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Galactic periodicity and the oscillatingG model

Marcelo Salgado,* Daniel Sudarsky, and Hernando Quevedo
Departamento de Gravitacio´n y Teorı´a de Campos, Instituto de Ciencias Nucleares, Universidad Nacional Auto´noma de Me´xico, Apdo.

Postal 70-543 Me´xico 04510 D.F, Me´xico
~Received 21 December 1995!

We consider the model involving the oscillation of the effective gravitational constant that has been put
forward in an attempt to reconcile the observed periodicity in the galaxy number distribution with the standard
cosmological models. This model involves a highly nonlinear dynamics which we analyze numerically. We
carry out a detailed study of the bound that nucleosynthesis imposes on this model. The analysis shows that for
any assumed value forV ~the total energy density! one can fix the value ofVbar ~the baryonic energy density!
in such a way as to accommodate the observational constraints coming from the4He primordial abundance. In
particular, if we impose the inflationary valueV51 the resulting baryonic energy density turns out to be
Vbar;0.021. This result lies in the very narrow range 0.016<Vbar<0.026 allowed by the observed values of
the primordial abundances of the other light elements. The remaining fraction ofV corresponds to dark matter
represented by a scalar field.@S0556-2821~96!06010-9#

PACS number~s!: 98.65.Dx, 04.50.1h, 95.35.1d, 98.62.Py
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I. INTRODUCTION

The recent observations, in deep pencil beam surveys@1#,
showing that the galaxy number distribution exhibits a r
markable periodicity of 128h21 Mpc comes as a shocking
development, since, if taken at face value it would imply th
we live in the middle of a pattern consisting of concentr
two-spheres that mark the maxima of the galaxy numb
density. This, of course, would be catastrophic for our co
mological conceptions. While it is true that such periodici
has been observed only in the few directions that have b
explored so far, it would be a striking coincidence if it turn
out that it is absent in other directions and we just happen
have chosen to explore the only directions in which th
phenomenon occurs. Therefore it seems reasonable to
sume that the periodicity is also present in the deep pen
beam surveys in other directions, thus taking us to the c
centric spheres scenario. The seriousness of the situatio
such that this type of scenario has indeed been put forwar
a model where the formation of these concentric shells i
result of a ‘‘spontaneous breakdown of the cosmologic
principle’’ via a mechanism that results in the appearance
patches filled with the concentric spheres pattern, with the
patches covering the Universe@2#. Again it would still be
difficult to explain how we did come out living in the cente
of such a patch~more precisely inside the innermost sphe
of one such patch!.

The only known way out of this type of scenario is t
assume that there is only an apparent spatial periodicity t
is the result of a true temporal periodicity which shows up
our observations of distant points in the Universe and tha
mistakenly interpreted as a spatial periodicity@3#. The mod-
els that have been put forward in order to achieve this te
poral periodicity involve the oscillation of an effective cou
pling constant due to the contribution to it coming from th
spectation value of some scalar field, that actually oscilla
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coherently in cosmic time in the bottom of its effective po
tential.

The specific models that have been proposed involve
oscillation of the effective electric charge, electron mass, g
axy luminosity or gravitational constant@3–6#. From these
the first two have been shown to conflict with bounds arisin
from the test of theequivalence principle@7#. As for the third
scenario, it would seem to involve a large number of hypot
eses since the galactic luminosity is fixed by the number a
type of stars present in the galaxy and their respective lum
nosities, and the latter are themselves functions of the st
dard physics coupling constants that control nuclear react
rates~on the variation of which there are severe limits!, and
of the transport mechanisms: convection, radiation, et
which are also determined by the standard physics coupl
constants. Thus it seems that the only way to produce suc
model requires the introduction of ‘‘exotic’’ particles~like
axions or massive neutrinos@3#! that would act as a new
transport mechanism and besides that, the hypothesis o
second mechanism that would produce the oscillation,
assumption which presumably involves the coupling of the
hypothetical particles to the hypothetical cosmological sca
field.

In light of the complicated nature of the alternative sce
nario, it seems worthwhile to carry out a careful analysis
the viability of the oscillating gravitational constant mode
despite the difficulties that seem to appear when confronti
the predictions of the model with other experimental dat
We will address these difficulties below.

The oscillatingG model is based on a cosmological, mas
sive scalar free field, that is nonminimally coupled to curva
ture and whose oscillations in cosmic time result in the o
cillation of the effective gravitational constant. The model
governed by a system of nonlinear, ordinary, differenti
equations that we shall integrate numerically without analy
cal simplifications. In previous related works@5,3,4#, only
approximate solutions have been explored as in the work
Morikawa @4#. In this work, the dynamical equation for the
scalar field is linearized into a Bessel equation. From th
6771 © 1996 The American Physical Society
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6772 53SALGADO, SUDARSKY, AND QUEVEDO
the Hubble parameter for a flat matterless Universe is eva
ated. The approximations result in a precision of 2% in t
Hamiltonian constraint. While such procedure is an e
tremely simple way to study the implementation of th
model it is however not totally satisfying. In addition to th
analytical simplifications Morikawa made, we emphasi
that his ‘‘matterless’’~no baryonic or radiation energy den
sity! Universe assumption is not useful for the study of th
constraints we discuss below, notably the one imposed
nucleosynthesis. As we shall analyze in Sec. IV, it is actua
the presence of matter that makes it possible to satisfy suc
constraint. Furthermore, it is obvious that Morikawa’s a
proach is no longer valid in early times where the line
approximations break down. Hence, this method cannot
used to describe the behavior of cosmological variables d
ing the nonoscillating phase.

