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ABSTRACT
THE EFFECT OF A BRANS-DICKE COSMOLOGY UPON
STELLAR EVOLUTION AND THE EVOLUTION OF GALAXIES
Michael John Prather

Yale University 1976

This thesis examines the effect which a variable G cos-
mology, such as Brans-Dicke, will have on the evolution of
individual stars and of galaxies composed of these stars in
the hope that present day observatioﬁ of globular ciusters
or giant elliptical galaxies will provide a test for the
Brans-Dicke theorf. The higher value of the gravitational
coupling coefficient G in the past histdry of various Brans-
Dicke universes is studied in detail. A low-density, open
universe is selected for study: fractional closure density

= 0.2, present Hubble constant = 55 km/s/Mpc, stellar forma-

tion 2t a redshift of 5, and the Brans-Dicke parameter omega
= 6.

In this universe a set of stéllar evolutionary tracks
is computed from the Zero-Age Main Sequence through the Giant
Branch to the Horizontal Branch for approximately'solar com-
position, (Y,Z) = (0.25,0.02). When compared at equivalent
evolutionary phases, the luminosity of individual stars is
found to increase greatly with G from the ZAMS to the HB.
The higher G greatly speeds up the evolutionary time scale

fcr the main sequence, and it decreases the core mass at the

helium flash, leaving the luminosity of the tip of the GB



ot

bz

T R R

e r e e,

end the HB unchanged. The net effect of a higher G on a
cluster of stars is to increase the apparent mass at the
turn-off and to reduce the lifetimes of all the evolutionary
pﬁases from the ZAMS to the HB by the same factor. Thus,
the relative number density of stars in the major phases of
stellar evolution is unchanged.

A set of metal-poor stellar tracks are computed from
the ZAMS to the base of the GB in order to simulate the turn-
off and sub-giant regions of globular clusters. At the pre-
sent epoch the only difference caused by the higher G in the
past is the increase in the apparent age of the cluster.

Single-generation, solar abundance models of giant

.€lliptical galaxies show a substantial evolution of the inte-

grated galactic magnitude but have a very small evolution of
the integrated colors. The colors and magnitudes of the
variable G models evolve almost parallel to those of the con-
stant G models and do not display the expected increase in
luminosity with G. The only difference between the two models
is that the Brans-Dicke galaxy appears older, and hence redder.
Thus, the effects of a moderately higher value of G in
the past are unobservable, as are the effects of a moderately

higher G in a nearby cluster.
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CHAPTER I. INTRODUCTION
§1. General Relativity and Brans-Dicke

When the general theory of relativity was presented by
Einstein (1916), it accounted for the 43"/century residual
precession of Mercury's perihelion that had been noted by
Leverrier (1859) and accurately measured 34 years before by
Newcomb (1882). The predicted deflection of starlight by
the sun was verified during the 1919 solar eclipse (Dyson,
Eddington and Davidson 1920), and the general theory gained
wide acceptance. Since that time Einstein's general theory
of relativity (henceforth GR) has survived all observational
tests and has become the "standard" theory of gravitation.

At present, the most viable alternative to GR is the
scalar-tensor theory of Brans and Dicke (1961), which pre-
dicts a variation of G with the age of the universe. In
this thesis I shall consider only the GR and Brans-Dicke
cosmologies. For a thorough review of the variety of
variable-G cosmologies and their astrophysical and geophys-
ical implications see Wesson (1973). The Brans-Dicke theory
(henceforth BD) is a Machian theory in that the local gravi-
tational field is affected by the total mass-energy distri-
bution of the universe. The BD theory contains a dimension-
less constant w and a scalar field ¢. The coupling constant
w is a measure of the deviation of BD theory from GR theory

(BD approaches GR in the 1limit w+«). The inverse of the
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scalar field ¢ is proportional to the local gravitational
coupling coefficient G.

As has been stressed by McVittie (1969), the BD scalar
field ¢--and hence G--is a function of both time and space.
For hydrostatic models which involve no time derivatives, the
temporal variation of ¢ presents no problems. However, if ¢
has strong spatial variations from the center to the surface
of a star, then the application of the non-relativistic
hydrostatic equilibrium equation--which includes a spatial
derivative and G--will no longer be valid. Eardley (1975)
points out that the assumption of a spatially constant ¢ is
accurate if the star is non-relativistic. He derives the

center-to-surface variation of ¢ (or G) in BD theory which is

P%l ) |ig " e | (1)

to first order in U/c? where U is the Newtonian gravitational
potential. Thus, the spatial variations of ¢ are insignifi-
cant (v10°° for a white dwarf star with w = 3), and I shall
assume that the temporal variations of ¢ can be computed

from a homogeneous, isotropic universe.
§2. Observational Evidence

The BD predicted rate of decrease in G at the present
(equation II.9) is theoretically observable and would pro-
vide a direct test of the theory. The preliminary upper
limits of [8/G|, < 4-107'° yr-'from radar observations of

planetary motions (Shapiro et al. 1971) could only rule out
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the densest of the BD universes. The more recent results
are not yet decisive.
(6/6)y = +4 £8-10-11 yr-1 (Shapiro 1974) (2)
= -8 +5-10"!1 yr-1 (van Flandern 1975) (3)

