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Abstract

It is shown that the introduction of a time variable in a curved metric four-space of the
Einstein type leads to an interpretation of gravity as an ether flow in a Riemannian
three-space. It is assumed that the only motion that enters into physical laws is either
motion relative to the ether or the relative motion of nearby points that are fixed in the
ether, and this assumption is formulated analytically. A previous formulation of
Newtonian fields in a metric four-space indicates that the three-space can be assumed
to be Euclidean and provides field equations to determine the motion of the ether. It is
also suggested that the velocity of light relative to the ether has the constant value c in
many important physical fields. Finally, the observer’s coordinates of the special theory
of relativity are defined in the presence of a gravitational field.

1. Introduction

Most modern gravitational theories are written in terms of a curved
metric four-space in which the paths of particles and light rays are assumed
to be the geodesics of the metric tensor. However, the physicist who uses
these theories has been conditioned from birth by a classical space-time, in
which it appears that there is a universal Newtonian time and that three-
dimensional space is Euclidean. As a result, much of the physical intuition
that he develops in his everyday life is not readily applicable to modern
gravitational theory. Since physical intuition is one of his most valuable
guides to the advancement of physics, it is very desirable to describe a
curved metric space in the everyday terms of classical physics, and it is the
object of this paper to show how this can be done.

Consider a four-space in which an arbitrary set of space-time coordinates
x, has been introduced. In principle this could be done by building a three-
dimensional lattice which is moving or deforming in any way and by
hanging a clock at each lattice point. Each lattice point can be described
by three spatial coordinates, and the clocks can be synchronized in any
way, provided only that the resulting coordinates have unique values for
any space-time event that may be considered. A physical clock which
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moves through a space-time interval dx, will be assumed to measure a
time dr that can be expressed in the form

—C? di? = gupdx, dx, 11

(Here, and throughout this paper, Greek indices will run from 1 to 4,
Roman indices from 1 to 3, and repeated indices will be summed throughout
their range.) The coefficients g,; are assumed to be of the type considered
by Einstein, which can be diagonalized to have the diagonal values 1, 1, 1,
and —1. The factor —c?, where cis the velocity of light, is inserted in equation
(1.1) so that a positive value of g,zdx,dx; will represent the square of a
distance, while a negative value will have a magnitude which represents the
square of ¢ times a local time interval. The time-like coordinate will be
denoted by x, and will be assumed to satisfy the inequality

5 0%4 0%, o

g o, %, =g"<0 1.2

where g* is the reciprocal of g,,. This inequality implies that there is a
positive real function { such that

0x, Ox 1
7 ,__4'_ ._,.i = gt4 ——
ox, 0%, R (1.3)
In three-dimensional notation equation (1.1) can be rewritten
'—Cz de = &ij dxi dxj -+ 2gi4 dxi dX4 +g44 dX42 (1.4)

where the sums are now carried from 1 to 3. The meaning of this relation
can be seen in classical terms if a three-dimensional tensor /4% is defined in
these coordinates to be the reciprocal of the three-dimensional tensor g;;,
so that Ag, = §,}, and if the quantities g;, are written in terms of the
components of a three-dimensional vector field v, defined by

vi=—hiig, (1.5)
Then equation (1.4) becomes
—c2dr? = g, (dx; — v dxg) (dx; — vV dx,) + (84q — gi; 0" V) dx,?  (1.6)

By direct calculation, noting that g, is given in terms of ' by equation (1.5),
it is found that the determinant of the four-dimensional metric tensor g, is

&= h(8as— &ij v'e’)

where % is the determinant of the three-dimensional tensor g;;. From this
it is clear that the quantity g,, — g;;0'¢’ in equation (1.6) is equal to g/A.
Since % is the cofactor of g4, in the determinant g, A/g is g*4, which by
equation (1.3) is —1/?, so that ’

8as — 810"V =§=—52 1.7
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and equation (1.6) becomes
—c?dr? = g, (dx; — v' dx,) (dx; — v/ dxy) — (2 dx,? (1.8)
Along the path of a light ray dr is assumed to vanish, and equation (1.8)

becomes
dx, ; i’fi_ AN

Since g;; is the three-dimensional metric tensor on a surface defined by a
given value of x,, and dx;/dx, is the velocity of the light ray in the coordinates
X,, this equation says that the speed of light relative to a point which moves
with velocity ¢* is the same in all directions and has the magnitude {. Thus
the velocity field v* plays the role of the classical ether velocity in that the
velocity of light relative to the ether will then have the same value { in all
directions.

Along a path on which dr does not vanish, equation (1.8) shows that the
three-dimensional displacement dx; enters into the expression for dr only
in the form of dx; — v'dx,, that is, the only displacement of a moving clock
which affects its measured time is its displacement relative to the ether.
Since the paths of particles and light rays are assumed to be the geodesics
of this measured time, the only motion of particles or light rays that enters
into the laws of mechanics or of ray optics is motion relative to the ether.
As a result, the ether plays the role of the primary inertial system of classical
physics, differing from it only in that it is not generally possible to introduce
Cartesian coordinates in which the ether is everywhere at rest.

This description of a metric space in terms of an ether flow is strongly
dependent on the particular variable x, that is chosen as a measure of time.
If it is assumed, as in Newtonian theory, that there is a single universal time
variable, then the motion of the ether is uniquely determined. However, in
the special theory of relativity it is assumed that there are many different
time variables, each of which is an equally valid measure of time, and in
this situation there is a different ether velocity field for each such time
variable. The ether velocity fields associated with two different time variables
can be related by finding the ether velocity that would exist in some new
set of coordinates x,” and determining the motion of a point that is fixed
in the ether in these new coordinates relative to the ether in the original
coordinates x,. To do this, it is first observed that the reciprocal of g, is
2, whose components are given by

vy
gij = hi.i — ,55_
) v
gt = e 1.9
1
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To prove that this is the correct form of g*, it is only necessary to note that
&8s =—gi;v’ by equation (1.5) and g, =—{ + g;;0'v’ by equation (1.7),
and it can then be shown by direct calculation that g*g,,=§,% From
equations (1.9) it is seen that the ether velocity ¢* in the coordlnates X, can
be written

4
=2y 1.10
e (1.10)
Since the coordinates x, were arbitrary except that x, is time-like, the ether
velocity v* in the new coordinates x,’ can be written similarly in terms of
the g*¥’, and is
g
vt =g44’ (1.11)
Points that are fixed in the cther in the new coordinates are those whose
coordinate differentials satisfy the relation

dx; =v"dx,’ (1.12)
or, from equation (1.11),
d ’
dx, = a4'§% (1.13)

The index 7 is replaced here by « and allowed to run from 1 to 4 because the
equation is trivially satisfied for o =4. Multiplying equation (1.13) by
0x;/0x,” and using the usual transformation relations for the quantities
g*%" and dx,’ gives

ox, dx,’
7ot 4 g;:, (1.14)

