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Variable Passive Gravitational Mass Theory that Reproduces
the Results of Einstein’s General Theory of Relativity

G. G. Nyambuya

Abstract Within the framework of Newtonian theory of gravita-

tion – the hypothesis is here made that the minuscule astrometic

variations that are not accounted for by the bare Newtonian the-

ory of gravitation – these – may very well be a result of a subtle

variation in the passive gravitational mass of a test body. With

recourse to observational evidence, a formula detailing how this

passive gravitational mass should vary is proposed. The proposed

formula is so tailored so that it reproduces exactly the anomalous

perihelion precession predictions of General Theory of Relativ-

ity (GTR). When the proposed formula is applied to the the now

thought to be resolved issue of the scatter in the measurements of

the Solar gravitational bending of starlight light measurements, it

is seen that one can – within this framework – explain the observed

scatter in these starlight measurements as resulting from a varia-

tion in the radial component (cr) of the speed of a photon along its

path.

Keywords astrometry, celestial mechanics, ephemerides, plane-

tary recession

1 Introduction

Because of no tangible evidence to the contrary (e.g.,

Reasenberg et al. 2012; Schlamminger et al. 2008; Dickey

et al. 1994; Su et al. 1994; Adelberger et al. 1990), New-

tonian theory of gravitation assumes the complete equity

(equivalence) of gravitational (Mg,mg) and inertia mass

(Mi,mi)
1. Einstein (1907) famously took this subtle and
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1Throughout this reading, we shall represent the (gravitational or inertia)

mass of a test particle with a small letter “m”, while that of the central and

dominate gravitating body in whose gravitational field the test particle is

immersed – this we shall represent with with a capital letter “M”. The

subscripts “i” and “g” shall respect the labels for inertia and gravitational

mass respectively.

embellished Newtonian observation and elevated it to a

‘supposed sacrosanct’ Principle of Nature which he called

the Principle of Equivalence (PoE) and this (PoE) went on

to form the foundational basis for his General Theory of

Relativity (GTR) (Einstein 1916a,b, 1915a,b). The GTR

is today the universality and most widely accepted model

of gravitation – this is specially so, after one of its most

sought predictions (Einstein 1918, 1916b) of the existence

of gravitational waves was verified recently by Abbott et al.

(2016a,b) [i.e., exactly 100 years after the prediction was

first made (Castelvecchi and Witze 2016)].

The PoE states that experiments performed in a uni-

formly accelerating reference frame with an acceleration a

are indistinguishable from the same experiments performed

in a non-accelerating reference frame which is situated in

a gravitational field where the acceleration due gravity g is

exactly equal to a, i.e.:

a ≡ g. (1)

The common and popular way of stating this fundamental

principle of Einstein’s GTR is to say that the gravitational

mass (mg) of any given material body is identical to its in-

ertial mass (mi). i.e.:

mg

mi

≡ 1. (2)

As pointed out by Einstein (1911, 1907), a most immedi-

ate and natural implication of the PoE is that since photons

have momentum and therefore can be attributed an iner-

tial mass, they must also have a gravitational mass which

should cause them to be affected by any gravitational field

resulting in e.g., photons traversing curved paths. Thus – as

first observed in 1919 by pre-eminent English astronomer,

physicist, and mathematician – Sir Arthur Stanley Edding-

ton (1882 − 1944), et al., that is – in their al-famous pio-

neering Solar gravitational bending of starlight (Dyson et al.
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1920a,b); photons should be deflected by gravity. In §(6),

we will focus our attention on this very issue of the Solar

gravitational bending of starlight.

The main thrust of this reading is to show that the gen-

eral relativistic effects such as the anomalous perihelion pre-

cession of planetary orbits can be explained well within the

framework of Newtonian gravitation – albeit, if the concept

of gravitational and inertia mass is well aligned to do this.

If our proposed alignment is correct or has any real corre-

spondence with physical and natural reality – then, it would

make this effect (i.e., the anomalous perihelion precession

of planetary orbits) an explainable effect within the realm of

Newtonian gravitation and not an effect peculiar to the GTR.

