution, the four-dimensional constants and 

what will be its impact on nucleosynthesis. We will 
then comment on the implications of the constraints, 
so obtained, upon the existence of a new weak long- 
range force. 

Let us first put the general framework and explain 
the motivation for the discussion to be followed. The 
four-dimensional lagrangian, obtained from the ten- 
dimensional field theory limit of superstrings, takes 
the form [ 6 ] 

3 2 2 L ( 4 ) = ½ R ( 4 ) - g ( R e S )  H uvp 

- ~ [ (0,, Re S ) /Re  S] 2 -  ] [ (0 u Re T) /Re  T] 2 

_¼(ReS)  i 2 [T6Tr F u ~ -  (R2 terms) ] + .... (1) 

The dilaton field ¢, related to scale transformations 
of the ten-dimensional supergravity induced from 
superstrings, and the breathing mode a, associated 
with fluctuations in the size of the compact manifold, 
have combined into 

ReS=q~-3/4e 3~, Re T=O3/4ea+½kl~oil 2, (2) 

where the N complex fields ~oi are gauge non-singlets. 
Re S and Re Tare actually the scalar members of two 
chiral supermultiplets. These fields influence pheno- 
menology through their coupling, by gravitational 
strength, to observed matter. Ifsupersymmetry is un- 
broken, the effective tree level potential in four di- 
mensions takes the form 

V = f ( R e  S, Re T) V(~0, ) ,  ( 3 ) 

with (V(~i ) )  =0,  so there are flat directions in the 
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space of scalar field values and Re S and Re T re- 
main undetermined at the classical level. 

To make contact with observed physics, the vac- 
aum degeneracy must be lifted and supersymmetry 
must be broken by non-perturbative effects [ 10,11 ]. 
This happens when gauginos of  the strongly coupled 
hidden sector form a condensate: 

<X2) och#0, (4) 

and/or  H~m~ acquires a non-vanishing VEV: 

< H , ~  > occ#0 (5) 

(a non-zero c can also be obtained as a VEV of a 
gauge-singlet scalar field N [ 12 ] ). The resulting po- 
tential, being of the no-scale [ 13 ] type, depends on 
Re S and Re T in such a way that, for fixed values of 
c and h, the degeneracy in Re S is lifted. The unified 
coupling constant is determined by 

l /g2uT=l/ <ReS>. (6) 

At tree level, there is still degeneracy with respect to 
< Re T>, which can be lifted at the one-loop level. By 
splitting the loop integrals into two regions [ 14 ], 

region (a) O<~p2<~A 2, h#O, (7) 

A2 ~< . 2<A h=0,  region (b) ,.c ~ v  ~"GUT, 

where de is the condensate scale, above which the 
gauge couplings are weak and there is no gaugino 
condensation, the one-loop effective potential takes 
the general form [ 14 ] 

Vl.loop=V(a)(M2 A2)+V(b)( j~2 ,  2 2 A~,AGuT). (8) 

The first part comes from the first region of integra- 
tion, with the appropriate mass spectrum corre- 
sponding to h ~ 0, and the second one comes from the 
second region, with mass spectrum corresponding to 
h = 0. An acceptable minimum for finite < Re T> # 0 
can be obtained in that way [ 12,14 ], with zero cos- 
mological constant. The unification scale (or equiv- 
alently, the compactification scale, determining the 
size of  the compact manifold) is given by 

AGU T ~ < e - Z a >  = < (Re SRe  T ) - l / 2 > .  (9) 

Supersymmetry is also broken and the gravitino mass 
is given by 

m~ oc ( (Re S ) -  1/2 (Re T)--3/2>. (10) 

SO, it appears that both the unification (compac- 

tification) scale and the supersymmetry breaking 
scale, depend on Re S, as well as on Re T. However, 
it is the potential for Re Tthat remains flat, even after 
gaugino condensation. As a result, we expect that it 
is mainly Re T, which will vary significantly with time 
(contrary to previous considerations [ 8 ], where only 
Re S was considered to produce time variation ef- 
fects). It is now clear that, through Aoux and m~, the 
renormalization group will transfer a (Re  T)  depen- 
dence to the various low energy parameters. In par- 
ticular, the Fermi constant GF and quark masses, 
which affect the neutron-proton mass difference 
Q =  r a n - - m p ,  will change. Consequently, primordial 
nucleosynthesis will be affected. However, since at the 
present level of the theory, we do not have a concrete 
picture of the above dependence, the best we can do 
is to assume some parametrization, as far as the de- 
pendnece of the above parameters on Re T is 
concerned ~l 

So, let us assume a simple power-law parametriza- 
tion: 

GF ~ (Re T) c', 

m p ~  (Re T) Ca, 

Q=mn-mp ~ (Re T) c3, (11) 

which would be sufficient, as long as we neglect higher 
than linear effects. We expect that the various param- 
eters C are much smaller than one. 

