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We present an up-to-dat e report on the status of the cosmological model

based on a m assive scalar ® eld non-minimally coupled to grav ity, which

has been recent ly used to exp lain the apparent periodicity in the distribu-

t ion of galaxies, and as a m odel for the missing non-baryon ic com ponent

of dark m at ter, within the standard in¯ at ionary scenario (V = 1) . The

m odel agrees with most cosmological observat ions, however local experi-

m ent s can pose serious const raint s that indicate the necess ity of a slight ly

m odi ® ed m odel.

1. INTRODUCTION

It is by now widely accepted that the luminous matter represents only a

tiny fraction of the matter content of the Universe. The evidence is found

in the dynamics of galaxies [1], in the behavior of clusters of galaxies

[2], and ® nally, from the so-called in¯ ationary scenarios [3] that indicat e

that V t ot a l = 1 (this predict ion can be avoided by ® ne-tuning and/ or

complicat ing the model [4] and we will not consider this possibility ). This

matter must be mostly exotic matter, as it cannot consist of radiat ion

or baryonic matter since the primordial abundance of light elements (Be,

Li, D, etc) restricts the value of the baryonic energy density 0.007h - 2 <
Vbar < 0.024h - 2 [5,6], where h is the Hubble constant in unit s of 100

km s - 1Mpc - 1 , with likely values in the range [0.65,0.75] (see, for instance,

Refs. 7,8) .
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Moreover most of the dark matter must be distributed homogeneously

[9] since the most recent dynamical determinat ions of the amount of matter

in galaxies, galaxy clusters and superclusters put Vdyn = 0.3 ± 0.1 [10].

Note that this indicat es that it is very likely that some of the dynamical

dark matter (as opposed to the homogeneous component that does not

aŒect local dynamics) is non-baryonic as well [11]. We will not consider

this last point in our init ial analysis. Furthermore the small anisot ropy

in the temperature of the cmb (cosmic microwave background) D T / T ¼

10 - 5 puts severe limits on the degree of clumpiness that can be present

at each scale. This arises through the Sachs± Wolfe eŒect [12] (a result

of the time dependence of the density perturbat ions) which yields for a

perturbat ion of size L and density ¯ uctuat ion d r/ r the estimate D T / T =

(1/ 2) d r/ r(H0 L)2 . Cosmologist s and part icle physicist s have long been

considering what this exot ic matter might be. The main models can be

divided in two categories: hot dark matter (relat ivist ic at the time of

structure formation) and cold dark matter (non-relat ivist ic at the time

of structure formation) . The latter is the preferred one in the light of

the theory of structure formation [13]. No independent evidence for the

existence of these new types of matter has been found so far.

An apparent ly completely independent problem in cosmology is posed

by the recent observat ions in deep pencil beam surveys [14,15], showing

that the galaxy number distribut ion exhibit s a remarkable periodicity.

This would be catast rophic for our cosmological concept ions. Another,

probably unconnect ed, puzzling observat ion indicat es quant ized redshift s

at a much smaller scale [16]. While it is true that such periodicity has been

observed only in a couple of the few direct ions that have been explored

so far [17], it would be a remarkable coincidence if it turns out that it

is absent in most other direct ions, and we just happened to have chosen

to explore one of the few direct ions in which that phenomena can be ob-

served. It seems, therefore, reasonable to assume that the periodicity will

be also present in the deep pencil beam surveys in most other direct ions

[22]. We must point out that on top of this periodic structure we also

expect a standard and more random structure to be present that could ex-

plain the absence of the periodicity in some direct ions [18] The issue is of

course whether the periodicity is present in most direct ions. The expected

presence of the more random structure indicat es that more weight should

be given to the deeper surveys that are less likely to miss the suggested un-

derlying periodic structure. Moreover, the alt ernat ive possibility, namely

that a real non-periodic structure exist s to the extent indicat ed in [15]

with scale of the order of 100 Mpc seems very di� cult to reconcile with

the bounds arising from the isotropy of TC MB in view of the Sachs± Wolfe



A C an d id a t e fo r C o sm o lo g ic a l N o n -b a r y o n ic D a r k M a t t e r 7 6 9

eŒect [19].

The only known explanat ion for such periodicity that is compat ible

with the cosmological principle is to assume that there is only an apparent

spat ial periodicity which is the result of a true temporal periodicity which

shows up in our observat ions of distant point s in the Universe, and which

is mistakenly interpreted as a spat ial periodicity [20,24]. Various speci® c

models that have been proposed [20,21,24] have been either dismissed [25]

or shown to have serious problems [30]. In this light , the Oscillating G

Model seems to be the most attractive alt ernat ive. We note that in the

fossil record of marine bivalve shells [31], there is further evidence for an

eŒective gravitational constant that oscillat es with t ime.

In this work, we consider the model, init ially proposed in [24], of a

massive scalar ® eld non-minimally coupled to gravity leading to an eŒective

gravitational constant which oscillat es in cosmic time. We will consider

the cosmological non-baryonic component of dark matter, modeled by the

scalar ® eld and will not deal with the local dark matter problem which is

present ly under invest igat ion.