The data arising from the Viking radar echo experimen
in addition to those related with the limits on the Bran
Dicke parameter@5# impose certain bounds on the value o
Ġ/G. There is an apparent conflict between these bounds
the value they should have for reproducing the galax
amplitude counting. However, this problem can be overcom
by imposing the unnatural extra requirement that our Gala
is at a ‘‘fortunate phase’’@5# where the scalar field is swing-
ing very close to zero at our particular place and time in t
Universe. There are additional bounds on the oscillatingG
model arising from Big Bang nucleosynthesis, but we w
argue that these cannot be adequately addressed in the
ion described by Accettaet al. @8#. This constraint is ob-
tained by considering the Helium abundance limits whic
depend on the neutron-proton ratio at the temperature
freeze-out. This temperature is itself obtained from the co
dition that the Hubble parameter equals the nucleon to pro
weak reaction rate.

Crittenden and Steinhardt@5#, based on a previous analy
sis by Accetta and collaborators that resulted in the bou
DG/G,0.4 @8#, argue that the nucleosynthesis constraint
so stringent that it practically rules out the oscillatingG
model unless we assume a ‘‘fine-tuning’’ within the oscilla
tions of the scalar field.

The problem with employing the analysis of Accettaet al.
@8# directly to this model is that they study the change o
curring in the Hubble parameter as a function of the tempe
ture when one changes the value ofG, but fails to take into
account the fact that the model implies an equation for t
Hubble parameter that contains terms other than the sim
ones used by the authors. These terms are associated wit
contributions from the scalar field to the effective energ
density.

In this paper we carry out an analysis of the nucleosy
thesis bound taking into account these extra terms and d
onstrate that indeed such a ‘‘fine-tuning’’ is needed a
moreover that it is possible. However, we will argue that th
‘‘fine-tuning’’ is not of the kind that should result in the
dismissal of the model, but rather a natural adjustment of
initial conditions that will lead to the observational data e
tracted from our Universe today. In other words, scientifi
models that require a very precise choice of the numeri
value of the initial conditions in order to reproduce a give
qualitative behavior of the observational data, are mod
that would be consider unnatural and the choice of the s
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cific initial data is justifiably described as ‘‘fine-tuning.’’
However, models that require a very precise choice of th
numerical value of the initial conditions in order to repro-
duce a specific numerical observational data cannot be co
sidered as unnatural, especially if for every conceivabl
value of the observational data~at least in some range! there
is a corresponding value of the initial data. In this type of
models, the particular ‘‘preferred’’ value at the initial data is
just the result of a 1 to 1 correspondence between initial
conditions and final outcome. We will argue that the presen
model could be of the latter type.

The organization of the paper is as follows: In Sec. II the
model is described and the basic equations of evolution fo
the fields and matter are derived, in Sec. III the numerica
implementation is discussed together with the error estima
tion analysis, in Sec. IV the results of the numerical integra
tions are analyzed and finally in Sec. V we give a brief
discussion of the main features exhibited by the model, the
physical significance and the overall viability of the model.

II. FORMULATION OF THE MODEL

We will consider a model in which the effective gravita-
tional constant becomes dependent on cosmic time due to
contribution to it coming from the spectation value of a sca
lar field. This can be achieved by considering a scalar fieldf
nonminimally coupled to gravity. One of the simplest models
of this kind is obtained by taking a Lagrangian as follows:

L5S 1

16pG0
1jf2DA2gR2A2gF12 ~¹f!21V~f!G

1Lmat. ~1!

HereG0 is the Newton’s gravitational constant;j stands for
the nonminimally coupling constant; andV~f! is a scalar
potential to be specified later~see Sec. III!. In this model we
are also including an schematic matter LagrangianLmat.
Equation~1! shows that the introduction of the coupling term
is equivalent to considering an effective gravitational con
stant which explicitly depends on the scalar field:

Geff5
G0

1116pG0jf2 . ~2!

The gravitational field equations following from the La-
grangian~1! can be written as

Rmn2 1
2g

mnR58pTeff
mn , ~3!

where

Teff
mn5Geff~4jTj

mn1Tsf
mn1Tmat

mn !, ~4!

Tj
mn5¹m~f¹nf!2gmn¹l~f¹lf!, ~5!

Tsf
mn5¹mf¹nf2gmn@ 1

2 ~¹f!21V~f!#. ~6!

