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Cosmological Consequences of High-Frequency Oscillations of Newton's Constant
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We show that high-frequency, small-amplitude oscillations of Newton's constant G can dramatically
alter cosmology even if the frequency is very high compared to the expansion rate. For example, it is
possible to have a spatially liat universe in which dynamical tests of Q=(matter density)/(critical
density) —tests which attempt to directly measure the mass density of the universe —obtain values less
than unity (ti =0.1-0.3, say). The cosmological eA'ects can be obtained in a frequency-amplitude range
allowed by all known constraints on G and its time derivative.

PACS numbers: 98.80.01., 04.50.+h

The notion of a time-varying Newton's constant 6 has
received considerable theoretical and experimental atten-
tion in recent decades, inspired by Dirac's large-number
hypothesis and the advent of Brans-Dicke cosmology [1].
Strong experimental constraints have been obtained
which rule out significant monotonic variation of 6 on
time scales comparable to the age of the Universe
(e.g. , Viking experiments indicate 6/GH 0.3, where H
is the Hubble parameter). Recently, low frequency -(v
= 160H) oscillations in 6 have been proposed as an ex-
planation for the apparent spatial periodicity (2trv
= 128 Mpc) observed in pencil-beam galaxy redshift sur-
veys [2]. However, oscillations in this frequency regime
are highly constrained by classical tests of general rela-
tivity.

In this paper, we turn attention to oscillations of 6 at
very high frequency compared to the Hubble expansion
rate, v) 10' Hz. (The lower bound has been chosen to
ensure that the oscillations cannot be detected by classi-
cal tests of general relativity [3].) We find that oscilla-
tions in 6 can surprisingly aAect cosmological measure-
ments even though the frequency is fantastically greater
than the present expansion rate. For example, oscillating
6 can make 0—= (matter density)/(critical density) ap-
pear to be less than unity even though the Universe is

spatially Oat. Hence, it is conceivable that oscillations in

6 can lead to a discrepancy between measurements of 0
(e.g. , 0 =0.1-0.3 is reported in some observations) and
the prediction that A =1. Cosmologies are also possible
with the oscillating-6 eAect combined with a dark-matter
or cosmological-constant component; however, the con-
straint that the hidden-mass component make up the en-
tire difference between measured A and unity is removed.

Before proceeding to discuss the eAects on cosmologi-
cal parameters, it seems best to first address concerns
which undoubtedly spring to the reader's mind when
presented with the proposal of rapidly oscillating 6: Does
the proposal violate existing astrophysical or cosmologi-
cal limits on G. The answer is no; the best limits (e.g. ,
Viking measurements or binary-pulsar limits) [1] are
measured over time scales much greater than the oscilla-
tion period (~ 10 sec) so that 6 averages to zero.

Does the change in 6 affect stellar evolution, nucleosyn
thesis, or terrestrial measurements of 6? No; the ampli-
tude of the oscillation in 6 is likely to be extraordinarily
small, e.g. , AG/6 ~ 10 today. The amplitude is many
orders of magnitude below limits set by stellar evolution,
and AG/6((1 extrapolating back to nucleosynthesis as
well. Terrestrial measures of 6 are insensitive to such
small amplitudes. We note that frequencies above a few
kilohertz lie beyond the range of proposed laser-inter-
ferometry tests for gravity waves. Although the ampli-
tude is incredibly small, we will show that the cosmologi-
cal effect of oscillations is proportional to G/GH
et: vH '(AG/6); hence, the effect can be non-negligible
because the frequency is large and because the Hubble
parameter is small. Is there any microphysical ~eason
for high frequen-cy, low ampli tude -osci1lati ons? Yes.
The key microphysics requirement is a massive scalar
field that is nonminimally coupled [i.e. , an interaction

f(p) %, where % is the scalar curvature]. Then, the
efkctive value of 6 obtains an oscillatory contribution as
the nonminimally scalar field oscillates about its ground-
state value with a frequency v determined by its mass,
v-m . We note that even if nonminimal couplings do
not appear in the classical theory describing particle fields
coupled to gravity, they are generated by quantum
corrections since no symmetry forbids them, in general.
While there is no accepted, renormalizable unified theory
in hand, it is reasonable to suppose that finite nonminimal
couplings are present in the eAective, low-energy La-
grangian that describes our Universe. In fact, virtually
every approach attempting to unify particle physics and
gravity, including superstring, Kaluza-klein, induced
gravity, and supergravity theories, also predicts weakly
interacting, massive scalar fields which are nonminimally
coupled. It is necessary that the initial oscillation ampli-
tude be small or else the oscillation energy dominates the
energy at an early epoch destroying the successful predic-
tions of nucleosynthesis. (In more recent work [3], we
have shown that the requisite initial oscillation amplitude
can be produced naturally in an infiationary epoch. )
Since the oscillation amplitude decays with time due to
redshift, a consequence is that the present amplitude
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would be unobservably small, which is why nonminimal
couplings have been ignored by many cosmologists.
Here, however, we show how oscillation s can aA'ect

