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Standard pedagogy treats topics in general relativity (GR) in terms of tensor
formulations in curved space-time. An alternative approach based on treating the
vacuum as a polarizable medium is presented here. The polarizable vacuum (PV)
approach to GR, derived from a model by Dicke and related to the ‘‘THem’’ for-
malism used in comparative studies of gravitational theories, provides additional
insight into what is meant by a curved metric. While reproducing the results pre-
dicted by GR for standard (weak-field) astrophysical conditions, for strong fields
a divergence of predictions in the two formalisms (GR vs. PV) provides fertile
ground for both laboratory and astrophysical tests to compare the two approaches.
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1. INTRODUCTION

The principles of General Relativity (GR) are generally formulated in
terms of tensor formulations in curved spacetime. Such an approach cap-
tures in a concise and elegant way the interaction between masses, and their
consequent motion. ‘‘Matter tells space how to curve, and space tells
matter how to move.’’ (1) During the course of development of GR over the
years, however, alternative approaches have emerged that provide conve-
nient methodologies for investigating metric changes in other formalisms,
and which yield heuristic insight into what is meant by a curved metric.
One approach that has intuitive appeal is the polarizable-vacuum (PV)

approach. (2, 3) The PV approach treats metric changes in terms of changes
in the permittivity and permeability constants of the vacuum, e0 and µ0,



essentially along the lines of the ‘‘THeµ’’ methodology used in comparative
studies of gravitational theories. (4–7)2

2 In the THem approach the functions T and H are introduced by requiring that the Lagran-
gian for the motion of charged particles under the joint action of gravity and the electro-
magnetic field Ai be expressed in the canonical form L=> [−m0 `T−Hv2+eAiv i] dt,
where T and H, as well as e and m, are functions of the metric. For standard theories of
interest (metric theories) the four functions THem are related by e=m=`H/T.

In brief, Maxwell’s equations in curved space are treated in the iso-
morphism of a polarizable medium of variable refractive index in flat
space; (8) the bending of a light ray near a massive body is modeled as due
to an induced spatial variation in the refractive index of the vacuum near
the body; the reduction in the velocity of light in a gravitational potential is
represented by an effective increase in the refractive index of the vacuum,
and so forth. As elaborated in Refs. 3–8, PV modeling can be carried out in
a self-consistent way so as to reproduce to appropriate order both the
equations of GR, and the match to the classical experimental tests of those
equations. Under conditions of extreme metric perturbation, however, the
PV approach predicts certain results at variance with the standard GR
approach. We discuss these variances in terms of testable implications,
both in the laboratory and with regard to astrophysical consequences.

2. THE POLARIZABLE VACUUM

The electric flux vector D in a linear, homogeneous medium can be
written

D=eE=e0E+P=e0E+aVE (1)

where e and e0 are the permittivities of the medium and of the vacuum,
respectively, and the polarization P corresponds to the induced dipole
moment per unit volume in the medium whose polarizability per unit
volume is aV. The identical form of the last two terms leads naturally to the
interpretation of e0 as the polarizability per unit volume of the vacuum,
treated as a medium in its own right. This interpretation is explicitly
corroborated in detail by the quantum picture of the vacuum where it is
shown that the vacuum acts as a polarizable medium by virtue of induced
dipole moments resulting from the excitation of virtual electron-positron
pairs. (9)3

3 In principle other virtual particle pairs also contribute, but the lower energy electron-
positron pairs dominate.
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To represent curved-space conditions, the basic postulate of the PV
approach is that the polarizability of the vacuum in the vicinity of a mass
(or other mass-energy concentrations) differs from its asymptotic far-field
value by virtue of vacuum polarization effects induced by the presence of
the mass. That is, we postulate for the vacuum itself

D=eE=Ke0E (2)

where K is the (altered) dielectric constant of the vacuum (typically a func-
tion of position) due to (GR-induced) vacuum polarizability changes
under consideration. Throughout the rest of our study the vacuum dielectric
constant K constitutes the key variable of interest.