In addition to the predicted decrease in G, other nota-

"ble differences between BD and GR include the classical tests

of: (i) the deflection of starlight by the sun where BD

predicts a smaller deflection,

o(BD) = $223-0(GR) ; (4)

and (ii) the precession of Mercury's perihelion where BD also

predicts a lower rate,

84 (BD) = 3WL. 44 (GR) . (5)

While optical measurements of the deflection of 1light are
limited to solar éclipses and are unlikely to be able to
differeﬁtiate 5etween BD and GR, radio observations (Counsel-
man et al. 1974, Fomalont and Sramek 1975) may soon be suf-
ficiently accurate to discriminate. The precession of Mer-
cury's perihelion can be compatible with BD if the sun is
oblate by a factor of 5-10~9 (Dicke 1964). However, this
degree of oblateness is extremely difficult to measure to
any degree of concordance {Dicke 1974, Hill et al. 1974,
Hill and Stebbins 1975).

The effects of BD theory on nucleosynthesis in the early
universe have been investigated by Greenstein (1968). With

regard to the primordial production of deuterium and helium,
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he finds no observable differences between BD and GR models

except for the high density BD universes which produce

excessive amounts of helium.

§3. Stars and Variable G

I propose to examine the differences between BD and GR
by employing what are possibly the most sensitive instruments

to detect changes in G: the stars. As was first pointed

out in homology arguments (Teller 1948), the luminosity of
a main sequence star is a highly sensitive function of
gravity (L ~ G”). These relatively higher luminosity stars,
formed at a larger G in a BD universe, will have evolved

more rapidly within the same time span than their counter-
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parts in a GR universe (Dicke 1962)f The greatest effect

will be found in the oldest population of stars which have

experienced a larger G for a longer period of time.

RRTRLERCS 2o Lt BY

For this reason I shall examine the effects of a BD
cosmology upon both the evolution of giant elliptical gal-

axies and the color-magnitude diagram of globular clusters.

Giant ellipticals provide one of the better tests because

é they are composed of o0ld stars and their brightness allows

; them to be observed at large redshifts. Globular clusters

% ’ supply more detailed data of the oldest stellar component of
: our galaxy, but they can only be observed at the present

E epoch (i.e., G = G;). The integrated colors and magnitudes

of nearby giant ellipticals can be used to specify free

parameters in the models (e.g., initial mass function).
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Then, the more distant giant ellipticals can test the pre-

dicted backwards evolution of these quantities.
§4. The Brans-Dicke Variable G

The variations of G in a BD universe are studied in-
Chapter II. In that chapter the GR and BD cosmological
models, wnich are to be used in the galaxy synthesis, are
selected and described. A series of evolutionary tracks for
a constant G = G, and for a BD variable G are computed with
the stellar evolution code described in Appendix A. The

detailed effects of a variable G upon these stellar models

is examined in Chapter III. For the first time, the variable

G evolution is followed beyond the main sequence through the

giant branch to the horizontal branch.

In Chapter IV,I shall examine the effects of a BD uni-

verse upon the distribution of stars in a simulated color-
magnitude diagram of an old metal-poor globular cluster.
For the construction of these diagrams and for the later
synthesis of galaxies, a new method of evolutionary-track
interpolation and isochrone construction is described in
Appendix B.

The synthesis of giant elliptical galaxies from the
evolutionary tracks of Chapter III is completed in Chapter V.
This is the first such synthesis to be made from a complete
set of tracks which span the evolution from the zero-age
ﬁain sequence to the horizontal branch. In Chapter V,I shall

follow the backwards evolution of the integrated luminosities



and colors of these galaxy models to determine the differ-
ential effects between the GR and BD models. I shall con-
clude in Chapter VI whether the differences in stellar

evolution caused by BD theory are possible to detect.
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CHAPTER II. THE COSMOLOGICAL MODELS -
§1. The Brans-Dicke Equations

é for the Brans-Dicke (Brans and Dicke 1961, henceforth

{ BD) models investigated in this paper, I shall assume that
the universe is always matter-dominated and has a zero cosmo-
é logical constant. The cosmological models resulting from
the general relativity (GR) theory of Einstein (1916) are

the Friedmann (1922, 1924) models which are derived from the

Einstein equations. These equations (Weinberg 1972)

R, ,.R? -
E + 2-§2 + 2-§2= 4nGp, (2)
reduce to
.2 .
%2"' ‘11';‘ = —81:,:(3‘0, (3)

where R is the arbitrary cosmic scale factor, p is the density,
and k is a constant = 0, *1. In BD the constant G is replaced
by the scalar field ¢, and the equivalent Einstein equations

then yield (Weinberg 1972)

R _ _87p, w+2 $2 _
& 3 -—— oz -2 4
: s k- (4)
E .gz K 8o, w+tl _ ¢.R
? R + 2 R2 + 2 Rz = ¢ _Q)T 3 ﬁ . (S)
These equations reduce to
Rz k _ 8mo _ 6.R, w.d %
R2" R2™ T35 T 3R 6 g2’ )
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