The energy-momentum tensor of ‘‘matter’’Tmat
mn will be

composed of a combination of two noninteracting perfec
fluids, one corresponding to pure baryonic matter~i51! and
the other one representing a pure radiation field~i52!:

Tmat
mn 5Tbar

mn1Tg
mn5 (

i51,2
@~pi1ei !U

mUn1pig
mn#, ~7!
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53 6773GALACTIC PERIODICITY AND THE OSCILLATING G MODEL
which possesses the symmetries of the spacetime. The sc
field will also be assumed to posses these symmetries.

Finally, the equation of motion for the scalar field be
comes

hf12jfR5
]V~f!

]f
. ~8!

We will focus on the Friedmann-Robertson-Walke
~FRW! spacetimes which describe isotropic and homog
neous cosmological models

ds252dt21a2~ t !F dr2

12kr2
1r 2du21r 2sin2udw2G , ~9!

wherea(t) is the scale factor andk51,0,21.
Our purpose is to study the behavior of the solutions

the gravitational, matter, and scalar field equations for t
FRW line element~9!. Since these equations are highly non
linear, it is a difficult task to find analytic solutions; there
fore, we will approach the problem via a numerical analys

One of the equations we find is the Hamiltonian constra

ȧ2

a2
1

k

a2
5
8

3
pG0E. ~10!

The dynamical equation for the single gravitational degree
freedom is

ä

a
12

ȧ2

a2
12

k

a2
54pG0SE2

1

3
SD , ~11!

where

E5
Geff

G0
Fe1

1

2
ḟ21V~f!212jfḟ

ȧ

aG , ~12!

is the total effective energy density and

S5
3Geff

G0
Fp1 1

2 ḟ22V~f!14jS ḟ22fḟ
ȧ

a
2fhf D G .

~13!

These source terms contain contributions from the three p
of the total energy-momentum tensor given in Eqs.~5!–~7!.

Finally, the equation for the scalar field~8! can be written
explicitly as

f̈13ḟ
ȧ

a
1

]V~f!

]f
516pG0jf~E2S!, ~14!

where we have replaced the scalar curvature in terms of
energy-momentum tensor quantitiesE andS.

It is worth mentioning that the contribution of the scala
field to the expressionTeff;n

mn 50 @see Eq.~4!# vanishes iden-
tically and thus the energy momentum of the ordinary mat
satisfiesTmat;n

mn 50. We will moreover assume that the tw
perfect fluid components~baryons and photons! do not inter-
act among themselves, thus each of their correspond
energy-momentum tensors is separately conserved leadin
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ėi13~ei1pi !
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a
50. ~15!

Equation~15! integrates immediately with respect the sca
factor like in the standard cosmology case. We find then

e5ebar1eg5c1S a0a D 31c2S a0a D 4, ~16!

p5pbar1pg5
c2
3 S a0a D 4 with a0 :5a~ t5t0!. ~17!

Here we have assumed an equation of statepg5eg/3 for the
radiation part, whereaspbar50 for the corresponding bary-
onic component. The first term of~16! represents thus the
pure baryon energy density, while the second one the rad
tion contribution alone. The constantsc1 andc2 are fixed by
the ‘‘initial’’ conditions ~i.e., the conditions today!. In par-
ticular ~at t5t0! we will be assuming a baryonic energy den
sity of one-tenth of the critical value~at least for the first
numerical experiment, but later we will usec1 as an adjust-
ment parameter! and the radiation energy density corre
sponding to the 2.73 K cosmic background radiation~CBR!
~see also Sec. III!. Hereafter we shall refer as tomatter the
combination of both fluids.

With the aim of reducing the field equations into an initia
value problem consisting of a system of first-order differe
tial equations, we shall rearrange these conveniently. H
we present the final form of equations with source term
containing no second-order derivatives and introduce bett
suited variables:

Pa52ȧ~ t !52
ȧ

a
, Pf5ḟ, ~18!

where

a~ t !:5 lnFa~ t !

a0
G . ~19!

The dynamic equation~11! then takes the form

Ṗa2Pa
25

4

3
pG0~E1S!, ~20!

where we have used the Hamiltonian constraint~10! in order
to eliminate from Eq.~11! the term proportional tok. Notice
thatPa[2H(t).

Introducing Eqs.~18! into the scalar field equation we
obtain

Ṗf23PaPf1
]V~f!

]f
516pG0jf~E2S!. ~21!

The source terms then take the following form:

E5
Geff

G0
Fe1

1

2
Pf
21V~f!112jfPfPaG , ~22!

and
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S5
3

11192pGeffj
2f2

Geff

G0
Fp1

1

2
Pf
22V~f!14jS fPfPa

1Pf
22f

]V~f!

]f D164pG0j
2f2EG . ~23!

In obtaining the source~23! from ~13! we have used the
scalar field equation~21! in order to eliminate the term with
hf.

Further analysis of this model requires the numerical i
tegration of the field equations under appropriate initial co
ditions. This will be performed in the following sections. In
the Appendix we provide the dimensionless form of th
above equations.