If a point which is fixed in the ether of x,” moves with velocity W* relative
to the ether of x,, then, by definition,

dxg=g°

dx
Lyt

-
Wi= T (1.15)
where dx; and dx, are given by equation (1.14), that is,
ig ’ a
w8 P loxy (1.16)

&* 0x,’[ox,

If the quantities g'# and g*' are evaluated from equations (1.9) and if the
total time derivative at a point moving with the ether is denoted by d,/dx,,
so that
d, 0 , 0
d—x,,, = ‘a‘)a +v 595—1 (1.17)
equation (1.16) becomes
Wit —— e 15 9%4’

T ox, (1.18)
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The meaning of equation (1.18) is very clear when it is applied to the
familiar flat-space metric of the special theory, for which the coordinates
X, can be chosen so that

81j=10yj
giu=0 (1.19)
Baa =—C*

Here the three-dimensional tensor 4% also equals J;;, since it is defined to
be the reciprocal of g;;. In addition, equation (1.5) shows that v! =0, so
that the ether is at rest in the coordinates x,, and since equations (1.19)
imply that g**=—1/c?, equation (1.3) shows that { = ¢. From equation
(1.17) it then follows that d,/dx, = 8/0x,, and equation (1.18) becomes

i O O
- ax4'/ax4 axi

The new time variable x,” is given by the Lorentz transformation

, 1 wix
= i () (.20

where w! are the three parameters of the transformation. Substituting
equation (1.21) into equation (1.20) gives

Wi=w

which shows that the ether of the new Lorentz frame is moving with a
uniform velocity w' relative to the ether of the original frame. Thus an
observer who uses the time variable x,’ instead of x, will consider himself
to be fixed in the ether even though he is moving with a velocity w! relative
to the ether of the original coordinates x,.

In the general case of a curved metric space it is not possible to introduce
Cartesian coordinates in which the ether is everywhere at rest, but it is still
possible to define a set of Lorentz frames which play a role in the gravita-
tional field similar to the one played by the Lorentz frames of the special
theory in the electromagnetic field (Kirkwood, 1970). In each such Lorentz
frame there is a uniquely determined time variable, and hence a uniquely
determined ether velocity field. The velocity fields associated with two
different Lorentz frames will not generally differ by a uniform velocity as
they do in the special theory, but it is not difficult to show that in most
fields of physical interest the field W of equation (1.18) is roughly uniform
as long as the parameters of the Lorentz transformation relating the two
frames are much less than c. In this respect, the Lorentz frames in a curved
space are at least qualitatively similar to those in a flat space.

The above discussion has shown that the introduction of a time variable
in a curved metric four-space leads to an interpretation of the four-space
as an ether flow in a Riemannian three-space. The general idea that a curved
four-space reformulates rather than replaces the ether was known to

(1.20)




396 ROBERT L. KIRKWOOD

Einstein, although he did not go so far as to define an ether velocity field
(Einstein, 1934). An explicit description of gravity as an ether velocity field
in a Euclidean three-space has been derived from elementary physical
principles without the use of tensor calculus (Kirkwood, 1953). Also, an
ether-like interpretation of a metric four-space has been given in a series
of papers by Janossy (Jdnossy, 1966). In spite of this, most modern theorists
describe gravity by a metric four-space and make no reference to its inter-
pretation as an ether flow, sometimes even concluding that Einstein’s theory
disproves the idea of an ether.

At first glance, it might appear that the formal equivalence of a metric
four-space to an ether flow makes the distinction between these two inter-
pretations insignificant. However, this is not the case; in fact, the physical
interpretation of the formalism may have a strong influence on the direction
of future research. As an illustration, a physicist who thinks in terms of a
metric four-space is likely to treat all four coordinates on an equal footing,
while one who thinks in terms of an ether flow will tend to give preferential
treatment to the time variable. The first physicist might then give his greatest
attention to metric tensors which can be diagonalized everywhere, while
the second might be more inclined to consider metric fields in which the
three-dimensional geometry is nearly Euclidean and the gravitational field
is described by the terms g,,, which determine the ether velocity and the
velocity of light relative to the ether. As a result, the difference in their
interpretations of the same formalism might lead them along very different
lines of theoretical investigation.

The interpretation of gravity as an ether flow will be used throughout
this paper, and it will be seen to provide a simple and intuitively under-
standable description of gravity in the classical framework of three dimen-
sions and time and also to suggest some new points of departure, both in
gravitational research and in the unification of physics.

2. Local Determinacy

Classical physics is based upon the assumption that the motion that
enters into fundamental physical laws is motion relative to a primary
inertial system which is fixed relative to the fixed stars or to the center of
mass of the universe. In the metric four-space discussed above, it was seen
that the motion that enters into the laws of mechanics and ray optics is
motion relative to the ether, and in this way the ether plays the role of the
primary inertial system of classical physics. From a philosophical point of
view, this is a great improvement over classical physics, because the motion
of a body is then related to the motion of the ether at the point where the
body is located rather than to the motion of a remote system such as the
fixed stars, and it has always been difficult to accept a direct relation
between the motions of widely separated bodies in the absence of any
physical connection between them. However, this philosophical advantage
was lost in most of the classical ether theories because it was assumed that
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the motion of the ether itself was determined by laws like those of classical
hydrodynamics or elasticity, which compare the velocity of the ether
directly to that of the fixed stars. To avoid losing this philosophical advan-
tage, it will be assumed here that the laws governing the motion of the ether
do not refer directly to the motion of any remote point or system of bodies,
such as the fixed stars or the center of mass of the universe. A more detailed
discussion of this assumption has been given previously (Kirkwood, 1954},
and it has been shown to put a marked limitation on the possible equations
of motion of the ether, excluding, for example, most of the equations of
motion of the classical ether theories. In this earlier discussion, quantities
which do not refer to any remote system such as the fixed stars and equations
involving only such quantities have been said to be determined locally,
and the formulation of locally determined relations has been described in
three-dimensional notation in a Euclidean three-space. In this section, a
description of locally determined relations will be given in an arbitrary
metric four-space, and it will be seen that this description is formally very
different from the previous one, even though the underlying physical ideas
are the same in both cases.