2.1. Velocity of Light in a Vacuum of Variable Polarizability

In this section we examine quantitatively the effects of a polarizable
vacuum on the various measurement processes that form the basis of
the PV approach to general relativity. We begin by examining constraints
imposed by observation. Of the various dimensionless constants that can
be formed, for an electromagnetically oriented model of the vacuum the
appropriate starting point is the expression for the fine structure constant
that governs electromagnetic interactions,4

4 Other choices for dimensionless constants to remain constant, e.g., the ratio of electrical to
gravitational force between electrons, lead to alternate representations of GR that must be
pursued separately.

a=
e2

4pe0(c
, where c=

1

`m0e0
(3)

By the conservation of charge for elementary particles, and the conserva-
tion of angular momentum for a circularly polarized photon propagating
through the vacuum (even with variable polarizability), e and ( can be
taken as constants. Given that e0 can be expected with a variable vacuum
polarizability to change to e(K)=Ke0, and the vacuum permeability
may be a function of K, m(K), c(K)=1/`m(K) e(K). The fine structure
constant therefore takes the form

a=
e2

4pe0(c
= m(K)/m0

K
(4)

which is potentially a function of K.
Studies that consider the possibility of the variability of fundamental

constants under varying cosmological conditions, however, require that the
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fine structure constant remain constant in order to satisfy the constraints
of observational data. (10-12)5 Under this constraint we obtain from Eq. (4)

5 Recent measurements implying the possibility of variations ’ 1 in 105 over cosmological
time scales (J. K. Webb et al., ‘‘Further evidence for cosmological evolution of the fine
structure constant,’’ Phys. Rev. Lett. 87, 091301-1–091301-4 (2001)) are not relevant to the
argument here.

µ(K)=Kµ0; thus the permittivity and permeability constants of the vacuum
must change together with vacuum polarizability as6

6 This transformation, which maintains constant the ratio `m/e=`m0/e0 (the impedance of
free space) is just what is required to maintain electric-to-magnetic energy ratios constant
during adiabatic movement of atoms from one point to another of differing vacuum
polarizability. (3) Detailed analysis shows that it is also a necessary condition in the THem
formalism for an electromagnetic test body to fall in a gravitational field with a composition-
independent acceleration (WEP, or weak equivalence principle, varified by Eötvös-type
experiments). (4–7) Finally, this condition must be satisfied by any metric theory of gravity,
which constitutes the class of viable gravity theories.

e0 Q e=Ke0 , m0 Q m=Km0 (5)

As a result the velocity of light changes inversely with K in accordance with

c(=1/`m0e0)Q c/K(=1/`me) (6)

Thus, the dielectric constant of the vacuum plays the role of a variable
refractive index under conditions in which vacuum polarizability is assumed
to change in response to GR-type influences. As will be shown in detail
later, the PV treatment of GR effects is based on the use of equations that
hold in special relativity, but with the modification that the velocity of light
c in the Lorentz transformations and elsewhere is replaced by the velocity
of light in a medium of variable refractive index, c/K. Expressions such as
E=mc2 are still valid, but now take into account that cQ c/K, and E and
m may be functions of K, and so forth.

2.2. Energy in a Vacuum of Variable Polarizability

Dicke has shown by application of a limited principle of equivalence7

7 If it be assumed that the gravitational redshift disappears for an experiment performed
wholly within a freely falling elevator, it is found that the relationship given in Eq. (7) for the
energy is the only one compatible with this assumption.

that the energy of a system whose value is E0 in flat space (K=1) takes on
the value

E=
E0
`K

(7)
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in a region where K ] 1. (3) This is due to that fact that the self-energy of a
system changes in response to changes in the local vacuum polarizability,
analogous to the change in the stored energy of a charged air capacitor
during transport to a region of differing dielectric constant.
The energy relationship given by Eq. (7) also implies, via E0=m0c2,

which becomes E(K)=m(K)(c/K)2, a corollary change in mass

m=m0K3/2 (8)

again a consequence of the change in self-energy.