Writing OT=X//~ ln(Re T), with respect to which 
the kinetic energy term takes the normal form 
- -  I ( 0 ~ T ) 2 ,  the equation for ¢r  reads 

~'T + 3H~T +/~20T ~ V/~ C,p,(t), (12) 

where Pi is the density of the species i and we have 
included the mass term for #T. I f  we suppose that, 
already at the time of nucleosynthesis, 0T is at its 
minimum, then from the above equation we have 
roughly that 

OT( t ) --OT( O ) 

~x/~ (1/p2)Ci[Pi(t) -p~(0)  ] 

~v/~ (1/l~2)C2pn(t), (13) 

#~ Note also that, as was observed in ref. [9], it is mainly the 
variation of  the VEV of the SU(2)  X U (  1 ) Higgs field, which 
affects primordial nucleosynthesis. But again here, we do not 
know exactly how to break SU (2) X U ( 1 ) in these theories. 
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where Pn is the nucleon density. 
Now, we calculate the he l ium abundance  as a func- 

t ion o f  O T ( t ) - ~ T ( 0 ) .  F r o m  the theory of  the stan- 
dard  big bang nucleosynthesis [ 15 ], we know that  the 
p r imord ia l  4He abundance  is given by 

Y4 =2(n/p) /[  1 + (n/p) ], (14)  

where 

(n/p) = e x p ( - Q / T f )  (15)  

is the n e u t r o n / p r o t o n  rat io at the freezeout temper-  
ature Tf, where the expansion rate o f  the universe 
equals the weak interact ion rate: 

GNT~ 2 5 -GFTr .  (16)  

F r o m  the above  relat ions it is found that  the func- 
t ional  dependence  on 0T(t)  - q~T(0) - 0 r -  Oro we are 
looking for, is given by  

Y4 = 0.24 + 0.34 (C3 + -~C, ) ( 0 r -  ~To). ( 17 ) 

I f  one requires A Y4 < 0.01 to agree with the success o f  
s tandard  nucleosynthesis,  then: 

Or--OTo <0.29( C3 + 2C, ) - ' ,  (18)  

which, through eq. ( 13 ), implies:  

I L >  t '~ I /2¢  [ " _1_2 *-'2 I .~--3--]CI)I /2(4X 10-20) eV. (19)  

Corresponding  to this mass, we have for the interac- 
t ion med ia t ed  by the 0 r -  OTo field a range o f  the or- 
der  of: 

r<C~1/2(C3 + ] C I  ) - 1 / 2 ( 5 X  109) km. (20)  

So, as long as/~>~ 10 -2o eV, no v io la t ion  o f  the suc- 
cess o f  s tandard  nucleosynthesis  occurs. The  range of  
the associated force, of  strength comparab le  to or  less 
than that  o f  gravi tat ion,  would be r~< 10 lo km. Due 
to relat ions like eqs. ( 11 ), we expect  that  #T would  
couple differently to var ious  par t ic le  species. Then,  i f  
it  really media tes  a new weak force, that  would be 
compos i t ion-dependent .  

In  the last couple o f  years, there  has been an exten- 
sive discussion on the possible existence o f  a new 
compos i t ion-dependen t  force o f  gravi ta t ional  
strength, but  of  m e d i u m  range - somet imes  called 

the fifth force ~2. I t  seems that,  i f  such a force exists, 
it has most  probably  to be a t t r ibuted  to the exchange 
of  a spin-zero particle,  deeply connected with grav- 
ity. Since superstr ing theories offer, at present,  the 
most  ambi t ious  unif icat ion o f  all forces, including 
gravity, it is t empt ing  to associate indicat ions  for any 
new weak force with the existence of  a superstr ing re- 
la ted scalar field, as we have ident i f ied here. Need-  
less to say, however,  that,  once more  here, any 
progress on the exper imental  side will greatly help to 
clarify the whole si tuation.  

~2 See ref. [ 16] for a detailed review on the subject, with a clear 
exposition of various possibilities. 
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