An added advantage of the said modification is that it leads

to a result that allows us to explain not just the deviation

of the gravitational bending of starlight measurements from

the GTR’s 1.75′′ prediction but the scatter of these measure-

ments about this sacred value.

Further – as will be shown in subsequent readings (hope-

fully to be published in the present journal), this same pro-

posed modification (to the concept of passive gravitational

mass) does provide an alternative explanation to some of the

gravitational anomalies currently in existence. That is to say,

there exists e.g., minuscule and inexplicable gravitational

phenomenon in our immediate Solar neighbourhood, such

as the Flyby Anomaly (FA) problem (Anderson et al. 2008,

2007; Antreasian and Guinn 1998). On the astronomical

scale, we have the Anomalous Flat Rotation Curve Problem

of Spiral Galaxies – i.e., a problem commonly referred to as

the Darkmatter Problem (Rubin and Ford 1970; Rubin et al.

1970, 1985; Zwicky 1933, 1937), and on cosmic scales, we

have the Darkenergy Problem (Riess et al. 1998; Perlmutter

et al. 1999); this is a problem whose solution is assumed to

be the reason behind the ‘mysterious’ accelerated expansion

of the Universe.

Apart from the above started gravitational phenomenon,

there is also the Pioneer Anomaly (PA) problem (Anderson

et al. 2002, 1998), the Anomalous Secular Recession (ASR)

of the mean Sun-(Earth-Moon) (Pitjeva and Pitjev 2012;

Standish 2005; Krasinsky and Brumberg 2004), the mean

Earth-Moon distance (Williams and Boggs 2016; Williams

et al. 2014; Williams and Boggs 2009; Williams et al. 2004)

and very recently, an anomalous and completely unexpected

sinusoidal variation in the Newtonian constant of gravita-

tion G (Anderson et al. 2015; Schlamminger et al. 2015).

We do not believe the said modification explains these phe-

nomenon but that these are to be explained by some other

theories. When all has been said and done – all these anoma-

lies surely point to a serious dearth in our understanding of

the gravitational phenomenon.

In-closing, we here give the organisational structure of

this reading. In §(2), we give an exposition of the inertia and

gravitation mass – where in this exposition, we make clear

our envisaged modification to the concept of passive gravi-

tational mass. In §(3), we present Einstein’s PoE and therein

demonstrate that our envisaged modification to the concept

of passive gravitational mass does not violate the PoE. With

our hypothetical modification of the passive gravitational

mass having been justified, in §(4), present this hypothesis

and proceed to write down the equations of motion. In §(5),

we apply the deduced equations of motion to the problem of

the perihelion precession of Solar planetary orbits. In §(6),

we do the same – i.e., apply the equations of motion of §(4),

to the Solar gravitational bending of starlight and the thrust

of this application to this problem is to present an explana-

tion to the observed scatter and deviation of the gravitational

bending of starlight measurements from the GTR’s 1.75′′

prediction. In §(7), (8) and §(9) we present a general discus-

sion, the conclusion drawn thereof and recommendations,

respectively.

2 Inertia and Gravitational Mass

We here-in not only give an exposition of inertia and gravi-

tational mass, but lay bare our intended modification to the

concept of gravitational mass.

2.1 Inertia Mass

Wholly and completely embodied in Newton’s First Law of

Motion is the quantity – Inertia Mass; which is here denoted

by the symbol mi and commonly defined in elementary

school as the measure of the amount of quantity of matter

in a substance, is a “measure of the resistance (reluctance)”

of any physical body to any change whatsoever in its state

of motion (e.g., this includes amongst others, changes to its

speed, direction of motion or its state of rest). It is the innate,

intrinsic and inherent tendency of a material body to pre-

serve it state of motion in a straight line at constant velocity.

This Principle of Inertia, or, Law of Inertia, which is critical

and pivotal in the description of all motion of bodies – how

they are affected by applied forces, is one of the most basic

and fundamental principles of classical physics. Sir Isaac

Newton (1726) in his great master piece – Philosophiae Nat-

uralis Principia Mathematica; defined inertia as:

“The vis insita, or innate force of matter, is a power of resisting by
which every body, as much as in it lies, endeavours to preserve its
present state, whether it be of rest or of moving uniformly forward
in a straight line.”