III. INITIAL CONDITIONS AND FIXING
OF PARAMETERS

The choice of our variables fixes in advance the values
a andPa at present time. Then, the initial conditions are

au t5t0
[0, ~24!

Pau t5t0
[21. ~25!

It is worth emphasizing that byinitial conditions we will
mean throughout the paper the value of the field variables
present time and not their corresponding value near the
Bang.

As stated before, the initial condition fore corresponds to
the value of the~baryon plus radiation! energy densities to-
day and then

e0 :5eu t5t0
5e0

bar1e0
g5c11c2 . ~26!

We fix c2 by the valueT52.73 K from the CBR and choose
for the moment a value ofc1 corresponding toVbar50.1.
Thus, the values of the constants appearing in Eqs.~16! and
~17! are

c150.1ec , ~27!

c2;4.231025ec with ec :5
3c2H0

2

8pG0
. ~28!

Hereec stands for the critical energy density in terms of th
current value of the expansion rateH0.

This choice will leaveV ~see below! as a free parameter
which is adjusted in order to determine the initial condition
on f which result in a model respecting the observed4He
abundances. As we mentioned before, we will be able
follow ~Sec. IV! a different strategy that consists in imposin
V51 and usingc1 ~i.e.,Vbar! as an adjustment parameter.

The Viking data experiments constraintĠ/(GH) utoday to
be less than 0.3h21 @5#. This imposes a bound onḟ. The
most conservative and the one we choose is

ḟu t5t0
50. ~29!

However, it is straightforward to explore a less conservati
initial condition.
n-
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The values of the initial scalar-field’s amplitude and cou
pling constant are obtained from the observational data. T
observed redshift-galaxy-count amplitude~see@5,3#! and the
Hamiltonian constraint~10! at t0 provide two algebraic equa-
tions which determine the values off0 andj once we choose
a value forV andVbar. When assuming a harmonic scala
potentialV(f)5m2f2, these equations are

A052
Geff8 vf0

2H0Geff
, ~30!

f0
25

e02V

16pjV2m2 , ~31!

wheree0 is the initial matter energy density in units ofec ;
V:5E0/ec andv2}m2 is the oscillation frequency in units of
H 0

21.
Solving forf0 andj we obtain:

j5
A0m

2

16p@A0e01v~V2e0!#
, ~32!

f0
25

A0

16pj@v2A0#
. ~33!

The model will explain the observed galaxy distribution
A0>0.5 @3#. The remaining parameter to be adjusted isv
which is obtained from the observed galaxy periodicity o
128 Mpch21.

In order to test our numerical code we have first restrict
ourselves to the standard cosmology where known analyti
solutions exist. The field equations have been solved
means of a fourth-order scheme with an adaptive steps
control. We have performed the integration of the equatio
with respect to time and also with respect to the variablea.
The time integration produces relative errors on the dynam
cal variables, like the scale factor, energy density, a
Hubble parameter which are of the order of 1028.

The choice of the variablea as integration parameter al-
lows us to explore the evolution at very early stages~a,0
region! while keeping the relative errors small. Indeed w
stop the integration ata;225, a bit beyond the value at
which the nucleosynthesis takes place, the calculations h
ing started ata50.

While the integration of equations for flat~k50! and hy-
perbolic ~k521! Universes can be performed for an arbi
trarily large value ofa, for a closed Universe~k51! the
integration makes only sense fora<amax. The limiting value
corresponds to the maximum size reached by the Unive
and beyond which it starts recollapsing. We mention that t
regionsa.amax are indeed not very interesting, first becaus
the physics associated with them can be inferred from t
a,amax branch and then because no observational boun
arise from that region.

We use the Hamiltonian constraint as a test on the ac
racy of the procedure. It is applied at every integration st
and implemented by defining thedeviationparameter~see
the Appendix! as

l:5
~H/H0!

22~V21!e22a

E/ec
. ~34!
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FIG. 1. Relative errors as a function
of dimensionless time: solid lines
~superposed!: log10~a(t)an2a(t)num!/a(t)anu ,
log10u„ȧ(t)an2ȧ(t)num…/ȧ(t)anu ; dashed line:
log10u„a(t)an2a(t)num…/a(t)anu ; dash-dotted line:
log10u„Pa(t)

an2Pa(t)
num

…/Pa
anu ; dotted line:

log10u„~ea
3!an2~ea3!num…/~ea

3!anu ; dot-dashed
line ~bottom!: log10u12lu. The initial conditions
located att0 :50.5H 0

21.
For an infinite accurate integration this parameter wou
equal one and the deviation from this value indicates t
degree to which Eq.~10! fails to be satisfied.

Figure 1 shows the correlation between the relative err
found for the cosmological variables and that for the Ham
tonian constraint~i.e., in l! as a function of time for the
Einstein–de Sitter Universe. The deepest peaks~infinite pre-
cision! indicate the location of initial data. Only for conve
nience, in such points the precision has been arbitrarily se
be;1016.

We have also verified this type of correlation in close
and hyperbolic Universes. Because no analytical solutio
are known for the oscillating models, we use Eq.~34! sys-
tematically~the ‘‘internal test’’! in order to verify the accu-
racy of the results.