2. THE MODEL

The main feature of the model is a homogeneous scalar ® eld w with a

non-minim al coupling to gravity. One of the simplest models is described

by the Lagrangian density,

L =
1

16pG0

+ jw
2 Ö ± g R ± Ö ± g

1

2
( Ñ w )

2
+ m2

w
2

+ L m at . (1)

Here G0 is the Newtonian gravitational constant, j is a coupling constant,

and m is the mass associat ed with the scalar ® eld w . In this model we are

also including a schematic matter Lagrangian L m at . Equat ion (1) shows

that the introduct ion of the coupling term corresponds to an eŒective

gravitational constant which explicit ly depends on the scalar ® eld, GeŒ =

G0 / (1 + 16pG0 jw2 ).

We consider a frw Universe with k = 0 as dictated by the standard

in¯ at ionary models. For the energy-momentum tensor of ordinary mat-

ter we consider a combinat ion of two non-int eracting perfect ¯ uids, the

baryonic matter and the radiat ion ® eld.

Our analysis consist s in evolving the scale factor, the scalar ® eld and

the ordinary matter densit ies backwards and forwards in cosmic time. For

given values of the model parameters j and m, the data corresponding to

today’ s values of H0 , Vb ar , Vrad , w0 and Çw 0 is what is needed to integrate
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the ® eld equat ions numerically. For simplicity we set Çw 0 = 0 to be in

agreement with the bound ÇG/ (GH ) £ 0.3h - 1 [21].

One of the main problems that are faced by this type of models is that

related to the primordial nucleosynt hesis of 4 He. The latter is determined

by the temperature TE at which the rate of weak interactions, Cwk (T ),

equals H (T ). According to standard cosmology, the value TE = 0.7 MeV

is in good agreement with observat ional data [33]. The models, in which

GeŒ is allowed to vary can, in principle, produce very diŒerent values for

the 4 He abundance. In the present case, the evolut ion of the scalar ® eld

backwards in cosmic time results in it going to ± ¥ or stabilizing near zero

(a situat ion we have called ª the plateauº ) depending on the precise init ial

data (i.e., the data corresponding to today’ s Universe) . Thus we assume

that there is some mechanism (probably related to in¯ ation) that drives

the scalar ® eld from an arbit rary value near the Big Bang to an extremely

low value before the era of nucleosynt hesis (we have called this assumpt ion

the plateau hypothesis ). Our calculat ions show that the ® eld will remain

at that value up to and beyond the nucleosynt hesis era. So we will have

GeŒ ¼ G0 ; i.e., once in this plateau the ® eld w will remain there to be

later ª ampli® edº by the curvature coupling, precisely before the onset of

oscillatory behavior (when H ¼ m) [26,27]. Therefore, a ª ® ne-tuningº

of the init ial data guarant ees that the scalar ® eld is pract ically zero and

thus GeŒ ¼ G0 during nucleosynt hesis. We note, however, that this is

not the kind of ® ne-tuning that implies the dismissal of the model, but it

is rather a procedure that becomes necessary in order to obtain the data

describing our Universe today if it did go through this ª plateauº phase.

The highly nontrivial quest ion is whether those data are compat ible with

current observat ions [30].

In order to carry out this analysis, the constants Vbar and V rad are

® xed by the ª init ialº condit ions which we choose as their value at present

time (t0 ). In part icular, Vrad corresponds to TC MB = 2.73 K. The total

energy density of the Universe is V = Vb ar + V rad + Vw = 1. Thus ® xing

Vbar is equivalent to ® xing Vw . The strategy of our analysis consist s in

starting from a speci® c value of the baryonic energy density (i.e. one that

lies within the range allowed by nucleosynt hesis) and the frequency of the

periodicity, and then we look for the value of the oscillat ion amplit ude A 0

that is compatible with the plateau hypothesis. We then ask whether this

allows the required value A 0 ¼ 0.5 [20]. This is a nontrivial quest ion and

we have shown that the answer is a� rmative [30]. Moreover, these values,

together with the value of the Hubble parameter, determine a speci® c

value for the age of the Universe, TU , and so it is a highly nontrivial

quest ion whether these results are or are not compatible with the rather
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conservat ive limit TU > 11.5 Gyr [29]. Although recent observat ions [28]

of objects at a redshift of 7 suggest even larger values. In [30] we have

shown the compatibility of the model with observat ional data, provided

that h < 0.68.

Note that in this model most of the energy density of the Universe

resides in the oscillat ing scalar ® eld. Consequent ly, Vw can be int erpreted

as the energy density of the previously unseen cosmological dark matter

that would have been detected indirect ly through its eŒect on GeŒ.