This inertia mass appears in Newton’s Second Law of Motion

which states that the resultant of all the forces (F res) acting

on a body is equal to the rate of change of motion of that

body, i.e.:

F res =
dp

dt
where, p = miv. (3)



3

By motion, Newton meant the momentum p of the body in

question. Momentum (p) is the product of inertial mass and

the velocity (v) of the body in question. In most cases con-

sidered in natural systems, the inertial mass of the particle is

a constant of motion, so this law is often stated as:

F res = mia where, a =
dv

dt
. (4)

The vector quantitya is the acceleration of the body in ques-

tion. The inertial mass gives matter its inertial properties.

Assumption (1):

We shall here assume that the inertia mass (mi) of a body is a

constant of motion – i.e., it neither has a spatial nor a temporal

variation.

2.2 Gravitational Mass

The second kind of fundamental mass enters Newtonian me-

chanics in Newton’s law of universal gravitation is the Grav-

itational Mass (Mg and mg). This mass is some sort of

charge as is the case with electric charge associated with the

electrical force in Coulomb’s Law. Newton’s law of uni-

versal gravitation states that the gravitational force drawing

together two objects of gravitational mass Mg and mg that

are separated by a distance r is:

F g = −GMgmg

r2
r̂, (5)

where r̂ is the unit vector along the line joining the centres

of mass of these objects and the negative sign is there to

denote the fact that the gravitational force is a force of at-

traction. There are two kinds of gravitational mass:

1. Passive Gravitational Mass (PG-Mass): this is the mass that

gravity acts on, i.e., the mass with which a test body responds

with while in the immersion of a gravitational field set up by

another body.

2. Active Gravitational Mass (AG-Mass): this is the mass that is

the source of gravity.

For us purposes here, we shall the make the following as-

sumptions:

Assumption (2):

1. We shall assume the complete equality of inertia and active

gravitational mass.

2. We shall assume that, for a test body moving inside a grav-

itational field of another body, the passive gravitational mass

of the said test body is not equal either to its inertia or active

gravitational mass, it varies spatially from one point to the next.

Pertaining the gravitational and inertial mass, we have the

Weak Equivalence Principle (WEP) due to Galileo which

states that test bodies fall with the same acceleration inde-

pendent of their internal structure or composition: in other

words, the gravitational mass appearing in (5) and inertial

mass appearing (4) are one and the same thing i.e. (mi ≡
mg). The WEP of Galileo lead Einstein (1907) to formu-

late his Principe of Equivalence, a principle upon which the

GTR is founded.

3 Einstein’s Principle of Equivalence

Following Nyambuya and Simango (2014), let us denote the

ratio of the gravitational to inertia mass as follows:

mg

mi

= 2γg. (6)

If – as typically assumed; the gravitational and inertial mass

are identical (i.e., mg ≡ mi), then (γg = 1/2).
A variable γ-value as presented in the reading Nyambuya

and Simango (2014), may – at a prima facie level of anal-

ysis appear to violate Einstein (1907)’s seemingly sacro-

sanct PoE. As is well known, a violation of the PoE has

far reaching implications on how we must take our present

most trusted paradigm of gravitation – the GTR; for, at the

very heart and nimbus of Einstein’s GTR is the PoE. Inter-

woven and intertwine in Einstein’s PoE are three separate

principles (see e.g. Will 2006, 2009, 2015): that is, (1) the

Weak Equivalence Principle (WEP), and (2) the principles

of Local Lorentz Invariance (LLI) and (3) Local Position

Invariance (LPI). More explicitly:

1. WEP: Test bodies fall with the same acceleration independently

of their internal structure or composition. This is the WEP first

set into motion by Galileo’s famous experiment at the Learning

Tower of Pisa in Italy.

2. LLI: The outcome of any local non-gravitational experiment

is independent of the velocity and acceleration of the freely-

falling reference system in which it is performed. This is the

Local Lorentz Invariance principle.

3. LPI: The outcome of any local non-gravitational experiment is

independent of where and when in the Universe it is performed.

This is the Local Position Invariance.