IV. NUMERICAL RESULTS

As we will see below, for any given value ofV it is
possible to fixVbar such that the correct value of the4He
abundance is recovered. Figure 2 shows the behavior off in
some range of past and future epochs withV51 and the
correspondingVbar;0.021. As the scale factor increases, th
amplitude is damped due to redshifts while the frequency
oscillation ~with respect toa!, which is inversely propor-
tional to H2 @9#, grows ~see Fig. 3 for the behavior of the
Hubble parameter!. The amplitude and oscillation frequenc
will reach maximum and minimum values, respectively,
the scale factor decreases before entering into a stage~dis-
cussed below! in which the scalar field almost vanishes. Th
includes a late era in which matter is dominant over t
scalar field energy density and an earlier one in which this
the opposite~see Fig. 4!.

We introduce effective energy densities by

Ej :512jfPfPa

Geff

G0
, ~35!
ld
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Ef :5
Geff

G0
F12 Pf

21m2f2G , ~36!

Emat:5
Geff

G0
e. ~37!

Figure 4 shows how these fractions of the total effective
energy density~depicted in Fig. 5! vary with a.

We emphasize thatEj ~a ‘‘coupling energy density’’! is
not positive definite and since it contributes to the total ef-
fective energy densityE @see Eq.~22!#, there are some re-
gions where the fractionEj/E is negative~dash-dotted line!
while Ef/E andEmat/E exceed one~dashed and solid lines,
respectively!. In particular, when comparing Figs. 2 and 4

FIG. 2. Fine-tuned scalar field amplitude as a function
of ln[a/a0] for a flat Universe ~V51! with Vbar
50.021 012 641 182 345 andA050.5 at the onset of oscillations.
At present time~a50! the initial amplitude isf0;3.28831023 and
j;6.267. Computations were stopped ata;1.5.
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we note that when the amplitudeufu is large~in the region
aP@24,23#!, the net scalar-field’s contribution toE repre-
sented byEj1Ef is small because the negative ‘‘energ
density’’ Ej compensates the contribution fromEf . Indeed,
it is the matter contributionEmatwhich becomes dominant in
this era.

When the scale factor is still small~aP@28,25#!, ufu falls
down dramatically by entering what we called the ‘‘fine
tuning era’’ ~see Sec. IV A! where Emat dominates com-
pletely. The effective gravitational constant which was r
duced in;38% of its current valueG0 during the maxima of
ufu, recovers its normal value again~Fig. 6!. Finally, for still
smallera, the scalar field becomes dominant again, resulti
in Geff→0 as we approach the Big Bang singularity. Th
Hubble parameter decreases monotonically in the early
~aP@2`,3#! ~Fig. 3!.

FIG. 3. The Hubble parameter obtained by using the same ini
values as in Fig. 2 andH(a50)5H0 .

FIG. 4. Starting from the same initial values as in Fig. 2, th
figure depicts the fractions of effective energy densities:Emat ~solid
line!, Ef ~dashed line!, andEj ~dash-dotted line! ~see text for defi-
nitions!.
y

-

e-

ng
e
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A. The nucleosynthesis bound and ‘‘fine-tuning’’

In previous investigations, Crittenden and Steinhardt@5#
have brought attention to a couple of much more severe co
straints on the oscillating models that those considered b
fore by Morikawa@4# and Hill et al. @3#. The first of these
constraints regarded the bound imposed by the Brans-Dic
parameter tests which are even more stringent that the o
coming from the Viking radar echo experiments. Howeve
the authors argue that it can be eluded by assuming a ‘‘fo
tunate phase’’ for the oscillation of the scalar field when th
nonminimally coupling function varies quadratically with the
changes off. The second new bound they mentioned arise
from the fact that prior to the onset of its oscillatory behav
ior, the amplitude off had to be small enough in order to
preventuDGu/G.0.4 at nucleosynthesis as described by Ac
cettaet al. @8#, but at the same time, the evolution off has to
be such that its present amplitude is large enough to acco
modate the value ofA0 needed to generate the observe
peaks in the deep pencil survey@1#. Crittenden and Stein-
hardt suggested that both conditions might be possible
‘‘fine-tuning’’ the amplitude off at nucleosynthesis. This
amplitude might then be amplified by the effect of the cur
vature during the matter-dominated era and afterwar
damped by the redshift’s effects.

Although the nucleosynthesis bound can be thought
imposing a limit on the variation ofG, this is not entirely
precise. The true bound that comes from nucleosynthesis i
limit on the deviation of the expansion rate of the Univers
from its value given by the standard cosmological mode
There exists a very narrow region for which the expansio
rate of the Universe and the transition rate for the weak in
teraction, which convert neutrons to protons, traduce them
selves into a freezeout temperature that reproduces the
served4He abundance~see@10# for a review!. In the standard
cosmology framework, for a radiation dominated era, th
ratio between those rates, is

G

H
;S kT

0.7 MeVD
3

. ~38!