cosmology even though the present amplitude is small.
Does the proposal violate solar sys-tem or fifth forc-e
tests for intermediate ran-ge forcesz No. Nonminimal
couplings result in a short-range Yukawa interaction that
modifies Newtonian gravity on scales smaller than m
Masses m & 10 ' GeV or frequencies v& 10' Hz cor-
respond to length scales less than 0.03 cm, which is well

below the range of tests for intermediate-range forces [4]
or solar-system tests of general relativity [3]. Particle-
physics models would typically suggest greater masses
(and, hence, modifications on shorter length scales).

The remarkable fact is that, even though high-
frequency, low-amplitude oscillations in G easily evade all
known tests on Einstein gravity, they can, nevertheless,
profoundly aAect cosmology. One's natural intuition is

that the high-frequency eA'ect must wash out on long time
scales, and here time scales 10 or more times the oscil-
lation period are being considered. The intuition fails be-
cause of the nonlinearities in the Einstein equations
modified for an oscillating G:

t

H —= — = H+ — (p—+po),a G 8nG (I)
G 3

where a(t) is the Robertson-Walker scale factor, p„,is

the ordinary matter density (including radiation), and po
is the energy density associated with the oscillating field

(say, a scalar field p) responsible for the oscillations in G.
[The derivation of Eq. (I) is a simple generalization of
the derivation for Brans-Dicke theories [5].]

The universe is assumed to be flat owing to an

inflationary phase early in the history of the universe.
For simplicity, it is further assumed that p~ is negligibly
small compared to p, i.e., ordinary matter dominates the
energy density. The dominant oscillation eAect is due to
the term (G/G)H on the right-hand side.

Solving Eq. (1) for H illustrates why there is a non-
trivial eAect even at high frequency:

r i P" i/2
1 G 8+GpH= ——+ +—
2 G ( 3 4 G

If 6/G a: cos(mt), where m &)H (frequency much greater
than the averaging time), the first term averages to zero,
but (6/6) in the second term retains a nonzero contri-
bution even at ultrahigh frequencies.

How the frequency-independent contribution affects
measurements of the expansion, 0, and the age of the
universe depends upon how the frequency and amplitude
vary with time, which depends on the nonminimal cou-
plings to the scalar curvature, 6 'R f(p)R, and oth-
er interactions of the p field. As a simple example, we
shall analyze the case where f(p) =6 '[I+a&IMp] and

pG = —,
'

(P +m P ), where 6 is the mean Newton's con-

stant and Mp =—G is the mean Planck mass. Assum-
—-]/2-

ing a scenario in which an early inflationary epoch
smooths out the spatial gradients in p [3], we shall illus-
trate the constraints on the model and show that, in this
example, measurements of H are unchanged while
dynamical measurements of 0 yield a value less than uni-

ty. Discussion of other models with diAerent eA'ects on
cosmological measures will be presented elsewhere [6].

Since the potential for p is harmonic, po redshifts just
as nonrelativistic matter (~x:a ): p= [pt, (a/ai, ) ]
xcos(mt), where iieet, is the amplitude and ab is the scale
factor at the beginning of the oscillations (when H=Hb
=m). For the desired frequency range, oscillations be-
gin when the universe is less than a picosecond old during
the radiation-dominated epoch. It is possible that p~
grows to dominate the radiation energy density before the
usual onset of the matter-dominated epoch. Since we do
not require a significant p~ in this scenario, we will apply
a conservative constraint on the initial amplitude pt, to
ensure that p(,- is always less than the radiation density
and remains less than p even through the present epoch.
Since p~ and p scale the same way as a function of the
scale factor, it is sufficient that po =g p„,with (51 at
the present epoch. If ao—= 1 and Ho are the scale factor
and Hubble parameter today, respectively, this means
m p(,d.,y= ( (3/8tt)HOMp, or

iiiioday = &(3/8&) 't'(Ho/m )Mp .