2.3. Rod and Clock (Metric) Changes in a Vacuum of Variable Polarizability

Another consequence of the change in energy as a function of vacuum
polarizability is a change in associated frequency processes which, by the
quantum condition E=(w and Eq. (7), takes the form

w=
w0

`K
(9)

This, as we shall see, is responsible for the red shift in light emitted from an
atom located in a gravitational potential.
From the reciprocal of Eq. (9) we find that time intervals marked by

such processes are related by

Dt=Dt0 `K (10)

Therefore, in a gravitational potential (where it will be shown that K > 1)
the time interval between clock ticks is increased (that is, the clock runs
slower) relative to a reference clock at infinity.
With regard to effects on measuring rods, we note that, for example,

the radius of the ground-state Bohr orbit of a hydrogen atom

Dr0=
(

m0c
1
a

(11)

becomes (with cQ c/K, m0 Q m, and a constant as discussed earlier)

Dr=
Dr0
`K

(12)

Other measures of length such as the classical electron radius or the
Compton wavelength of a particle lead to the relationship Eq. (12) as well,
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so this relationship is general. This dependence of fundamental length
measures on the variable K indicates that the dimensions of material objects
adjust in accordance with local changes in vacuum polarizability–thus
there is no such thing as a perfectly rigid rod. From the standpoint of
the PV approach this is the genesis of the variable metric that is of such
significance in GR studies.
We are now in a position to define precisely what is meant by the label

‘‘curved space.’’ In the vicinity of, say, a planet or star, where K > 1, if one
were to take a ruler and measure along a radius vector R to some circular
orbit, and then measure the circumference C of that orbit, one would
obtain C < 2pR (as for a concave curved surface). This is a consequence
of the ruler being relatively shorter during the radial measuring process
(see Eq. (12)) when closer to the body where K is relatively greater, as
compared to its length during the circumferential measuring process when
further from the body. Such an influence on the measuring process due to
induced polarizability changes in the vacuum near the body leads to the
GR concept that the presence of the body ‘‘influences the metric,’’ and
correctly so.
Of special interest is the measurement of the velocity of light with

‘‘natural’’ (i.e., physical) rods and clocks in a gravitational potential which
have become ‘‘distorted’’ in accordance with Eqs. (10) and (12). It is a
simple exercise to show that the measured velocity of light obtained by the
use of physical rods and clocks renormalizes from its ‘‘true’’ (PV) value
c/K to the value c. The PV formalism therefore maintains the universal
constancy of the locally measured velocity of light.

2.4. The Metric Tensor

At this point we can make a crossover connection to the standard
metric tensor concept that characterizes the conventional GR formulation.
In flat space a (4-dimensional) infinitesimal interval is given by the expres-
sion

ds2=c2 dt20−(dx
2
0+dy

2
0+dz

2
0) (13)

If rods were rigid and clocks non-varying in their performance in
regions of differing vacuum polarizability, then the above expression would
hold universally. However, a dx0-length measuring rod placed in a region
where K > 1, for example, shrinks according to Eq. (12) to dx=dx0/`K.
Therefore, the infinitesimal length which would measure dx0 were the
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rod to remain rigid is now expressed in terms of the dx-length rod as
dx0=`K dx. (Such constitutes a transformation between ‘‘proper’’ and
‘‘coordinate’’ values.) With a similar argument based on Eq. (10) holding
for clock rate, Eq. (13) can be written

ds2=
1
K
c2 dt2−K(dx2+dy2+dz2) (14)

Therefore, the infinitesimal interval takes on the form

ds2=gij dx i dx j (15)

where gij in the above expression defines the metric tensor, and

dx0=c dt, g00=1/K, g11=g22=g33=−K, gij=0 for i ] j (16)

The metric tensor in this form defines an isotropic coordinate system,
familiar in GR studies.

3. CLASSICAL EXPERIMENTAL TESTS OF GENERAL
RELATIVITY IN THE PV MODEL

In the previous sections we have established the concept of the
polarizable vacuum and the effects of polarizability changes on metric
(rods and clocks) behavior. In particular, we found that metric changes can
be specified in terms of a single parameter K, the dielectric constant of the
vacuum. This is the basis of the PV approach to GR.
In this section we note, with the aid of expressions to be derived in

detail in Sec. 5, how K changes in the presence of mass, and the effects
generated thereby. The effects of major interest at this point comprise
such classical tests of GR as the gravitational redshift, the bending of light
and the advance of the perihelion of Mercury. These examples constitute a
good testbed for demonstrating the techniques of the PV alternative to the
conventional GR curved-space approach.
For the spherically symmetric mass distribution of a star or planet it

will be shown later from the basic postulates of the PV approach that the
appropriate PV expression for the vacuum dielectric constant K is given by
the exponential form