From equation (1.8) it is seen that the local time dr measured by a physical
clock in a time interval dx, depends only on the motion of the clock relative
to the ether and on the function {, which is the velocity of light relative to
the ether, with the result that dr is a locally determined quantity. Since
geodesics can be defined in terms of the line integral of dr, they are also
determined locally, so that geodesic coordinates constructed with any
given point as origin will be determined locally. If a scalar, vector, or tensor
quantity has a physical meaning which does not depend on the motion of
the fixed stars or of any other remote system, then its partial derivatives
with respect to these geodesic coordinates will be determined locally, which
implies that the covariant derivative of a locally determined scalar, vector,
or tensor is also determined locally. Thus, tensor relations between locally
determined scalars, vectors, and tensors and their covariant derivatives with
respect to g,z will be determined locally. The fact that tensor relations of
this type are determined locally is not surprising, because tensor relations
hold in any coordinate system and thus can involve the motion of the
fixed stars or of some other remote system only if this state of motion is
explicitly represented in one or more of the tensors involved in the relation.
Since the metric tensor and the other tensors considered above do not
involve such a preferred state of motion, tensor relations between them
would be expected to be determined locally.

Because the curvature tensor can be defined in terms of the commutator
of second covariant derivatives, it is clearly one of the tensors that can
appear in locally determined relations. However, there are also other
tensors that might appear in these relations, and some of these will now be
described. The discussion here will be confined to those tensors which
depend only on the physical quantities that are involved in the metric
tensor g,s, as they have been described in the previous section. These
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quantities are the three-dimensional metric on a surface of constant x,,
the ether velocity v*, and the velocity of light relative to the ether, denoted
by L.

Considering first the three-dimensional geometry, it is clear that the
determination of distances and angles at a given instant of the time variable
x4 does not depend on the motion of the fixed stars or other remote system,
so that the three-dimensional metric coefficients g;; are determined locally.
This can be stated in a slightly different form by letting 6, x, and 8,x; be
instantaneous increments in the coordinates, arbitrary except that
01 x4 =09,x,=0, and observing that the three-dimensional geometry can
be described in terms of quantities of the form g;;6, x; 8, x;, assuming that
the special case in which &, x; = J, x; is included in the analysis. Then the
observation made above is simply that all possible quantities of the form
81;01X;0,x; are determined locally.

Turning next to the ether velocity field, it is clear that if the motion of
the ether is not to be compared with that of some remote system such as the
fixed stars, then it is only the motion of the ether relative to nearby objects
which is physically meaningful. Since only the motion of the ether itself is
being considered here, it can enter into physical laws only as the relative
motion of nearby points that are fixed in the ether, that is, as the rate of
deformation of the ether. A point that is fixed in the ether is one that moves
so that

dx; = vidx, 2.1

where ¢ is given by equation (1.5). If x,, x, + 8, x,, and x, + d,x, are the
coordinates of three nearby points that are fixed in the ether at a given
instant of x,, then d;x,=d,x, =0, and the rate of deformation of the
ether is given by the rates of change of the lengths of the three-dimensional
vectors d; x; and 8, x; and of the angle between them. These can be deter-
mined from quantities of the form g;;6, x;6, x;, so that the rate of deforma-
tion of the ether is determined by the rate of change of g;;0; x; 8, x;. This in
turn depends on the time derivatives of §, x; and J,x;, which are functions
of x, only, and on the total time derivative of g;; evaluated at a point fixed
in the ether which can be found from equation (1.17), with the result that

0g; 0g; do,x
(gi151x152x1) (gJ‘*' kai1)51x 025+ 8i; dl —218, x;
dd,x
+81;01%; d24’ (2.2)

The quantity dé, x;/dx, can be evaluated by noting that &, x; is the dif-
ference between the coordinates of two points that are fixed in the ether,
so that the time derivative of d; x; is the difference of the velocities of these
two points. Since the velocity of each point is the ether velocity ¢, this
implies that

dé x, o

dx4 = ‘a“‘x_l"al X
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where k is summed from 1 to 3, since §;x, = 0. Multiplying by g;; and
noting that ¢! is given by equation (1.5) gives

dé, x 0 .
8i; ‘a—;:i = g”é}t—‘k (—hwgﬂ-) Oy Xk

08 ja ig_g_ig)
=( 0xy, ”axk 01 %

Using this and a similar relation for g;;dd,x,/dx,, equation (2.2) becomes
d ” .
d—x,, (81501 %, 02 ;) = ~2[(#},4) + v"({}, k)]0, x; 6, x;

where (ij,k) is the three-dimensional Christoffel symbol. Using the last
two of equations (1.9), this is seen to be

d
;E‘(gij 81%;0,x;) = 20> g"*(af,7) 01X, 62 X5
4

where («f8,y) is the four-dimensional Christoffel symbol and the sums over
o and f§ have been extended from 1 to 4 without affecting the result, because
0,%, = 8, x, = 0. Finally, since 0x,/0x, = (0001) and all second derivatives
of x, vanish, it is seen that

%x ox,
4 — 4 ¥ bt
g 0h) = sy~ "R 5
so that
d
T (81701 %;03 %) = —20% X405 61 X, 02 X 2.3
4.

where x,,,,; denotes the second covariant derivative of x,, that is:

2

_ Pxy v 0x,
Xasap = B, 0%, — g"°(ap, '}’)5;5

Turning finally to the function {, it is clear that since { is the velocity of
light relative to the ether it is determined locally and can appear in physical
laws. Thus the increment of 1/{? associated with an arbitrary increment
Ax, of the coordinates will also be determined locally. From equation (1.3)

this quantity is
1 0x,4 0x,
=g g A4
()42

ox.
= _0gmB T4
28 ox,

(24

X4 A,

If dx; is the displacement of a point that is fixed in the ether during an
arbitrary time interval dx,, then dx; =v'dx, and from the last two of
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equations (1.9) dx; = —{*g?*dx,. Thus g* 0x,/dx, = gf* = —(1/{? dx,/dx,,
and the above relation can be written

1 2 dx,
4 (Z‘j) = Zi Xa;ap EC: A-x[i (2.4)

from which it is clear that x,,,5(dx,/dx,) 4x, is determined locally for any
Axg and for any dx,, if dx, is the displacement of a point fixed in the ether.
From equation (2.3) it is seen that x,.,3 8, X, 8, X, is determined locally for
any 0, x, and 8,x; such that é; x, = d,x, = 0. Since an arbitrary 4x, can
always be written in the form dx, + (dx,/dx,) Ax,, where dx, = 0, it follows
that for any 4, x, and 4, x, the quantity x,,,, 44 x,4,x, can be written in
terms of the locally determined quantities given above, and hence
Xa;ap A1 X, 42 %5 is determined locally for any values of A, x, and A, x. If this
quantity is to be expressed in any other coordinates, 4, x, and 4, x; will
transform as contravariant four-vectors, with the result that x,,, will
transform as a tensor with two covariant indices. As shown above, this
means that tensor relations involving the metric tensor, the curvature tensor
(and its covariant derivatives), and covariant derivatives of the time variable
x4 will be determined locally. However, relations involving the covariant
derivatives of x, will be determined locally only if the time variable is x,,
and not if any other time variable is used. Thus a relation will generally be
determined locally only with respect to one particular time variable, and
some discussion is necessary to reconcile the assumption that the laws of
physics are determined locally with the requirement that they are Lorentz
invariant.