Thus the temperature at which those weak interactions free
eout then/p ratio iskTF;0.7 MeV. At this temperature, the
neutron-proton ratio is given by its equilibrium value

S npD5exp~2Q/TF!'1/6, ~39!

whereQ is the mass difference of neutrons and protons. Th
ratio can decrease to 1/7 if we take into account the ‘‘natu
ral’’ neutron decay due to weak interactions. This value pre
dicts approximately one4He nuclei for each 16H nuclei.
Therefore the primordial abundance of4He-H ratio gives
YP'25%, i.e., very close to the observed value, varying i
some small amount depending on the number of neutrin
species considered.

Let us emphasize that one of the greatest achievements
the standard cosmology is the predicted light element abu
dance that we observe today. Therefore, the oscillatin
model would be considered as viable if it preserves als
these nice features.

tial

is
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FIG. 5. The evolution of the total effective
energy density resulting from the numerical inte-
gration of the field equations of Sec. II~see also
the Appendix!, with initial values as in Fig. 2.
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Because of the exponential relation~39!, a small variation
of the freezeout temperature will produce a large deviation
the observed neutron-proton ratio. Deviations of the free
eout temperature will arise as a result of a small change
the expansion rate. The greater the expansion rate,
greater the freezeout temperature and so larger the4He abun-
dance. This is the main reason why alternative cosmologi
models can fail.

We showed in the previous section that the initial cond
tion f0 and the value ofj depends uponA0, v, V, andVbar.
The parametersv andA0 are fixed in order to satisfy the
observed galaxy periodicity and the galaxy peak amplitu
whereasḟ050 prevents conflicts with the Viking experi-
ment’s constraint. So we can try to adjustV or Vbar in order
to ensure the satisfaction of the nucleosynthesis bound.
tially we considered fixingVbar50.1 and then adjustingV.
Another perhaps more natural possibility~see discussion! is

FIG. 6. Behavior of the effective gravitational ‘‘constant’’ in
units of Newton’s constantG0. The initial values have been chose
as in Fig. 2.
of
z-
of
the

cal

i-

de

Ini-

to take a value ofV ~in particularV51 as suggested by
inflation! and then adjustingVbar. As we will see below, we
have done this obtainingVbar;0.021.

In the process of integrating towards small values ofa we
find initially the following behavior: for some choices of
Vbar, the value off goes monotonically to1`, or to2` for
some others. This suggested to us that there exists so
value ofVbar at which the transition from one behavior to the
other takes place. We found that forV51 this ‘‘fine-tuned’’
value turns out to beVbar;0.021. Figure 7 shows the behav-
ior of f for three values ofVbar about this point.

This transition point, traduces in a very special ‘‘initial’’
conditions for which thef amplitude is ‘‘squeezed’’ to zero,
before the onset of the oscillatory behavior. The search
that transition value is what we call ‘‘fine-tuning.’’ Our nu-
merical experience indicates that it is possible to generate
finite region during whichf;0 before growing or decreas-
ing monotonically~in the direction of decreasinga! and that
the extent of that region depends on the improvement of t
‘‘fine-tuning.’’

Different ‘‘experiments’’ in ‘‘fine-tunings’’ are depicted
in Fig. 8. The larger the plateau for whichGeff→G0 ~i.e., for
which f→0! the closer the freezeout temperature is to th
standard cosmology prediction 0.7 MeV. We have found th
Vbar50.0211e results in a freezeout temperature which
agrees with 0.7 MeV and therefore giving a4He abundance
that approximates best the observed value~see Fig. 9!.

In light of the extreme sensitivity ofTF to the value of
Vbar we are not able to improve the ‘‘fine-tuning’’ due to the
limitations in the numerical precision. However, even with
noninfinitely precise ‘‘fine-tuning’’ the model is able to re-
cover the 4He abundance from nucleosynthesis. Figure
shows the freezeout temperature~;0.7 MeV! predicted by
the best ‘‘fine-tuning’’ we explored.

TheV51 scenario~with Vbar;0.021! corresponds to an
age of the Universe of;0.8H 0

21 ~see Fig. 10!. Figure 11
shows a typical curve of the Hubble parameter as a functio

n
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FIG. 7. Behavior of the scalar field for three
different values ofVbar within theV51 scenario.
The solid line represents the best ‘‘fine-tuning’’
obtained withVbar50.021 012 641 182 345~see
Fig. 2!; the dashed line forVbar50.022, and the
dash-dotted line withVbar50.020.
e

,

-
r

of redshifts. The transition between the matter and radiat
epochs is clearly appreciated in Fig. 12@see also Eq.~16!#.