Oscillations in p induce oscillations in 6 ~f (P)
=6[1+a&IMp] '. The oscillation amplitude for 6 to-

day,

ay,.„„/M,= ag(3/8~) '"(H./m),

is negligibly small for the high frequencies that we

consider (v & 10' GeV or m & 10 ' GeV): 66/6
«10 . On the other hand, because of the high fre-

quency m, the amplitude of 6/6 today,

a -=m(ay. ..„,/M, ) = ag(3/8~) '"H, ,

is not negligible; rather, it is comparable to the expansion
rate Ho and, hence, can significantly aff'ect the cosmologi-
cal expansion according to Eq. (1). In general, the am-

plitude of 6/6, which is proportional to the amplitude of

p, scales as A/a
Since the amplitude of (6/6) and the matter density

p both scale as a(t), Eq. (2) is separable in terms of
a(t) and t, and an exact solution for a(t) can be found in

terms of elliptic integrals. If y= A/2HMD =a(/2 and i—f
~—= y'/(I+ y'), then

a(t) = [(-', h t)[(I+y')'"Z(g)]]"',
where h =(8trGp /3)'t evaluated today and F(g) is

the complete elliptic integral of the second kind. The fac-
tor in square brackets (= 1+ —,

'
y ) is the leading correc-

tion.



VOLUME 67, NUMBER 3 P H YSICAL REVIEW LETTERS 15 JULY 1991

[(1+ y2) t/2E(P)] 2 (1 + y2) I (7)

or y' 3 viria
The value of 0 inferred from peculiar-velocity mea-

surements is slightly smaller [7]. The peculiar velocity on
a given scale is related in linear theory to the growth of
perturbations on that scale, 8—=Bp/p. The perturbation
amplitude for nonrelativistic species on subhorizon scales
during the matter-dominated epoch obeys an equation of
the form [5]

6+ 2H6=4trGpt, t((m6+(GSG),

whe«ptot=pm+PGi gm =pm/ptot& 4G =pa/ptot~ ~=~pm/
p, and By=Spa/PG. If pG«p, the right-hand side
reduces to 4zGp 6'. The peculiar velocity is proportional
to ir=d(ln8)/d(lna). In an open universe without oscil-
lations in G, the solution to Eq. (8) is 0 =x' ' [8]. In a
fiat universe with oscillating G, the corrections to Eq. (8)
are negligibly small; any new terms are either suppressed
by a factor of AG/G«1 or average to zero over many
oscillations. The solution to Eq. (8) is x'=

4 [—1+(1
+24'„;,;.,t) 't ] ( 1, where we have used Q„„,.

t=SzGP«t/3Hz. Given peculiar-velocity measurements
alone, an oscillating G with 0 =Q„.„,~

could be miscon-
strued for an open universe with Ap ] ~ K . For
0„;„;,~

=0.2, ~ =0.35, and A~„„~;,. „=0.18. The discrepan-
cy between A„„,i and Q~„„~;„is small for the interesting
range 0.1 & 0 & 1.

Note that one consequence of this last analysis is that
8 cx' a with x ( 1. The growth of perturbations is
significantly suppressed. Admittedly, this simplistic mod-
el is not complete since some new physics is required to
explain structure formation.

In this discussion of Eq. (8), we have assumed that the
oscillations in (tt are spatially uniform. In a later paper
[3], we will present a generic scenario in which ttt is dis-
placed from its equilibrium position during an early

The scale factor a(t) is changed by a time-independent
factor: atx:t t and H= a/—a, just as in a fiat universe

without oscillating G. We have also assumed that the
spatial curvature is negligible due to an earlier infla-

tionary epoch. Consequently, all kinematic tests of flat-
ness (e.g., measurements of the deceleration parameter or
galaxy number counts) are predicted to find Qk;o =I and
the age of the universe is unaltered.

What oscillating G changes is the relationship between

Ho and the matter density, as can be seen directly from
Eq. (2). A consequence is that dynamical techniques for
measuring 0 (e.g. , via a virialized mass distribution or
peculiar velocities) are predicted to find 0 & 1, perhaps
as small as 0 =0.1-0.3. Attempts to measure p directly
(assuming Kepler's third law for motion about a galaxy
or assuming a virialized mass distribution for tests on

larger scales) should find

rt„;,, =8 ttGP /3H—ti
= (h /Hp)

inflationary epoch, setting up the conditions to initiate os-
cillations. In this scenario, inflation naturally leads to an
acceptable amplitude today and smooths (tt such that the
perturbations in (tt remain negligible today. It is also pos-
sible to construct scenarios in which the perturbations in

(tt are non-negligible and Eq. (8) must be modified. These
scenarios will also be discussed in Ref. [3].