The meaning of Lorentz invariance in the presence of a gravitational field
has been discussed previously (Kirkwood, 1970). It has been shown that if
the metric coefficients g,z are written in one Lorentz frame in terms of a
set of functions f, V, ¢, A, and p, in the form

2o X o,

G0 =00 = W oan, T 2 ox, o, 3
where N can be as large as desired and where o, is given by
15 =0yy
0
Oy =— 5)% (2.6)
Oyq = —6'2 ol 2'667‘1

then the coordinates x,” of a new Lorentz frame are defined so that x;" and
x," -+ B/c?arerelated to x; and x, + B/c? by the usual Lorentz transformation
of the special theory. The functional form of the metric coefficients given by
equations (2.5) and (2.6) is the same in all Lorentz frames when §, V, ¢,
A, and p, are treated as invariant functions. With this formulation of
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Lorentzinvariance, it is clear that tensor relations involving the metric tensor,
the curvature tensor, and the functions B, V, t, A,, and p, and their covariant
derivatives will have the same functional form in all Lorentz frames when they
are expressed in terms of B, V, t, A, and p, and their partial derivatives, and
in this sense these relations will be Lorentz invariant.

Comparing these Lorentz invariant relations with the locally determined
relations found above, it is seen that tensor relations which involve the field
quantities only through the metric tensor and the curvature tensor (including
its covariant derivatives) will be both Lorentz invariant and determined
locally. Relations of this type were the ones considered by Einstein in his
formulation of gravity. Since they do not involve the coordinate x, explicitly,
they will be determined locally with respect to any time variable, and hence
will be determined locally in any Lorentz frame. There is no doubt that this
property gives these relations a certain formal and philosophical beauty,
but there is no philosophical necessity for requiring that the laws of physics
must be determined locally in every Lorentz frame, and it is possible that
Einstein’s theory may have been too restrictive in this respect.

In most gravitational fields that are of physical interest, the coordinates
x, in one Lorentz frame can be chosen so that x, = ¢, and in this frame the
terms involving 4, and g, in equation (2.5) can be neglected. The three-
dimensional geometry is then Euclidean and the function Vis the Newtonian
gravitational potential. In such fields, tensor relations involving the metric
and curvature tensors and the covariant derivatives of ¢ are Lorentz
invariant and are also determined locally in the one Lorentz frame in which
x, = t. Furthermore, in an arbitrary metric field, laws of this type will be
both Lorentz invariant and determined locally with respect to the invariant
time function ¢, and this is all that is really required by the philosophical
considerations discussed above. Therefore, it will be assumed here that
the laws of physics can be written as tensor relations in which space, time,
and gravity appear only through the metric tensor, the curvature tensor (and
its covariant derivatives), and the covariant derivatives of the invariant time
Sunction t. This assumption puts a severe restriction on the possible equa-
tions that might describe the gravitational field but is less restrictive than
the assumptions of Einstein’s theory, which do not include the possible
existence of an invariant time function z.

3. The field Equations

The considerations of the previous section are not sufficient by themselves
to determine the gravitational field uniquely, and some additional facts are
needed to specify the field equations. Without doubt, the facts which are
established with the greatest certainty are those described by Newton’s
theory of gravity, and the most straightforward procedure for finding field
equations that agree with the results of the previous section is to formulate
Newtonian theory in the framework of a metric four-space. This has been
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done in a previous paper (Kirkwood, 1972), where it has been shown that
the Newtonian fields are solutions of the equation

ot 0t :
Pap = -—47tKHa—x—§)?ﬂ (3.1)

where X is the gravitational constant, yu the mass density, ¢ the invariant
time function, and

Pap = (8" + 02 1 8%) [Ruysp + 0(t35 iap — L.yp ti08)] (3.2

Here R,,ss is the curvature tensor determined from g, ¢* is defined by
ot
o 2B

=g 3, (3.3)

and the function « is the velocity of light relative to the ether in coordinates
in which x, = £. Thus « is the function { of equation (1.3) when the time
variable is ¢, and hence is defined so that

ot ot 1
af e
Ox,0x5 o (3.4)
Equation (3.1) is a complete and exact description of Newtonian gravita-
tional fields, including the fact that the three-dimensional geometry at one
instant of ¢ is Euclidean. When x, = ¢ and the spatial coordinates x; are
Cartesian, the solutions of equation (3.1) are given by equation (2.5) with
A, =0, that is, by

815 =0y
0B
Lia =", (3.5)
_ B _ ,
Baa=—2V— 2~a—x—4 —-c

where V is a solution of Poisson’s equation. It has been shown previously
(Kirkwood, 1970) that if ¥ =—KM/r and f = —(8KMr)'/?, equations (3.5)
become the Schwarzschild field, and hence they yield all of the relativistic
corrections to Newton’s theory that have been verified in the Schwarzschild
field, provided that dr is given by equation (1.1) and the orbits of particles
and light rays are assumed to be geodesics.

Since p,, is a tensor which involves only the metric tensor, the curvature
tensor, and the covariant derivatives of ¢, equation (3.1) is determined
locally with respect to the time variable ¢. It would also be Lorentz invariant
if Ku were invariant under the Lorentz transformation, but this would
conflict with the known transformation properties of u as they are given in
the special theory. To overcome this difficulty, it has been assumed
previously that the right side of equation (3.1) is only an approximate form
of a tensor which involves only the metric tensor and the stress-energy-
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momentum tensor of the special theory. The three-dimensional stresses
have been specified in such a way as to maintain the Euclidean nature of
three-space at one instant of ¢, and the weak-field approximation of the field
equation has been made closely analogous to classical electrodynamics,
which is very desirable if gravity and electromagnetism are to be unified.
Tt is then found that equation (3.1) is replaced by

2rK
Pap="— 'Er(Paﬁ —3Pgyp) (3.6)

where P, is the stress-energy-momentum tensor associated with ponderable
matter and P = g P,;. Since P,; =0 where u = 0, the external Newtonian
fields, including the external Schwarzschild field, still satisfy equation (3.6).
Furthermore, equation (3.6) is determined locally with respect to the time
variable ¢, and the mass density enters mto it only as P** and hence trans-
forms as required by the special theory.