K=e2 GM/rc
2
=1+

2GM
rc2
+
1
2
12GM
rc2
22+·· · (17)
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where G is the gravitational constant, M is the mass, and r is the distance
from the origin located at the center of the mass M. For comparison
with expressions derived by conventional GR techniques, it is sufficient to
restrict consideration to a weak-field approximation expressed by expansion
of the exponential to second order as shown.
As an example of application of the PV approach to a standard exper-

imental test of GR, we consider the case of gravitational redshift. In a
gravitation-free part of space, photon emission from an excited atom takes
place at some frequency w0, uninfluenced by vacuum polarizability changes.
That same emission process taking place in a gravitational field, however,
will, according to Eq. (9), have its emission frequency altered (redshifted)
to w=w0/`K. With the first-order correction to K=1 given by the first
two terms in Eq. (17), emission by an atom located on the surface of a
body of mass M and radius R will therefore experience a redshift by an
amount

Dw

w0
=
w−w0
w0

% −
GM
Rc2

(18)

where we take GM/Rc2° 1. Once emitted, the frequency of the photon
remains constant during its propagation to a relatively gravitation-free part
of space where its frequency can then be compared against that of local
emission, and the spectral shift given by Eq. (18) observed. Measurement of
the redshift of the sodium D1 line emitted on the surface of the sun and
received on earth has verified Eq. (18) to a precision of 5%, (13) and experi-
ments carried out on the surface of the earth involving the comparison of
photon frequencies at different heights have improved the accuracy of
verification still further to a precision of 1%. (14–15)

In similar fashion, we could consider in detail other canonical examples
such as the bending of light rays or perihelion advance of planetary orbits
near a mass. However, rather than treating these cases individually, we can
take a more general approach.8

8 For details of the individual treatments see H. E. Puthoff, ‘‘Polarizable-vacuum (PV)
representation of general relativity,’’ http://arXiv.org/abs/gr-qc/9909037.

In standard textbook treatments of the classical tests of GR one begins
with the Schwarzschild metric, which in isotropic coordinates is written (16)

ds2=gij dx i dx j

=11−GM/2rc
2

1+GM/2rc2
22 c2 dt2−11+GM

2rc2
24 (dr2+r2 dh2+r2 sin2 h df2)

(19)
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Expanding the metric tensor for small departures from flatness as a
Maclaurin series in (GM/rc2), we obtain

g00=1
1−GM/2rc2

1+GM/2rc2
22=1−2 1GM

rc2
2+2 1GM

rc2
22− · · · (20)

g11=g22=g33=−11+
GM
2rc2
24=−51+2 1GM

rc2
2+·· · 6 (21)

Similarly, in the PV approach one begins with the exponential metric
defined by Eqs. (14)–(17),

ds2=gij dx i dx j

=e −2GM/rc
2
c2 dt2−e2GM/rc

2
(dr2+r2 dh2+r2 sin2 h df2) (22)

This, when expanded to the same order as the Schwarzschild metric tensor
above for small departures from unity vacuum dielectric constant, yields

g00=e −2GM/rc
2
=1−2 1GM

rc2
2+2 1GM

rc2
22− · · · , (23)

g11=g22=g33=−e2GM/rc
2
=−51+2 1GM

rc2
2+·· · 6 (24)

Comparison of Eqs. (23) and (24) with Eqs. (20) and (21) reveals that,
to the order of expansion shown, the two metric tensors are identical.
Since the standard classical tests of GR do not require terms beyond
these explicitly displayed, the agreement between theory and experiment is
accounted for equally in both the conventional GR and in the alternative
PV formalisms.9

9 It has been argued that more complex multi-parameter solar system tests that probe pre-
ferred-frame effects show these simple metrics to not be all-inclusive, but consideration of
this issue would take us beyond the scope of this paper. For details see Ref. 7, Chap. 5.

For a chargedmass the Schwarzschildmetric is replaced by the Reissner–
Nordstrøm metric in the GR approach, while in the PV approach the
exponential metric is replaced by a metric involving hyperbolic functions
(see Sec. 5.2). Again, for the weak-field case, it can be shown that the two
approaches are in precise agreement to the order shown in the charge-free
case.