We have also assumed that ttt should not have decayed
through the present epoch. Even if all direct (tt couplings
are extremely weak, (tt can decay due to its nonminimal
coupling to the scalar curvature %. In general, if (tt has
mass m, the decay rate is [9]

I g mmd/Mp,

where we have assumed a dominant two-body mode to
fermions of mass md & m. For scenarios where the ttt os-
cillations are supposed to continue through the present
epoch, we require I ~(H. For the most pessimistic case,
md=m, we find m &[HMpa ]' —a (100 MeV).
Recall that the lower bound to evade classical relativity
tests on laboratory length scales is m ) 10 ' GeV, so a
significant allowed mass range remains.

It is possible to consider models in which the decay of ttt

to gravitons is suppressed by imposing a (tt
—

(tt symme-
try [9], e.g. , f(ttt) =G '[I+(ttt /Mp] and ((tt) =0. The
upper bound on m is lifted when the decay is suppressed.
However, it should be noted that the mean value of G
changes with time as the oscillation amplitude decreases
due to redshift. The nucleosynthesis bound, AG/Gtod y

&0.4z, must then be considered [10]; typically, the new

constraint modestly raises the lower bound on m but
there remains no upper bound.

Other cosmological effects of oscillating G can be ob-
tained by altering the dependence of G on ttt and/or in-

troducing additional nonminimally coupled fields. The
(G/G) in Eq. (2), instead of scaling as nonrelativistic
matter (tx:a ), can be made to scale as relativistic
matter (tx:a ~), where the exponent P is model depen-
dent [3]. An important effect is that suppression of per-
turbation growth is reduced to a negligible level if P is
small. Also, we have shown how these more general mod-
els can alter not only 0„„;,, ~, but also galaxy count versus
redshift or the cosmological age [6].

At present, a number of potentially embarrassing
conflicts are developing between measured cosmological
parameters and the predictions of inflationary or big-bang
models. For example, inflationary models predict 0 =1,
while some dynamical measurements suggest that A may
be 0.3 or less. There may also be problems reconciling
the age of the Universe, the growth of large-scale struc-
ture, and galaxy number counts. The conflicts have led to
the appeal to dark matter, a small, but nonzero cosmolog-
ical constant, and other exotic possibilities. The notion of
rapidly oscillating 6 is, in this context, perhaps no more
exotic and perhaps even fits with current attempts to uni-

fy gravity with the strong, weak, and electromagnetic
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forces. The frequency and amplitude ranges required to
aA ect cosmological measures seem safely within all
known experimental constraints at present.

With so much at stake, it may become imperative to
develop novel tests for high-frequency, low-amplitude os-
cillations in 6.

We thank D. La, G. Segre, M. Turner, and C. Will for
valuable discussions. %'e are especially grateful to M.
Turner for his corrections to the original manuscript.
This research is supported in part by U.S. DOE Grant
No. DOE-EY-76-C-02-3071.

[1] C. M. Will, Theory and Experiment in Gravitational
Physics (Cambridge Univ. Press, Cambridge, 1981).

[2] M. Morikawa, University of British Columbia Reports

No. 90-0208 and No. 90-0380, 1990 (to be published); C.
T. Hill, P. J. Steinhardt, and M. S. Turner, Phys. Lett. B
252, 343 (1990).

[3] F. S. Accetta, P. J. Steinhardt, and C. M. Will (to be
published).

[4] C. C. Speake, T. M. Niebauer, M. P. McHugh, P. T.
Keyser, and J. E. Faller, Phys. Rev. Lett. 65, 1967
(1990).

[5] S. Weinberg, Gravitation and Cosmology: Principles and
Applications of the General Theory of Relativity (Wiley,
New York, 1972), pp. 244-247 and 571-573.

[6] F. S. Accetta and P. J. Steinhardt, University of Pennsyl-
vania Report No. UPR-0460T, 1991 (to be published).

[7] M. S. Turner (private communication).
[8] E. W. Kolb and M. S. Turner, The Early Universe

(Addison-Wesley, Redwood City, CA, 1990), Chap. 9.
[9] G. Segre (private communication).

[10] F. S. Accetta, L. M. Krauss, and P. Romanelli, Phys.
Lett. B 24$, 146 (1990).

301