Just as has been argued in the reading Nyambuya and

Simango (2014), for as long as all material bodies have the

same value of γg at a given point (r, ϕ, θ) in a gravitational

field, they will fall at the same rate, thus, Galileo Galilei
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(1564 − 1642)’s famous law (WEP) of falling bodies de-

rived from his experiments at the Learning Tower of Pisa

in Italy, will hold exactly leading to the same conclusion

everywhere in the Universe. The LLI and the LPI princi-

ples will hold exactly as-well because for an observer in a

closed freely falling cabin, they will not be able to distin-

guish whether they are in a gravitational field or they are

experiencing an inertia generated acceleration. Without any

knowledge of the source of the acceleration and the means

to obtain this knowledge; they will however be able to tell

that their closed freely falling cabin is undergoing an accel-

eration by measuring the deflection of light rays of different

wavelength.

In the reading Nyambuya and Simango (2014), it has

been argued that the observed scatter in the gravitational

bending of starlight points of a violation of the WEP. Given

this violation of the WEP, the question arises: Does this

mean that Einstein (1907)’s PoE does not hold any longer?

Further: Does this mean that Einstein’s GTR is not correct?.

There-in Nyambuya and Simango (2014), it is argued that

Einstein’s GTR requires the survival of only the LLI and the

LPI principles. These two principles i.e. the LLI and the

LPI principles should be sufficient to uphold the Einstein’s

PoE. In its depth and breath, the PoE’s ultimate endeavour

is to uphold the LLI and the LPI principles, i.e.:

. . . for as long as the outcome of any local non-gravitational experiment is

independent of the velocity and acceleration of the freely-falling reference

system in which it is performed . . .

Einstein (1916a,b, 1915a,b)’s GTR is safe.

Once again – as first demonstrated in the reading Nyam-

buya and Simango (2014), in-order to in-cooperate this con-

cept of a variable γ-factor into the GTR, one can do this by

transforming the GTR into a typical Weyl-type conformal

theory. That is, Einstein’s bare GTR will have to be trans-

formed into a conformal theory of gravitation much akin to

Weyl (1918, 1929a,b)’s conformal theory of gravitation i.e.,

in Riemann geometry, the metric gµν will have to be trans-

formed into 2γggµν , i.e.:

gµν 7−→ 2γggµν , (7)

so that the line element of spacetime ds now becomes:

ds2 = 2γggµνdx
µdxν , (8)

where xµ is the four position in spacetime. Under such a

setting, γg is now a scalar field. The geodesic equation in

such kind of a spacetime is given by:

d2xλ

ds2
= 2γgΓ

λ
µν

dxµ

ds

dxν

ds
︸ ︷︷ ︸

Term I

+2γgW
λ
µν

dxµ

ds

dxν

ds
︸ ︷︷ ︸

Term II

, (9)

whereΓλ
µν is the usual Christophel three symbol in Reimann

geometry and:

Wλ
µν =

1

2

(
δλν∂µ + δλµ∂ν − gµν∂

λ
)
ln γ, (10)

is the corresponding Weyl conformal affine connection. To

first order approximation, in the weak field approximation

where the Weyl conformal affine connection Wλ
µν ∼ 0, (9)

reproduces the usual equations of motions.

4 Equations of Motion

Usually, the gravitational force F g is defined (F g = mgg),
where (g = −∇Φg) is the gravitational acceleration (or

gravitational field intensity) emanating from the body’s

gravitational potential Φg. Applying Newtonian’s Second

Law of motion (4) to a test particle under the influence of a

gravitational field g of a massive body, one obtains:

a =

(
mg

mi

)

g. (11)

Now, if (as we strongly believe that) the PoE is correct in

that “experiments performed in a uniformly accelerating ref-

erence frame with an acceleration a are indistinguishable

from the same experiments performed in a non-accelerating

reference frame which is situated in an equivalent gravita-

tional field, then, equation (11) directly points to the fact

that (mg ≡ mi). On this pedestal of understanding, if

we redefine the gravitational force so that is not given by

(F g = −mg∇Φg), but by:

Assumption (3):

F g = −∇ (mgΦg) = −∇Ug, (12)

where (Ug = mgΦg) is the gravitational potential energy of

the test particle, then, the gravitational acceleration g will

here have to be redefined such that:

g = −2γ∇Φg
︸ ︷︷ ︸

Term I

−2Φ∇γg
︸ ︷︷ ︸

Term II

=
F g

mi

. (13)

Term (I) of (13) is derivable from Term (I) of (9) in the

first order approximation – and likewise Term (II) of (13) is

derivable from Term (II) of (9) in the first order approxima-

tion.