4. COUPLED MATTER-FIELD EQUATIONS

In the preceding section we stated without proof that the appropriate
mathematical form for the variation in K induced by the presence of mass
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is an exponential form. In this section we show how the exponential form
is derived from first principles, and, in the process, establish the general
approach to the derivation of field equations as well as the equations for
particle motion. The approach consists of following standard Lagrangian
techniques as outlined, for example, in Ref. 17, but with the proviso that
in our case the dielectric constant of the vacuum is treated as a variable
function of time and space.

4.1. Lagrangian Approach

The Lagrangian for a free particle is given by

Lp=−mc2=1−1n
c
22 (25)

which, in the presence of a variable vacuum dielectric constantK, is modified
with the aid of Eqs. (6) and (8) to read

Lp=−
m0c2

`K
=1−1 n

c/K
22 (26)

This implies a Lagrangian density for the particle of

Lpd=−
m0c2

`K
=1−1 n

c/K
22 d3(r− r̄) (27)

Following standard procedure, the particle Lagrangian density can be
extended to the case of interaction with electromagnetic fields by inclusion
of the potentials (F, A),10

10 Although in principle one could consider adding additional terms to include gauge fields
(e.g., strong and weak nuclear forces), these interactions fundamentally involve quantum
field theory that is beyond the scope of the classical theory presented here.

Lpd=−1
m0c2

`K
=1−1 n

c/K
22+qF−qA · v2 d3(r− r̄) (28)

The Lagrangian density for the electromagnetic fields themselves, as in
the case of the particle Lagrangian, is given by the standard expression
(see, e.g., Ref. 17), except that again K is treated as a variable,

Lemd =−
1
2
1 B2
Km0
−Ke0E22 (29)
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We now need a Lagrangian density for the dielectric constant vari-
able K, which, being treated as a scalar variable, must take on the standard
Lorentz-invariant form for propagational disturbances of a scalar,

LKd=−lf(K) 5(NK)2−
1

(c/K)2
1“K
“t
226 (30)

where f(K) is an arbitrary function of K. As indicated by Dicke in the
second citation of Ref. 3, a correct match to experiment requires that we
take l=c4/32pG and f(K)=1/K2; thus,

LKd=−
l

K2
5(NK)2− 1

(c/K)2
1“K
“t
226 (31)

We can now write down the total Lagrangian density for matter-field
interactions in a vacuum of variable dielectric constant,

Ld=−1
m0c2

`K
=1−1 n

c/K
22+qF−qA · v2 d3(r− r̄)−

1
2
1 B2
Km0
−Ke0E22

−
l

K2
5(NK)2− 1

(c/K)2
1“K
“t
226 (32)

4.2. General Matter-Field Equations

Variation of the Lagrangian density d > Ld dx dy dz dt with regard to
the particle variables leads to the equation for particle motion in a variable
dielectric vacuum,

d
dt
5 (m0K3/2) v

`1−( nc/K)
2
6=q(E+v×B)+

(m0c2/`K)

`1−( nc/K)
2

(1+( nc/K)
2)

2
NK
K

(33)

We see that accompanying the usual Lorentz force is an additional
dielectric force proportional to the gradient of the vacuum dielectric con-
stant. This term is equally effective with regard to both charged and neutral
particles and accounts for the familiar gravitational potential, whether
Newtonian in form or taken to higher order to account for GR effects.
Variation of the Lagrangian density with regard to the K variable

leads to an equation for the generation of GR vacuum polarization effects
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due to the presence of matter and fields. (In the final expression we useN2K=
(1/2K)(NK)2+2`K N2`K to obtain a form convenient for the follow-
ing discussion.)

N2`K−
1

(c/K)2
“
2
`K

“t2

=−
`K

4l
3(m0c2/`K)
`1−( nc/K)

2

[1+( nc/K)
2]

2
d3(r− r̄)

+
1
2
1 B2
Km0
+Ke0E22−

l

K2
5(NK)2+ 1

(c/K)2
1“K
“t
2264 (34)

Thus we see that changes in the vacuum dielectric constant K are driven
by mass density (first term), EM energy density (second term), and the
vacuum polarization energy density itself (third term). Equations (33) and
(34), together with Maxwell’s equations for propagation in a medium with
variable dielectric constant, thus constitute the master equations to be used
in discussing matter-field interactions in a vacuum of variable dielectric
constant as required in the PV formulation of GR.

