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cosmology: whether or not the expan-
sion of the universe is accelerating.
The article cites the most recent
observational data in support of this
thesis. The overriding concomitant
question is what is the cause for the
acceleration, and the search for an
answer has become a major area of
research. It seems fairly well agreed
that inclusion of the cosmological con-
stant L in the Einstein equations pro-
vides an excellent description of the
expansion and its acceleration. But,
its interpretation is open to question.

The majority opinion is that the
term Lgmy is a vacuum energy—the
“dark energy.” This view was initi-
ated by particle theorists1 in search
of a solution to the problem posed by
the absence (apart from the Casimir
effect) of any observable zero-point
energy. This zero-point energy is
computed to be 120 orders of magni-
tude greater than the observed val-
ues for L. So the attitude is that the
observed value is an effective value
and must be composed of the zero-
point energy and compensating
sources; hence, the preoccupation
with dark energy and quintessence.

There is, however, a minority
opinion that quintessence is inappro-
priate. The Einstein equations in
canonical form are

Rmy – 1/2Rgmy + Lgmy = 
–k [(r ⊕ p)umuy + pgmn].

With L transferred to the right-hand
side to be a species of energy, the
equations are

Rmy – 1/2Rgmy ⊂
– Lgmy – k [(r ⊕ p)umuy + pgmn].

There is a profound difference in
principle between these two ways of
writing the equations. John Wheeler
has put it this way: The gravita-
tional field equations are simply
geometry ⊂ mass-energy. Is Lgmn
geometry or is it energy? There are
strong, theoretical, a priori argu-
ments that it is purely geometric.

The Einstein tensor is Gmn � Rmy –
1/2Rgmy, and it serves exceedingly well
in all noncosmological situations. Its
importance motivated close scrutiny
of its structure by Albert Einstein’s
colleagues. The Einstein tensor is 
a second-rank tensor constructed
solely from the metric tensor and its
first and second derivatives. It is 
linear in terms of the second differ-
ential order and has a vanishing
covariant divergence.

Study of the Einstein tensor’s
structure was begun as early as 1917
by H. Vermeil. The most recent
result in this area of study is a theo-

rem constructed by David Lovelock,2

which severely delimits its form. He
has shown that, if the field equations
are to be derived from a variational
principle, then in a four-dimensional
space, the only type (2,0) tensor den-
sity whose components satisfy Aij ⊂
Aij(gab, gab,c, gab,cd) with Aij

; j ⊂ 0 is
given by Aij ⊂ =+g [Rij – 1/2 gijR] ⊕
L=+ggij.

Although accumulating evidence
for an accelerating expansion is lead-
ing to a general acceptance of Lgmy as
a proper term in the Einstein equa-
tions, this evidence has not erased
the original stigma due to Einstein’s
characterization of it as “the biggest
mistake of my life.” It is not gener-
ally accepted that L is part of the
geometry. However, to burden L as
the vehicle for solving the zero-point
energy problem is questionable. The
introduction of quintessence is
uncomfortably reminiscent of the
introduction of ether in the 19th cen-
tury. Zero-point energy is a purely
quantum phenomenon and its “prob-
lem” will be solved in the context of 
a quantized theory of gravitation. 

The behavior of the cosmos seems
to be that of a de Sitter space. Recall
that the simplest vacuum solution of
the Einstein equations without L is a
Minkowski spacetime; if L is includ-
ed, it is a de Sitter spacetime. Recall
further that, in a vacuum de Sitter
spacetime, a particle at a distance Ox
from the origin is subject to a forceO
F = mc2L/3 Ox. Any attempt at solving
astrophysical–cosmological problems
must accept from the beginning that
Lgmy is “geometry.”
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A Moment of Gravity

In a note entitled “An Optical
Stretcher” in Physics Update

(PHYSICS TODAY, November 2001,
page 9), the term “center of gravity”
is incorrect. The correct term is “cen-
ter of mass.” Gravity has nothing to
do with conservation of momentum.
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