Although equation (3.6) is formally ten equations, it has been assumed
that six of these equations merely define the three-dimensional stress in
such a way that the three-dimensional geometry at one instant of ¢ is
Euclidean. Thus it is possible to choose coordinates so that x, = ¢ and the
spatial coordinates x; are Cartesian, and in these coordinates equation (3.6)
reduces to four field equations involving the coefficients g,,. These four
equations have been shown to be

0 (0g;4 8g:4) 4an
ox

axi ax (u + gl4)

1984 _ &g 1 ig_:e__%_e 08ia _ 8
20x,0x; 0x,0x; 4\0x; O0x;/\0x; Ox;

_4nKg
4 ,u[g—l—(u +g14)g14]

(3.7

Here u! is the velocity of ponderable matter, defined so that P* = uy!, and
g = g44 — v* = —0? from equation (1.7), noting that { = o and that g;; = §,;
and & =1 in these coordinates, and denoting v*v* by v2.

From the results of the first section of this paper, this Lorentz-invariant
extension of Newtonian theory is readily interpreted in terms of an ether
flow. In the coordinates of equations (3.7), equation (1.5) shows that
84 = —v', and g,, is given by —a2 + ¢2, so that equations (3.7) can be written
in three-dimensional vector notation in the form

2
VxVxy = 4nI§a

pwa—v) (3.8)
4n Koc

3V2(—o? +v?) + 5% V.o —3(Var)? =— e + (m—v).v]

The second of these equations can be rewritten by replacing (4nKo?/c*) x
p(u —v) by use of the first equation and making use of the vector identity

V202 — H(Vxo)? +v. VxVxv=¢:¢ +v.V(V.v)
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where ¢ is the classical rate-of-strain tensor, whose components are

b= b2 22) @)

ox; 0ox

and where ¢:¢ = ¢,;¢;;. Equations (3.8) then become

2
VxVxv = 4”5“ uu—v)

4nKoz (3.10)

—5-Vzoc+ (V v)+ o =—

where d,/dx, is the total time derivative at a point fixed in the ether, defined
by equation (1.17). In the nonrelativistic limit in which ¢ — o, if it is
assumed that o/c — 1, equations (3.10) become

VxVxy=0
(3.11)
_71_V2 a2

=—4nKu

When « is a constant, these relations reduce to the field equations that have
been obtained previously directly from Newtonian theory (Kirkwood,
1954), as is to be expected from the way in which they were derived.

In general, equations (3.7) or (3.8) do not determine the metric coefficients
uniquely, and this lack of uniqueness can be exhibited explicitly in regions
in which g =0. Here, the right sides of equations (3.7) vanish, with the
result that if g;, and g,, are one set of solutions of equations (3.7) then
g1+ 0y/0x; and g,, + 20y/0x, are easily seen to be another set of solutions,
where y is an arbitrary function. In this way the free-space equations admit
of a gauge invariance similar to the one found in electromagnetism. How-
ever, replacing g, and g, by g+ 0yx/0x; and g, -+ 20y/0x, replaces
—c2dr? of equation (1.1) by —c?dz* + 2dx,dy, and hence affects the value
of dr, so that the function y has physical meaning and cannot be specified
arbitrarily, as is done in the case of the electromagnetic gauge. For this
reason, the additional relation that is required to determine the field
uniquely is not arbitrary and must be determined from observation. It will
now be shown that this additional relation has no effect on the predictions
of the theory in the nonrelativistic limit as ¢ — =, and hence it must be
determined from observations of the relativistic corrections to Newtonian
theory.

In the nonrelativistic approximation, the field satisfies equations (3.11),
the first of which leads to solutions of the form v = Vj. For these fields the
second of equations (3.8) becomes, in the limit as ¢ — «,

V2 [—————az — §Vﬁ ) _ 9B ] 4nKpu
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Assuming that o —  as ¢ — o in such a way that o — ¢? is finite, this is
seen to be Poisson’s equation for the Newtonian potential
a?—c* (VPP op
Ve — o — .
3 2 "o, (3.12)
where the term —c?/2 is added so that V=0 in flat space, where f =0 and
= ¢. Since x, = t and « is the function { of equation (1.8), equation (1.8)
shows that dt — dx, as « and ¢ approach infinity in such a way that a/c — 1.
Thus, in the nonrelativistic limit, a moving clock will measure the time
coordinate x,. Under these circumstances the geodesic equation becomes
(Kirkwood, 1972):

d’x, (agj4 agi4)dxj 0814 _1_3844

dx2” \ox, ox;)dx, ox, ' 270x;

Since g;, = —v' = —0f/0x;, the first term on the right side vanishes, and this

equation is
Px__ 2 ( 08
dxz2

0x;

where, as in equations (3.8), g,4 = —&2 + v* = —«® + (VB)2. This shows that
the acceleration of a moving body or light ray is equal to the negative
gradient of the Newtonian potential ¥ given by equation (3.12). Thus
bodies move as predicted by Newtonian theory and light travels instan-
taneously in straight lines, because a finite acceleration does not alter the
infinite velocity of light. The motion of a body or a light ray and the time
measured by a physical clock are completely determined in the nonrelativis-
tic approximation by the potential function V. Thus, an observation that is
accurate only to the nonrelativistic approximation depends only on the
value of ¥ and can never determine either o or 8, except to the extent that
o and B must yield the proper value of ¥ when they are used in equation
(3.12). Replacing g;, by g;4 + 0y/0x; and g4, by g44 + 20y/0x, is equivalent
to replacing § by f — y in the nonrelativistic approximation, because here
gia=—0p/0x; and g,, =—a2 + (VB)?, which, from equation (3.12), shows
that g,, =—c?>— 2V —20B/0x,. Because B cannot be determined from
measurements accurate only to the nonrelativistic approximation, y cannot
be determined either.

Thus the only evidence concerning gravity that might suggest the desired
additional relation is to be found in the relativistic corrections to Newtonian
theory. The existence of gravitational radiation is one such correction, and
it is not difficult to add an additional relation to the field equations in such
a way that the theory will predict radiation. However, so little observational
information is available concerning radiated fields that the additional
relation is not determined uniquely, and the motivation for any such
procedure is very weak at present. The only other verifiable corrections to
Newtonian theory are those that have been found in the static, spherically
symmetric field about a single mass, and this field will now be investigated
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in detail, assuming that equations (3.7) are an exact, although incomplete,
description of the field,

4. The Spherically Symmetric Field

The static, spherically symmetric solution of equations (3.7) can be found
in the external region where u = 0 by noting that x, = ¢ and g;; = d;;, so
that g;, =—v%, and that the spherical symmetry implies that the ether
velocity v must be radial and have a magnitude depending only on the
distance r from the center of symmetry. Therefore, Vxv vanishes and a
function B exists such that v=Vp, so that the first of equations (3.7) is
satisfied identically in the region where u = 0. Because the field is static,
the quantity 92g;,/0x,0x; vanishes, and the second of equations (3.7)
reduces to V2g,, = 0 in this region. If g, is to approach its flat-space value
of —c? as r — oo, this implies that g,, = 2KM|/r — ¢*, where M is a parameter
which differs from the total mass producing the field only by relativistic
corrections which are too small to be significant in the solar field (Kirkwood,
1972). Since g4, = —u? + v*, where v? = (Vf)?, it follows that

=t - KM @)
Thus the exact form of equations (3.7) determines only «? — v%, which is
the same as o> — (Vf)?, and does not determine « and f separately, just as
in the case of the nonrelativistic approximation described in the previous
section.