Only for completeness we mention that, for example,
we chooseVbar50.1 and fine-tuneV this results inV;1.67
which corresponds to a closed Universe. Figure 13 sho
that the age of the Universe based in this scenario is ab
0.7H 0

21. Somewhat younger than the age predicted by a U
verse that includes only baryonic matter and radiation ene
densities ~a hyperbolic-standard-cosmology model! which
corresponds to;0.9H 0

21. Figure 14 shows the freezeou
temperature~;0.8 MeV! predicted by the best ‘‘fine-
tuning’’ we explored in theVbar50.1, V;1.67 scenario.
This temperature is very close to the one predicted by
standard cosmology~;0.7 MeV!. This examplifies the fact
that for any choice ofV ~or Vbar! the freezeout temperature
ion

if

ws
out
ni-
rgy

t

the

of standard cosmology can be recovered by adjusting th
other parameterVbar ~or V!.

V. CONCLUSION AND DISCUSSION

At first sight the model could not be less appealing: a
‘‘fortunate phase’’ and an incredibly precise ‘‘fine-tuning.’’
However, we must judge it in the proper context by contem-
plating the alternatives.

First the observed periodicity might be a statistical fluke,
then of course that would be the end of the story. However
as we argued in the Introduction it would be quite a coinci-
dence that we just happened to look at the couple of direc
tions that exhibit such patterns. In any event this is a matte
that only further observations will answer.
FIG. 8. Effective gravitational ‘‘constant’’
in units of Newton’s constantG0 for different
fine-tunings: solid line obtained with
Vbar50.021 012 641 182 345, dashed line for
Vbar50.021 012 641 18, dash-dotted line with
Vbar50.021 012 6.
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FIG. 9. Expansion~solid line! and transition
~dashed line! rates in terms of black-body tem-
perature. The asterisk depicts the freezeout tem
perature;0.7 MeV at which nucleosynthesis
takes place as predicted by the standard cosm
logical models. The cross-point of both curve
indicates the corresponding freezeout temperatu
;0.7 MeV for the oscillating model of previous
figures.
at
n-

e
b-

the
ore
ll
the
u-
Next we have the ‘‘spontaneous breaking of the cosm
logical principle’’ @2#, clearly a major departure from ou
cosmological conceptions which besides that, requires so
thing even more fortunate than the ‘‘fortunate phase’’ of th
oscillating G models: We happened to be ‘‘fortunate’
enough to be born in a galaxy which happens to lay in t
middle of a concentric collection of shells of maximal galax
density.

And finally the galactic luminosity oscillationmodel,
which as we said at the beginning, more than a model i
vaguely specified scenario which nevertheless seems to
quire at least two new hypotheses: a new type of star cool
mechanism, and also~as the other alternatives do! a driving
oscillating cosmological scalar field to turn on and off th
o-
r
me-
e
’
he
y

s a
re-
ing

at

mechanism periodically in cosmic time. Needless to say th
once the scenario is implemented with a specific model, u
forsen new bounds might also have to be overcome.

In this light, the oscillatingG model does not look as
clearly dismissable. Furthermore, while it is true that th
fortunate phase will have to remain such, for the other pro
lem, ‘‘the fine-tuning,’’ we will argue below that there are
scenarios in which this problem is not present.

To start, we must stress that while the ‘‘fine-tuning’’ is
completely unnatural when approached, as we have, from
present to the past, when looked from the opposite and m
natural direction, the situation is quite different. In fact a
that seems to be required is for some mechanism to drive
scalar field to an extremely low value before the era of n
FIG. 10. Scale factor of the oscillating model
of previous figures in units of its value today as a
function of cosmic time~in units of H0

21!. The
present timet0 has been placed att51H 0

21.
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FIG. 11. The Hubble parameter as a functio
of redshifts. The initial conditions of Figs. 3 and
10 determine the initial valueH/H051 at
z(t0)50.
-

ri-
to
e
In
li-
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t of
n-
nt
cleosynthesis, for then our calculations show the field w
remain at that value up to and beyond that era so will ha
Geff'G0 and then the success of ‘‘Big Bang nucleosynth
sis’’ will be recovered naturally. The amplitudeufu will later
be amplified by the curvature coupling precisely before t
onset of the oscillatory behavior.

Thus it is possible that starting from an arbitrary value
f near the Big Bang, a mechanism~no different from that
required to solve the other problems of the standard B
Bang model, including inflation itself! would drive the scalar
field to a value near zero, at which it will remain until jus
beforeH'm when the amplification and then oscillation
would occur. This type of scenario might be combined wi
the inflationary predictionV51 and a corresponding ‘‘fine-
tuning’’ on Vbar. This has been done and the ‘‘fine-tuning
ill
ve
e-

he

of

ig

t
s
th

’’

yielded a valueVbar;0.021, surprisingly in the very narrow
range 0.016<Vbar<0.026 that results in a successful nucleo
synthesis of the light elements other than4He. But the point
is that this would really be no ‘‘fine-tuning’’ at all~if looked
in the right perspective!, because all that it will mean is that,
given the physical constantprecise values, the inflationary
mechanism will ensure that the energy densities of the va
ous components, scalar field and ordinary matter, add up
V51, which will correspond then to a Universe at our tim
with precisevalues of the densities, expansion rate, etc.
particular the precise current value of the scalar field amp
tude and phase arises from a particular precise value of
parameters at early times, among them the baryon conten
the Universe. The fact that the corresponding baryonic de
sity today turns out to lay in a very narrow range consiste
FIG. 12. The combined matter-radiation
~solid line! and pure radiation~dashed line! en-
ergy densities with initial values as in Fig. 2.