Going further – for motion in a plane in the case of a

spherical symmetric setting, the acceleration a is given by:
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a = (r̈ − rϕ̇2)r̂ + (rϕ̈+ 2ṙϕ̇)ϕ̂, (14)

where (r, ϕ) are the radial and the azimuthal angular dis-

placements respectively. Apart from an inverse distance

gravitational potential (Φg = −GMstar/r), Newtonian

gravitation assumes that (∇γg = 0), thus – from the equa-

tion (a = g); for a test body orbiting a much more massive

body of mass Mstar, two equations of motions emerge, i.e.:

d2u

dϕ2
+ u− 1

l
= 0, (15)

which is the radial equation of motion deduced from the ra-

dial component of the equation (a = g), and likewise:

dJϕ
dt

= 0, (16)

azimuthal component of the equation motion – where, l is

the semi-latus rectum of the orbit is such that:

l =
J2
ϕ

GMstar

. (17)

In the event that (∇γg 6= 0), equation (15) attains a extra

term due to the spatial variation of γg, i.e.:

d2u

dϕ2
+ u− 1

l
=

2GMstar

J2
ϕ

dγg
du

u. (18)

Now, if – by the sleight of hand, we choose γg so that it is

given by:

γg = γg(0) exp

(
3

4

v2
ϕ

c2

)

= γg(0) exp

(
3

4

J2
ϕ

r2c2

)

, (19)

where γg(0) is some normalization constant to be defined

latter in §(6); then, inserting (19) into (18), we obtain a mod-

ified equation of Einstein’s famous equation of the orbit of

test body in the vicinity of massive gravitating body of mass

Mstar, namely:

d2u

dϕ2
+ u− 1

l
=

(
6γgGMstar

c2

)

u2. (20)

Einstein’s extract equation takes the case (γg = 1/2).

5 Anomalous Perihelion Precession

Without going into the detail of the widely available deriva-

tion, we know from the already existing solution of Ein-

stein’s equation of motion for test particle in the vicinity of

a massive body – that; just as is the case with this solution

of Einstein’s GTR, equation (20) predicts an anomalous per-

ihelion precession rate (̟) which is such that:

̟ =
12γgπGMstar

τorbc2 (1− ǫ2orb)Rmin

, (21)

where Rmin is the radial heliocentric perihelion distance of

the planet, ǫorb is the eccentricity of the orbit, and τorb the

period of revolution.

Now, to first order approximation the ratio γg is such that

γg ∼ (1 + 3v2
ϕ
/4c2 + . . . ); from this approximation, it

follows that to first order approximation – equation (21) is

given by:

̟ =






1 +

New Extra

3

4

v2
ϕ

c2
︸ ︷︷ ︸

Anomalous Component

+ . . .







̟GTR, (22)

where:

̟GTR =
6πGMstar

τorbc2 (1− ǫ2orb)Rmin

, (23)

is the perihelion precession obtained direct from the GTR.

Therefore, from (22) and (23), it follows that in addition to

̟GTR, the present theory is predicting an extra-anomalous

perihelion precession rate ̟extra, i.e.:

̟extra =
3

4

(vϕ
c

)2

̟GTR. (24)

Regarding this issue of extra-anomalous perihelion preces-

sion rates, there are a number of researchers around the

world (e.g., Fienga et al. 2011; Pitjeva and Pitjev 2013)

that are making detailed and accurate studies of Solar

ephemerides and amongst others, they seek deviations from

the GTR in the form of extra-anomalous perihelion pre-

cession rates – i.e., precessional rates not accounted for by

the GTR. These teams have independently produced global

solutions in which corrections to the standard planetary

anomalous precession of planetary orbit perihelia have been

determined.