The gravitational red shift can be found from equation (1.8). When
X4 =1, gi; = 0;;, and { = o, equation (1.8) becomes

—c2di? = (dx, — v* dt) (dx; — v* dt) — o2 di> 42

For a clock that is fixed in the coordinates x;, dx; = 0, and equation (4.2)
becomes
—2di? = (02 — o) dt?

Using equation (4.1), this gives

dr=J(1—2§M)dt
cr

This is exactly Finstein’s equation for the gravitational red shift in the
Schwarzschild field, and it is apparent that this relation is independent of
the way in which « and g are specified as long as equation (4.1) is satisfied,
and therefore that measurements of the red shift in the spherically symmetric
field will give no information about the values of « and § separately.

The orbital equations are found from ¢ | dv =0, where dr is given by
equation (4.2), and are the classical Euler-Lagrange equations derived
from the variation principle é [ Ldt =0, where

I
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If r and 0 are polar coordinates in the plane of the orbit and their time
derivatives are denoted by # and 6, then

L=l = #2202 4 200) (44)

The spherical symmetry implies that « and v are functions of r only, so
that L does not depend explicitly on either 0 or ¢, and hence the equations
of motion have energy and angular momentum integrals given by

h= ZLf+—9 L————(—oc + 02— vF)
oL r?
k=s=—mg0 @.5)

Since « is the velocity of light relative to the ether, it is clear from equation
(4.3) that L = 0 along the path of a ray of light. Equations (4.5) then show
that 4 and & are both infinite for such an orbit while the ratio of 4/k is finite.
Thus the path of a ray of light can be found as a limiting case of equations
(4.5) by letting 4 and % approach infinity in such a way that h/k is finite,
and there is no need for a separate analysis of the orbits of light rays.

To find the orbital equation, it is convenient to let r’ = dr/df = #/0 and
to write L, A, and k in terms of »' and 0:

L=1\/(d2~vz~(r’2 +r2) 62 + 2ur' 6)

h= ——(—a + 0% —vr' ) 4.6)
rZ
Then 6 can be found from the ratio 4/k, and is
b= o? — p? :
(h/k)r* —vr

Using this value of 0 in the first of equatlons (4.6) and using the resulting
expression for L as well as the one for 0 in either the second or third of
these equations leads to the orbital equation

hZ
»—r’2+(1+k2 2)(052—02)—r2p=0 (%))

Letting w=1/r and o' = du/df, and noting from equation (4.1) that
o? — v? = ¢? — 2KM]r gives

1—-k  2KM

24,72 o _
oY~ == iz +02k2u

— c2u? + 2KMP 4.8)
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If o= ¢ this is Einstein’s equation for the orbit of a planet, and if a =¢
and % and k both approach infinity in such a way that A/k is finite, this is
Einstein’s equation for the orbit of a light ray. Thisis to be expected, because
if o = ¢ the magnitude of v? is found from equation (4.1) to be 2KM/r, and
this velocity field has been shown previously to lead exactly to the Schwarz-
‘schild field of Einstein’s theory (Kirkwood, 1953).

If « is not constant but is instead an arbitrary function of r, the orbital
equation for either a particle or a light ray differs from the equation given
by Einstein’s theory only in that cu’ is replaced by au'. If a new independent
variable 6* is defined along the orbit so that df* = (c/o)df and 0* =0,
where 8 = 0, then the orbital equation in terms of 6* is exactly Einstein’s
orbital equation. As a result, the value of r that would have occurred in
Einstein’s theory at the azimuth angle 6* will now occur at the actual
azimuth angle 6, and the orbits can be found from those of Einstein’s theory
when 6* is known as a function of 6.

The advance of the perihelion of a planet can be determined by noting
that most planetary orbits are roughly circular and that « is assumed to
depend only on r, so that o will be nearly constant along the orbit. Then
the relation d6* = (c/x)df can be integrated to give 6* =(c/a)f. The
perihelion will occur at the point where 0* is greater than 2z by the amount
6nKM/c*r, as predicted by Einstein. At this point

0= (or/c) 6% =[1 + (o — €)/c] @m + 6nKM[?r)
& 21 + 6nKM/c*r + 27(a — ¢)/c

so the actual advance of the perihelion exceeds that of Einstein’s theory
by the amount 27(x — c)/c. If the ether were at rest, so that v = 0, then the
entire Newtonian potential would arise from the variation of «, and it
would follow from equation (4.1) that «® — ¢ = —~2KM/r, or that (a« — ¢)/c
~ —KM|/c?r. Thus the perihelion would advance by the amount given in
Einstein’s theory plus the additional amount —2zKM/c?r, or by the total
amount 4nKM/c*r, which is only two-thirds of the value predicted by
Einstein’s theory. If it is assumed that the advance of the perihelion arises
entirely from relativistic effects and not from other causes such as the
oblateness of the sun, then the observed advance of Mercury is much
closer to the value obtained by Einstein, which corresponds to « = ¢, than
to two-thirds of this amount, which is the value obtained by assuming that
the entire Newtonian potential arises from the variation of « and that
v = 0. To this extent, the observational evidence suggests that o = ¢ in the
spherically symmetric field.

In the case of a light ray, the orbit is nearly a straight line. The relation
between 6* and 6 can be found by integrating d6* along the path of the ray,
assuming that it starts from the direction 0 = 0* = 0 and that df = («/c)d0*,
so that

g%
§=0%+ f {« — ¢)/cdO*
0
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In a field in which » = 0 and the Newtonian potential arises entirely from
variations of a, it was shown above that (« — ¢)/c ~ —KM/c*r. If R is the
distance of closest approach of the ray to the center of symmetry, then
r & R/sin@, so that (x —~ ¢)/c & ~KMsin8/c* R, and
g%
0~ 0% — f (KM sin 6/c* R) do*
0

The integral in this relation represents only a small correction to 6*, and it
is sufficiently accurate to evaluate the integral by assuming that 0 ~ 8* in
the integrand. With this approximation, it is found that

0 = 0% + (KM/c* R) (cos 0* — 1)

and this implies that 0 & 6% — 2KM/c* R in the direction in which the ray
leaves the center of symmetry, According to Einstein’s theory, the value
of 6* in this direction is 7 --4KM/c*R, so that 8 is approximately
n+4KM/[c* R —-2KM/c* R, and the assumption that v =0 and that the
Newtonian potential arises entirely from the variation of « decreases the
deflection to one-half of the value predicted by Einstein’s theory. Although
this deflection is difficult to measure with precision, the results of observa-
tion tend to be closer to Einstein’s prediction than to one-half of this value,
and this again suggests that it is more accurate to assume that « = ¢ than
that » = 0 and that the entire Newtonian potential arises from the variation
of a.