5. STATIC FIELD SOLUTIONS

We demonstrate application of field Eq. (34) to two static field cases
with spherical symmetry:11 derivation of the expression introduced earlier

11 The PV approach is not restricted to problems involving spherical symmetry only. For
example, cylindrically-symmetric solutions for the effect of a homogeneous electric or
magnetic field on the metric (Levi–Civita Effect) follow from the use of Eq. (34) as well.

for the gravitational field alone, and derivation of the corresponding
expression for charged masses.

5.1. Static Fields (Gravitational)

In space surrounding an uncharged spherical mass distribution the
static solution (“K/“t=0) to Eq. (34) is found by solving

d2`K

dr2
+
2
r
d`K

dr
=
1

`K
1d`K
dr
22 (35)

where we have used (NK)2=4K(N`K)2.
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The solution that satisfies the Newtonian limit is given by

K=(`K)2=e2GM/rc
2
=1+2 1GM

rc2
2+·· · (36)

which can be verified by substitution into the equation for particle motion,
Eq. (33). We have thus derived from first principles the exponential form of
the variable dielectric constant in the vicinity of a mass as used in earlier
sections. As indicated in Sec. 3, this solution reproduces to appropriate
order the standard GR Schwarzschild metric predictions as they apply to
the weak-field conditions prevailing in the solar system.

5.2. Static Fields (Gravitational Plus Electrical)

For the case of a massM with charge Q we first write the electric field
appropriate to a charged mass imbedded in a variable-dielectric-constant
medium,

F D ·da=Ke0E4pr2=Q (37)

Substitution into Eq. (34) yields (for spherical symmetry)

d2`K

dr2
+
2
r
d`K

dr
=
1

`K
51d`K

dr
22−b

2

r4
6 (38)

where b2=Q2G/4pe0c4.
The solution to Eq. (38) as a function of charge (represented by b) and

mass (represented by a=GM/c2) is given below. Substitution into Eq. (33)
verifies that as rQ. this expression asymptotically approaches the
standard flat-space equations for particle motion about a body of charge Q
and massM.

`K=cosh 1`a
2−b2

r
2+ a

`a2−b2
sinh 1`a

2−b2

r
2 , a2 > b2 (39)

(For b2 > a2 the solution is trigonometric.)
As noted earlier (Sec. 3), for the weak-field case the above reproduces

the familiar Reissner–Nordstrøm metric. (18)
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6. STRONG-FIELD TESTS

As noted in the Abstract, both the conventional and PV approaches to
GR problems lead to the same results for small departures from flatness. For
increasingly larger departures from flatness, however, the two approaches,
although initially following similar trends, begin to diverge with regard to
specific magnitudes of effects. In the PV approach the solution for the
static gravitational case yields a metric tensor that is exponential in form, in
the conventional GR approach the somewhat more complex Schwarzschild
solution. This discrepancy has shown up previously in other general curved-
space approaches to GR as well.12

12 Of special interest is the so-called Einstein–Yilmaz tensor form, in which Einstein’s equa-
tions are modified by inclusion of the stress-energy tensor of the gravitational field itself on
the R.H.S. of the equations, in addition to the usual matter/field stress-energy. (19) The
Yilmaz modification yields exponential solutions in the form derived here by means of the
PV approach. The Einstein–Yilmaz equations satisfy the standard experimental tests of GR,
as well as addressing a number of mathematical issues of concern to general relativists, and
are thus under study as a potentially viable modification to the original Einstein form. (20)

6.1. Astrophysical Tests

A major difference between the Schwarzschild (GR) and exponential
(PV) metrics is that the former contains an event horizon at R=2GM/c2

which prevents radially-directed photons from escaping (‘‘black holes’’),
whereas the latter has no such discontinuity (only increasingly ‘‘dark gray
holes’’). One consequence is that whereas the Schwarzschild solution limits
neutron stars (or neutron star mergers) to ’ 2.8 solar masses (2.8Mí )
because of black hole formation, no such constraint exists for the expo-
nential metric. This raises the possibility that such anomalous observations
as the enormous radiative output ( ’ 2Mí c2, if isotropic) of the gamma
ray burster GRB990123 (21) might be interpreted as being associated with
collapse of a very massive star (hypernova), or the collision of two high-
density neutron stars. (22) The collection of additional astrophysical evidence
of this and related genres would be useful in the search for discriminants
between the standard GR and alternative PV approaches.