These planetary ephemerides (cf., Iorio 2014) are con-

structed starting from a highly detailed multi-parametric

model of planetary dynamics, light propagation etc, which

are then fitted to a large number of planetary observations

of all types (spanning sometimes about 100 years). In these

models, the values of a number of parameters entering the

models are estimated where the choice of the parameters to

be included in the fit varies from solution to solution: the

extra-perihelion precession as those found in e.g. Fienga
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et al. (2011) and Pitjeva and Pitjev (2013); these are some of

such parameters and from the resulting model fittings, there

consistently appears to exist non-zero extra-anomalous per-

ihelion precessions for Venus, Mars and Jupiter. According

to e.g. Iorio (2014), an explanations of this may require new

physics beyond the GTR.

For example, Pitjeva and Pitjev (2013)’s models results

are here-in found in column (8) of Table 1. These residu-

als can neither be explained by any of the standard classical

and general relativistic dynamical effects mis-modelled/un-

modelled in the force models of the INPOP10a and

EMP2011 ephemerides nor by several exotic modifications

of gravity recently put forth to accommodate certain cosmo-

logical/astrophysical observations without resorting to dark

energy/dark matter (Pitjeva 2013).

Insofar as accounting for Pitjeva and Pitjev (2013)’s

extra-anomalous perihelion precession rates, it is clear from

this table that the present extra-anomalous perihelion pre-

cession rates predictions listed in column (9) of table fall far

short by three orders of magnitude less. However, we must

hasten to say that, in the on-going investigation that shall

in the future accompany the present reading, Pitjeva and

Pitjev (2013)’s non-zero extra-anomalous perihelion preces-

sions may be explained within this model by a term that we

shall latter on in-cooperate to explain the Flyby anomalies

and the so-called Darkmatter phenomenon. With in mind

the idea of explaining the deviation from Einstein’s 1.75′′

predication and the scatter about this value; in the next sec-

tion, we shall now apply the proposed modification to New-

ton’s gravitational law to the issue of the Solar gravitational

bending of starlight.

6 Solar Gravitational Bending of Starlight

The gravitational bending of electromagnetic radiation (pho-

ton) is one of the three cardinal tests of Einstein’s GTR – the

other two are:

1. The Apsidal Precession of Mercury’s Orbit.

2. The Gravitational Redshift of Electromagnetic Waves.

By the ‘power of pen and paper’, Einstein (1916b) demon-

strated that – despite it not having been tailor made for it –

his GTR unprecedentedly explained very well – within the

limits of internal consistency – the peculiar motion [as first

pointed out in 1859 by the great French consummate math-

ematician – Urbain Jean Joseph Le Verrier (1811 − 1877)]

of the anomalous perihelion shift of Mercury’s orbit. As to

the gravitational redshift of electromagnetic waves – despite

this test not being considered as a true test of the GTR, it

has been verified by a number of measurements (cf., Hol-

berg 2010).

The third test is off-cause the gravitational bending of

light that was first verified by Sir Edddington and his team

in the 1919 total Solar eclipse that occurred in the cities of

Sobral, Ceará in Brazil and in São Tomé and Prı́ncipe2 on

the west coast of Africa. So important is this test – so much

that, Sir Edddington’s ‘single’ 1919 measurement led to the

wide – if not universal – acceptance of the GTR. Subse-

quence Solar gravitational bending of starlight have demon-

strated bot just a significant deviation from Einstein’s 1.75′′

predication, but a scatter around this value and no theoreti-

cal attention has been given to this. In this section – using

the modification that we employed to explain the anomalous

perihelion shift of planetary orbits; we shall concern our-

self with the effort to explain this deviation and scatter. We

shall start by looking into this matter from a pure Newtonian

gravitational standpoint.