The discussion above suggests that o = ¢ in the spherically symmetric
field about a single mass, and this naturally raises the question of whether
o has the constant value ¢ in all fields, which would then provide the
additional relation needed to augment the field equations of the previous
section. Unfortunately, however, if « is always equal to ¢, the theory
outlined above does not lead to gravitational radiation and thus does not
agree with the recent observations which suggest that such radiation exists.
As a result, it appears that the desired additional relation cannot be deter-
mined from the presently known facts concerning gravity. However, the
very close analogy that has been shown previously to exist between the
weak-field approximation of gravity and the classical electromagnetic field
offers a suggestion which may throw some light on this situation. In a static
or nearly static gravitational field, the analog of the electrostatic field is the
three-dimensional gradient of g,,/2 (Kirkwood, 1972). Since the flat-space
value of g, is —¢?, it follows that the gravitational analog of the electrostatic
potential is —(g,4 + ¢2)/2. Noting that o? = —g,, + 2,484, Where g,,8;4 is
quadratic in the field quantities and hence is negligible in the weak-field
approximation, the gravitational analog of the electrostatic potential is
seen to be (o> — ¢?)/2, and the condition that ¢ = ¢ is the analog of the
condition that the electrostatic potential vanishes. It is commonly assumed
that electrostatic fields are not of great importance in outer space, and this
might suggest by analogy that « = ¢in all nearly static gravitational fields of
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astronomical dimensions. However, it is certain that not all electrostatic
fields vanish, and the gravitational analog of electromagnetism would
therefore suggest that o cannot be equal to ¢ in every conceivable gravi-
tational field. This agrees with the conclusion that ¢ = ¢ in the solar field
and still does not necessarily conflict with the existence of gravitational
radiation. However, reasoning about gravity through its analogy to
electromagnetism is a very speculative procedure at present, and this
suggestion must await confirmation either from additional observational
evidence or from the unification of gravity with the rest of physics.

5. The Observer’s Coordinates

Because the geometry is Euclidean in the three-dimensional space
determined by a given value of the invariant time function ¢, it has been
possible to simplify the formal description of gravity by choosing the
time-like coordinate x, to equal 7 and the three spatial coordinates x; to
be Cartesian, Choosing the time-like coordinate to equal ¢ is also very
natural from a philosophical point of view, because the theory is then
determined locally and does not refer directly to the motion of any remote
system such as the fixed stars. However, the formal and philosophical
simplicity of the coordinates x, does not necessarily imply that they are the
ones that will be measured directly by physical rods and by physical clocks
which are synchronized by light rays or other physical means, and it
cannot be concluded that the coordinates x, are those of one observer of
the special theory. Since most observations concerning gravity are made on
an astronomical scale, where it is not possible to construct a physical
coordinate lattice, this fact is not usually important in gravitational theory.
Moreover, in most laboratory experiments, the laboratory itself is small
enough so that coordinates can be defined in which the gravitational field
within the laboratory is very nearly uniform. When this is the case, it is only
necessary to choose the coordinates so that they reduce the metric tensor to
its flat-space value at one point, and they will then represent the observer’s
coordinates of the special theory throughout the laboratory. However,
there are some circumstances which involve phenomena other than gravity
in regions whose dimensions are comparable to those of the gravitational
field, and in these circumstances it is not immediately apparent how the
observer’s coordinates of the special theory are related to the coordinates
x, used above.

Consider, for example, the usual analysis of the magnetic field of the
earth, which is assumed to obey Maxwell’s equations in non-rotating
coordinates that are fixed relative to the center of the earth. These co-
ordinates are taken to be those of one Lorentz frame of the special theory,
and the metric coefficients are assumed to have the flat-space values given
by equations (1.19). If gravitational phenomena are involved in the cal-
culations, gravity is taken into account by simply superimposing Newtonian
theory on the flat four-space of the special theory. Although this procedure
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is sufficiently accurate to describe the observed facts, it is theoretically
inconsistent with a metric-space description of gravity, in which there are
no coordinates that reduce the metric to its flat-space value everywhere.
Thus, the above procedure can be justified theoretically only if observer’s
coordinates can be defined in which the metric tensor is at least very nearly
equal to its flat-space value everywhere. If such coordinates can be found,
they can be used without affecting the predictions of the gravitational
theory, because these are independent of the coordinatization. However,
in such coordinates the electromagnetic field equations will take essentially
their flat-space form, which is the form that is assumed to describe the
earth’s magnetic field.

It is clear that if the Cartesian coordinates x; of the gravitational theory
are assumed to be fixed relative to the center of the earth and non-rotating
relative to the stars, they will be very much like the spatial coordinates that
are usually used to describe the magnetic field of the earth. In particular,
the three-dimensional metric will be J;;, and in most physically important
fields the velocity of light « will be very nearly equal to ¢, so the four-
dimensional metric tensor will differ from the flat-space metric only in that
the ether velocity does not vanish. This suggests that if a new time variable
can be introduced in such a way that the new ether velocity field is very
small, then the three spatial coordinates x; and the new time variable will
come very close to reducing the metric tensor to its flat-space value, and
hence these new coordinates can reasonably be interpreted to be the
observer’s coordinates of the special theory. If the observer’s coordinates
are denoted by %,, this implies that ¥; = x;, and that X, should be defined
to minimize the ether velocity field.

It has been shown previously that the introduction of a new time variable
%4 defines a new ether velocity such that points fixed in this new ether will
move with velocity W relative to the ether of the original coordinates,
where W is given by equation (1.18) with x,’ replaced by %,. Since x, =¢
and the spatial coordinates are Cartesian, the quantities 4% of equation
(1.18) equal 4;; and { = «, so that equation (1.18) becomes

o 0%,

_def4/dx4é;: 6D

If x, is to be defined so that a point fixed in the ether of the coordinates %,
is very nearly at rest in the coordinates x;, then W* must be very nearly
equal to —v', where v' is the ether velocity in the coordinates x,. Since all
known fields are nearly Newtonian, equation (1.5) and equations (3.5) show
that o' =—g;, & 0B/0x;, and equation (5.1) plus the condition that
Wt a2 —o! implies that

Wi=

v % OB

d, %y)dx, 0%, 0x;

This equation can be satisfied exactly only if —a2/(d, %,/dx,) is a function
of %, alone, but it can be satisfied approximately if it is assumed that « & ¢

(5.2)
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and that %, is not greatly different from x,, so that d,%,/dx, ~ 1, in which
case equation (5.2) becomes approximately

0
5 @ 5= =0

This is satisfied if ¢>x, — B is a function of x, only, and this function will
be assumed to be ¢?x,, as this makes %, very nearly equal to x,. Then the
observer’s coordinates X, of one Lorentz frame of the special theory will
be given by
Xi=x;
X, = X4+ ﬁ/ c?