o

53 6781GALACTIC PERIODICITY AND THE OSCILLATING G MODEL
FIG. 13. Scale factor for the closed oscillating
Universe withV;1.67 andVbar50.1 ~solid line!.
The dashed line corresponds to the case with n
scalar field~standard cosmology!. As in Fig. 10,
the present timet0 has been placed att51H 0

21.
ith
,
-

with the light element’s nucleosynthesis suggests that
model should be taken seriously. In this respect we wou
like to point out that thea priori probability for this happen-
ing just by chance is about 1 in 100~the range@0.016, 0.026#
which is observationally allowed forVbar represents approxi-
mately 1 part in 100 inside the numerical range allowed
principle @0,1#!.

In view of the previous arguments we may conclude b
saying that the ‘‘fine-tuning’’ should be seen as simply r
covering the ‘‘initial’’ conditions corresponding to the obser
vational data and that, moreover, this has resulted in
specific predictionVbar;0.021. Therefore, this is certainly
the most attractive of all the models considered in order
explain the observed periodicity in the galactic distributio
the
ld

in

y
e-
-
the

to
n,

and should also be considered as a missing mass model w
the scalar field playing the role of dark matter which is
however, indirectly observable in the oscillation of the ga
lactic distribution.

APPENDIX: DIMENSIONLESS FORM
OF FIELD EQUATIONS

1. Einstein’s dynamical equation

It is easy to check that when restoring factors ofc and
introducing characteristic lengths, Eq.~20! becomes

P8 a5 P̃a
21 1

2 @Ẽ1S̃#, ~A1!
h

FIG. 14. Similar to Fig. 9 for the closed Uni-
verse withVbar50.1 andV;1.67. Here the pre-
dicted freezeout temperature closely agrees wit
;0.7 MeV.
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with

t̃ :5tH0 , ~A2!

P̃a :52a8 , ~A3!

Ẽ:5
E

ec
, ~A4!

S̃:5
S

ec
, ~A5!

ec :5
3c2H0

2

8pG0
. ~A6!

Here a dot over a tilde means derivation with respect
dimensionless timet̃.

2. Scalar field’s equation of motion

Using ~A2!–~A6! and introducing

P̃f :5f8 , ~A7!

Eq. ~21! can be written

P8 f53P̃aP̃f2
3

8p
Ṽ8~f!26jf@S̃2Ẽ#. ~A8!

The scalar fieldf now turns to be a dimensionless quanti
and

Ṽ~f!:5
V~f!

ec
. ~A9!

Thus, in the case of a scalar potentialV(f)5Lfn, L has
units of energy density. In particular ifL:5m2 andn52, the
dimensionless harmonic frequency of oscillation is given

ṽ:5
v

H0
5A 3

4p
m̃. ~A10!

Moreover, with such a choice of units, the coupling consta
j is also dimensionless. Finally, the dimensionless sou
terms read explicitly

S̃5
3G̃

11192pG̃j2f2 F p̃1
4p

3
P̃f
22Ṽ~f!

1
32p

3
jS f P̃fP̃a1 P̃f

22
3

8p
fṼ8~f!D G

1
192pG̃j2f2Ẽ

11192pG̃j2f2
, ~A11!
the

ty

by

nt
rce

Ẽ5G̃F ẽ1
4p

3
P̃f
21Ṽ~f!132pjf P̃fP̃aG , ~A12!

G̃5@1116pjf2#21. ~A13!

Equations ~A1!, ~A3!, ~A7!, ~A8! with source terms
~A11!–~A13! and the equation of conservation of energ
~A20! are then the complete set of equations best suited to
solved numerically. With a trivial manipulation we write
these equations in terms of derivatives with respect toa in-
stead oft̃.

3. The Hamiltonian constraint and the deviation parameter

With these notations, the dimensionless form of th
Hamiltonian constraint~10! reads

P̃a
21

k

a2H0
2 5Ẽ. ~A14!

Now, at t5t0 this becomes

11
k

a0
2H0

2 5Ẽ0 . ~A15!

We can now replacek in Eq. ~A14! in terms of hereabove
initial conditions to get

P̃a
21~Ẽ021!e22a2Ẽ50, ~A16!

where we have employed our variablea instead ofa.
We can introduce also the dimensionless deceleration p

rameterq̃(t) in terms of sources

q̃~ t !5
1

2P̃a
2@Ẽ1S̃#. ~A17!

At t5t0, we can also rewrite~A17! in the form

Ẽ052q̃02S̃0 . ~A18!

Moreover, the deviation parameter introduced in~34! take
the form

l:5
P̃a
22~V21!e22a

Ẽ
, ~A19!

where we stressP̃a[2H(t)/H0 andV[Ẽ0.

4. Conservation equations of matter and radiating fields

Equation~15! becomes

e8 i53~ ẽi1 p̃i !P̃a . ~A20!
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