The model satis® es the requirements expressed in the init ial consid-

erat ions in that the most important component of matter in the Universe

is non-baryonic in nature, and be distributed homogeneously. Thus the

problems of the nature of cosmological dark matter and of the periodicity

in the galaxy number distribut ion may be solved simultaneously within

the framework of an oscillat ing G model with a massive scalar ® eld.

On the other hand, the analysis of the local issues indicat es that the

model might need some modi® cat ions (see next section) .

3. LOCAL CONSTRAINTS

It is well known that the Viking radar experiments [32] impose se-

vere constraints on the Brans± Dicke parameter x B D > 500 (at 1s level)

and therefore that any scalar-t ensor theory with an eŒective non-const ant

parameter x eŒ
B D (w ) can only be considered as a potentially successful can-

didat e for a theory of gravity if it passes such a limit . Moreover, the

Solar System experiments also constrain the variat ion in G by the limit
ÇG / (GH ) £ 0.3h - 1 .

The model described by (1) contains a few parameters (see Refs. 27,30)

all of which are determined by our previous cosmological analysis. That

is, there are more observat ional bounds than parameters in (1). For in-

stance the bound ÇG / (GH ) £ 0.3h - 1 has been avoided by assuming the

init ial condit ion in the scalar ® eld as Çw0 = 0. On the other hand, the

in¯ at ionary condit ion V = 1, the bound 0.007h - 2 £ Vb ar £ 0.024h - 2

imposed by the abundances of 3He, Be, Li, etc., the nucleosynt hesis of
4 He, and the observed apparent periodicity of 128 Mpc h - 1 in the galaxy

number density which ® xes the mass m ~ 10 - 31 eV completely determine

the other parameters j and w 0 of the model [26,27]. This implies that with

the above assumptions the model, if viable, should also pass the limits on

the red-shift -galaxy amplitude 0.5 £ A 0 , the age of the Universe, and the

one on x eŒ
B D (w). In previous papers [27,30], we showed that the model is in

agreement with the ® rst two, whereas with the values obtained for j ( ~ 6)

and w 0 ( ~ 10 - 3 ) the model is unable to satisfy the Brans± Dicke test . That
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is, the model (1) and the Brans± Dicke limit imply that

x
eŒ
B D (w) =

1 + 16pjw 2

8 . 16pj2 w 2
> 500 . (2)

Figure 1 shows the region allowed by the above limit in the j ± w 0 plane.

The shadow region which is forbidden contains the set of point s that

emerged from the analysis of the model (1) in the cosmological setting.

Several possibilit ies arise that might allow the model to overcome the

problem put by the limits on x eŒ
B D (w ). One is the relaxat ion of the condit ion

Çw 0 = 0 to its maximum value allowed by the limit ÇG/ (GH ) £ 0.3h - 1 . This

could in principle reduce the values of j and w 0 , and thus increase x eŒ
B D (w ).

Another possibility is to consider the changes of the value of w 0 in the

Solar System neighborhood with respect to its cosmological value caused

by local eŒects. After all, the ® eld will oscillat e inside the galaxy with a

mass-frequency m2
eŒ= m2 + 8pG0rj ¼ m2 [1+ 12jh - 2 (rga laxy /10 - 23g cm- 3 )]

that diŒers from the cosmological mass-frequency m [30].

Another alternative consist s in changing w 0 due to a mechanism sim-

ilar to that of ª scalarizat ionº in neutron stars [34,35].

We should ment ion that the analysis of the binary-pulsar data,within

the context of this type of theory, indicat es a constraint on the value of

j, namely j < 2.5. However, such an analysis uses a part icular choice of

the equat ion of state for the nuclear matter (polytrope), and it is not clear

which changes might arise from the use of more realist ic equat ions of state.

Finally, let us comment that the introduct ion of a scalar potential of

the kind m2w 2 + lw 4 could serve to ameliorat e this problem by adjust ing

the correct value of l. This modi® cation has already been suggested on

diŒerent grounds [21]. All these issues are currently under invest igat ion.

4. DISCUSSION

To conclude, the oscillat ing G model is certainly the most attractive

model for explaining the observed periodicity in the galact ic distribut ion,

and it should also be considered as a cosmological dark matter model

which is, however, indirect ly observable in the oscillat ion of the galact ic

distribut ion. Although other models are still under considerat ion, they are

based on speci® c structures (fractal, pancake-like, etc.) for the distribut ion

of matter in the Universe [19].

The init ial analysis of the local aspects of the theory indicat es that

some changes must be made in the model in order to satisfy the constraints

arising from the binary pulsar and the Solar System. The required adjust -

ments correspond to factors of order 2 or 3 so it is by no means a hopeless
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F ig u r e 1 . Limits imposed by the Viking experiment s on the param et ers w 2
0 and j

of the oscillat ing G m odel. The shadow region is forbidden by observat ions, and the

asterisk depict s a represent at ive set of values that however succeed in passing the most

important cosmological bounds.

enterprise, and if the existence of periodicity in most direct ions is con-

® rmed, this model would be the most attract ive explanat ion.
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