In the nonrelativistic limit as ¢ — o, it is seen that %, — Xx,.

Admittedly, the argument leading to equations (5.3) is based entirely
on physical intuition arising from the interpretation of gravity as an ether
flow, but it is confirmed by one additional fact which suggests that it is at
least a reasonable working hypothesis for future investigations. This is the
fact demonstrated previously (Kirkwood, 1970) that if x, =¢ and x; are
Cartesian coordinates, then the observer’s coordinates %, defined by
equations (5.3) (denoted previously by X,) have the property that the
observer’s coordinates in two different Lorentz frames are related to each
other by the usual Lorentz transformation of the special theory. In this
respect, the coordinates %, are exactly like the usual coordinates of the
special theory, and this provides additional motivation for the assumption
that the natural coordinates x, of gravitational theory are related to the
observer’s coordinates %, of the special theory by equations (5.3). This
conclusion is very important to any attempt to unify physics, because
gravity is most naturally described in the coordinates x, while all of the
rest of physics is described in the observer’s coordinates X, of the special
theory, and gravity can be compared accurately with the rest of physics
only if the relation between x, and %, is known.,

(5.3

6. Conclusions

- It has been shown that any metric four-space can be interpreted as an
ether-flow in a Riemannian three-space when a time-like coordinate has
been introduced. This interpretation makes it possible to visualize the four-
space in a classical framework of three dimensions and time, and the
physical intuition developed in everyday life can be applied directly to
gravitational phenomena.

In particular, one conclusion that is suggested by this interpretation of
gravity is that the laws of physics should depend only upon motion relative
to the ether or on the relative motion of nearby points that are fixed in the
ether. This restriction is a philosophical improvement over classical physics
and over the classical ether theories, because physics is then described
without direct reference to any remote system such as the fixed stars.
Analytically, this restriction will be satisfied if the laws of physics can be
written as tensor relations which involve the gravitational field only through
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the metric tensor, the curvature tensor and its covariant derivatives, and
the covariant derivatives of the time variable. A previous investigation of
the meaning of Lorentz invariance in the presence of a gravitational field
has suggested the existence of an invariant time-like function # similar to
the classical Newtonian time variable, and physical laws that are deter-
mined locally with respect to this time variable will also be Lorentzinvariant.
Therefore, it has been assumed that physics can be described by tensor
relations which involve gravity only through the metric tensor, the curvature
tensor and its covariant derivatives, and the covariant derivatives of the
invariant time function ¢. This description of gravity is less restrictive than
Einstein’s because it includes the possibility that the invariant time function
t may appear in physical laws.

The interpretation of gravity as an ether flow suggests an approach to the
formulation of gravitational field equations which is very different from the
one usually adopted in a metric-space description of gravity. Where one
usually asks “What is the intrinsic geometry of four-space?’, the ether
interpretation of gravity leads to the questions “What is the intrinsic
geometry of three-space?, “What determines the ether velocity field?’,
and ‘What is the velocity of light relative to the ether 7. Formally, these three
questions are completely equivalent to the original one, but considering
them separately nonetheless suggests ideas that are not usually considered
in metric-space theories.

For example, considering the first question, it is readily apparent that
three-space is very nearly Euclidean, and there is no observational evidence
which indicates that it is not exactly Euclidean, so that the theory can be
considerably simplified by considering ounly fields in which a Euclidean
three-space exists. In such fields, the Lorentz invariant extension of New-
tonian theory that has been given previously leads to a set of field equations
involving the ether velocity and the velocity of light relative to the ether.
These equations can be written in the form of equations (3.8) or equations
(3.10), and they give an answer to the second question raised above. The
third question above concerns the value of the function «, which can be
determined only from the observed relativistic corrections to Newtonian
theory. The corrections that have been verified in the Schwarzschild field
suggest that o has the constant value ¢ in this field, but if « is always equal
to cthe theory does not lead to gravitational radiation. The analogy between
gravity and electromagnetism suggests that a does not always equal ¢
but is approximately equal to ¢ in large, neasly static fields, and this sugges-
tion agrees well with the observational evidence. As a result, it is not
unreasonable to assume that the velocity of light relative to the ether may
have the constant value ¢ in many physically important gravitational fields.

The magnitude of the ether velocity field is strongly dependent upon the
choice of the time-like coordinate and can be made very small by a proper
choice of the time variable. As a result, it is possible to introduce a new
system of coordinates which are quite similar to the observer’s coordinates
in one Lorentz frame of the special theory, where the ether velocity vanishes
identically. These are the coordinates %, given by equations (5.3). They
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have been defined so that they nearly reduce the metric tensor to the flat-
space metric of the special theory, and it is then found that the coordinates
%, in two different Lorentz frames are related to each other exactly by the
usual Lorentz transformation of the special theory. This definition of the
observer’s coordinates is of importance in any attempt to unify physics,
because all of physics, except gravity, is usually described in the coordinates
of the special theory and cannot be directly compared with gravity until
these coordinates have been defined in the gravitational field. Thus the
emphasis put on the ether velocity field by interpreting gravity as an ether
flow leads to an approach to the unification of physics which has not
appeared previously in curved-space interpretations of gravity.

The interpretation of gravity given here leads to a space-time framework
that is essentially the one of classical physics. In particular, there is an
invariant time-like function ¢ similar to Newton’s universal time, and the
three-space defined by one value of ¢ is Euclidean. There is also an ether,
as was often assumed in classical physics, but the ether differs from those
of the classical theories in that its effect is more readily apparent in gravita-
tion than in electromagnetism and its motion is determined by laws very
different from those of classical hydrodynamics or elasticity, which were
usually assumed to describe the ether in the classical theories. The resulting
ether theory leads to Newtonian theory in the nonrelativistic limit and also
leads exactly to the Schwarzschild field. As a result, when it is assumed
that the equations of motion of particles and light rays are geodesics, the
theory leads to all of the corrections to Newtonian theory which have been
verified in the Schwarzschild field. It appears that the only observational
evidence that is not described correctly is the existence of gravitational
radiation, and it is not difficult to modify the theory so that it also predicts
radiation. However, so little is known about the properties of gravitational
radiation that the modification is not determined uniquely, and it is not
discussed here.

Although the ether flow is formally equivalent to a curved metric four-
space, the interpretation of the formalism is quite different from the one
usually adopted in metric-space theories. This difference of interpretation
can have a strong influence on the direction of future research, and could
spell the difference between success and failure in a future physical theory.
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