Before we move on to derive the Newtonian gravitational

bending angle δN , we shall proceed to ‘fix’ the value of

γg(0) in equation (19) by requiring that whenever (vϕ ≡ c),

that is – whenever (vr ≡ vθ ≡ 0), the ratio γg must be such

that (γg ≡ 1/2). For this to be so, we must have:

γg(0) =
1

2
exp

(

−3

4

)

, (25)

hence:

γg =
1

2
exp

[

−3

4

(

1− v2
ϕ

c2

)]

. (26)

The motivation for the normalization of γg(0) just carried

out above is as follows: in the traditional derivation [to be

presented in §(6.1)] of the bending angle in Newtonian grav-

itation assumes (vϕ ≡ c), thus resulting in the 0.87′′ Solar

deflection instead of 1.75′′. This assumption (of, vϕ ≡ c)
is criticized in §(6.1.1). In the framework of the forego-

ing thesis, we have that (vϕ 7→ c) as [(vr, vθ) 7→ 0]. So,

our choice of [γg(0) ≡ 1/2] when (vϕ ≡ c), is motivated

by requiring that in the limiting case [i.e., (vϕ 7→ c) as

{(vr, vθ) 7→ 0}], the value of γg coincides with the tradi-

tional 0.87′′ Newtonian Solar deflection value – this requires

that [γg(0) ≡ 1/2]. Naturally, this allows deflections as low

as 0.87′′; like e.g. the 0.98′′ deflection rejected by Dyson

et al. (1920a,b) on the pretext that the accuracy of photo-

graphic plates in-question was suspect.

2Officially the Democratic Republic of São Tomé and Prı́ncipe located in

the island nation in the Gulf of Guinea.
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Table 1 Predicated Extra-Anomalous Perihelion Precession of Solar Planets: Column (1) gives the planet’s name with Columns (2),
(3), (4) and (5) and (6) giving this planet’s corresponding heliocentric perihelion distance, orbital period, eccentricity, tangential speed

and the observed perihelion precession rate respectively. Column (7) gives the GTR’s predicted perihelion precession rate. Column (8)
gives the GTR’s predicted perihelion precession rate. Column (9) gives the GTR’s predicted perihelion precession rate.

Planet Rmin τorb ǫorb vϕ ̟OBS ̟GTR ̟EPM2011
extra ̟theo

extra

(1.00AU) (1.00 yr) (104 m/s) (1′′/cy) (1′′/cy) (mas/cy) (µas/cy)

Mercury 0.39 0.24 0.2056 3.80 43.1000 ± 0.5000 43.29 −2.000 ± 3.000 0.52193
Venus 0.72 0.62 0.0068 3.44 8.6247 ± 0.0005 8.59 +2.600 ± 1.600 0.08470
Earth 1.00 1.00 0.0167 2.92 3.8387 ± 0.0004 3.85 +0.190 ± 0.190 0.02736
Mars 1.52 1.88 0.0934 2.18 1.3563 ± 0.0004 1.36 −0.020 ± 0.037 0.00538
Jupiter 5.20 11.86 0.0484 1.24 0.0684 ± 0.0283 0.06 +58.700 ± 28.300 0.00008
Saturn 9.54 29.4 0.0539 0.91 0.0105 ± 0.0047 0.01 −0.320 ± 0.470 0.00001

6.1 Newtonian Gravitational Bending of Starlight

It is only for instructive purposes that we go through this

common exercise of giving an exposition of the equation of

orbit for a test particle in a Newtonian gravitational field. To

that end – as is well known, a solution to equation (15) is:

u =
(1 + ǫ cosϕ)

l
, (27)

where [l = (1 + ǫ)Rmin], hence:

J2
ϕ
= GMl = GM(1 + ǫ)Rmin. (28)

As will be seen when we arrive at (30), this equation (28) is

very important for the purposes of what we seek to achieve.

From all this, one can show that:

ǫ =
J2
ϕ

GMRmin

− 1. (29)

Now, we have to apply all the above ideas to the grav-

itational bending of light as is usually done or as has been

done by past researchers. There is nothing new so far. In this

application, light is treated as a beam composed of a stream

of massive particles called photons. These photons move

inside the gravitational field at a constant speed (vmax = c).

Jϕ = cRmin. (30)

For the eccentricity of this hyperbolic orbit (ǫ ≫ 1), so that:

ǫ =
c2Rmin

GM . (31)

Fig. 1 A light ray from a distant star follows an unbound hyper-

bolic orbit as it grazes the limb of the Sun, in which event it will

appear to the Earth bound observer to be deflected away from the

Sun by an amount δ.