6.2. Laboratory Tests

For small departures from flatness it is useful to express the generalized
metric in terms of the PPN (parametrized post-Newtonian) form

g00=N1−2af+2bf2− · · · M , (40)

g11=g22=g33=− N1+2cf+2df2+·· · M (41)
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where f=GM/rc2 and a, b, c and d comprise the PPN parameters. For
the case of a central mass, both the conventional Schwarzschild and PV-
derived exponential solutions require by virtue of the classical tests of
GR that a=b=c=1. There exists, however, a predicted discrepancy with
regard to the fourth parameter, d, which is

d=33/4 GR Schwarzschild solution
1 PV exponential solution (42)

As detailed in Ref. 19, an argument has been put forward that the isotropy-
of-mass experiments of Hughes et al. (23) and by Drever, (24) and the neutron
phase-shift measurements of Collela et al. (25) yield a value d ’ 1±10−3. The
data, analysis, and interpretation of such experiments provide yet further
opportunities for discriminants between the standard GR and the alternative
PV approaches.

7. DISCUSSION

In overview, we have shown that a convenient methodology for inves-
tigating general relativistic (GR) effects in a non-abstract formalism is
provided by the so-called polarizable-vacuum (PV) representation of GR.
The PV approach treats metric perturbation in terms of a vacuum dielectric
function K that tracks changes in the effective permittivity and permea-
bility constants of the vacuum, a metric engineering approach, so to
speak. (26) The structure of the approach is along the lines of the THem
formalism used in comparative studies of gravitational theories.
The PV-derived matter-field Eqs. (33) and (34) are in principle applic-

able to a wide variety of problems. This short exposition, covering but the
Schwarzschild and Reissner–Nordstrøm metrics and certain experimental
tests of GR, is therefore clearly not exhaustive. Consideration was confined
to cases of spherical symmetry and static sources,13 and important topics such

13However, the PV and related THem approaches are sufficiently general that results obtained
for spherically symmetric gravitational fields can be generalized to other symmetry condi-
tions as well (e.g., see Footnote 11). In addition it can be shown that cosmological expan-
sion of the universe as represented in GR by the Friedmann models involving a variable
scale factor a(t) is faithfully reproduced in the PV approach in terms of a variable K(t).

as gravitational radiation and frame-dragging effects were not addressed.
Therefore, further exploration and extension of the PV approach to specific
problems of interest is encouraged, again with cross-referencing of PV-
derived results to those obtained by conventional GR techniques to ensure
that the PV approach does not generate incomplete or spurious results.
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With regard to the epistemology underlying the polarizable-vacuum
(PV) approach as compared with the standard GR approach, one rather
unconventional viewpoint is that expressed by Atkinson who carried out a
study comparing the two. (27) ‘‘It is possible, on the one hand, to postulate
that the velocity of light is a universal constant, to define ‘‘natural’’ clocks
and measuring rods as the standards by which space and time are to be
judged, and then to discover from measurement that space-time, and space
itself, are ‘‘really’’ non-Euclidean; alternatively, one can define space as
Euclidean and time as the same everywhere, and discover (from exactly the
same measurements) how the velocity of light, and natural clocks, rods,
and particle inertias ‘‘really’’ behave in the neighborhood of large masses.
There is just as much (or as little) content for the word ‘‘really’’ in the one
approach as in the other; provided that each is self-consistent, the ultimate
appeal is only to convenience and fruitfulness, and even ‘‘convenience’’
may be largely a matter of personal taste...’’
On the other hand, from the standpoint of what is actually measured

with physical rods and clocks, the conventional tensor approach captures
such measurements in a concise, mathematically self-consistent formalism
(the tensor approach). Therefore, the standard approach is more closely
aligned with the positivist viewpoint that underlies modern scientific thought.
Nonetheless, the PV model, with its intuitive, physical appeal, can be useful
in bridging the gap between flat-space Newtonian physics and the curved-
spacetime formalisms of general relativity.
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