Now, we shall derive the gravitational bending angle δ of

light as is usually done or as has been done by past re-

searchers. In this application, light is treated as a beam com-

posed of a stream of massive particles called photons. These

photons move inside the gravitational field at the speed c of

light in vacuo. An illustration of the hyperbolic path taken

by starlight is shown in Figure (1).

Now, on grazing the Solar limb, the distance of the ray of

light is (Rmin = R⊙) and the angle of the asymptote to the

hyperbole of eccentricity obtain by setting (r = ∞) in (27).

This implies that this angle ϕ is given by:

ϕ = arccos

(
1

ǫ

)

. (32)

The angle of deflection of the light ray δ, is shown in the

Figure (1) and is such that:
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δ = π − 2ϕ. (33)

From (32) and (31), it follows that (33) can be written as:

δN = π − 2 arccos

(
GM⊙

c2R⊙

)

. (34)

Now, as is well known, a Taylor expansion of the function

arccos(x) gives:

arccos(x) =
π

2
−
(

x− 1

2

x3

3
+ · · ·+ . . .

)

. (35)

If (x ≪ 1), then the following approximation holds:

arccos(x) ≃ π

2
− x. (36)

Because (GM⊙/c
2R⊙ ≪ 1), it follows from all the above

that:

δ⊙N =
2GM⊙

c2R⊙

= 0.87′′, (37)

where the subscript “N” has been inserted on δ so as to iden-

tity this result as a Newtonian result. This is the famous

Newtonian result that is a factor “2” less that that obtained

from Einstein’s GTR.

6.1.1 Criticism

In general, the specific angular orbital angular momentum

Jϕ is such that (Jϕ = rvϕ) where r is a radial distance and

vϕ is the tangential orbital speed at the given radial distance

r. In the case of starlight, if it is assumed that vϕ is equal

to the speed, c, of light in vacuo, then, this assumption is

inconsistent with the fact [equation (16)] that Jϕ is a time

constant of motion because this would require that the pho-

ton traverses a perfect circular orbit. In the above derivation

– which is a standard for the Newtonian gravitational deflec-

tion of starlight; the speed of light is assumed to take this

vacuo value c at the instance of its perigee encounter and

nothing is really ever said about the speed of light elsewhere

along its path. This is obviously not right!

6.1.2 Reproach

A way out of the above pointed dilemma (problem) is to as-

sume that along its plane of orbit, light has two components

of velocity – one along the r̂-direction i.e., cr and another

along the ϕ̂-direction i.e., cϕ, so that: (c2 = c2r + c2
ϕ
),

hence (cϕ =
√

1− c2r/c
2). In this way the orbital angular

momentum (Jϕ = rcϕ), will be such that:

Jϕ = rcϕ = rc

√

1− c2r
c2

=
rc

ng

, (38)

where:

ng =
1

√

1− c2r
c2

= ng(cr) ≥ 1, (39)

is to be taken as a Gravitational Refractive Index (GR-

Index), i.e., it is a refractive index arising from the motion of

light in a gravitational field – i.e., this GR-Index is different

from the usual optical refractive index. Because (cr ≤ c),
consequently, ng must be such that: (ng ≥ 1).

With Jϕ now defined as it is defined in (38), it follows

that, δ⊙N :

δ⊙N =
2GM⊙

c2
ϕ
R⊙

=
2n2

gGM⊙

c2R⊙

= 0.87′′n2
g. (40)

From this, it is clear that the factor two difference be-

tween Newtonian and Einsteinian gravitational theories can

be explained if at the perigee ng : (ng =
√
2) i.e., if

(cr =
√
3c/2 ∼ 0.87c) at the perigee. Not only can one

explain the factor two difference between Newtonian and

Einsteinian gravitational theories, but as-well – the observed

scatter in the measurements can be explain as arising from a

variable cr.

6.2 Observed Scatter in the Measurements

The 13 available Solar gravitational bending measurements

(of, Dyson et al. 1920a,b; Dodwell and Davidson 1924;

Chant and Young 1924; Campbell and Trumpler 1923b,a;

Freundlich et al. 1929, 1931, 1933; Mikhailov 1940, 1949;

Matukuma 1941; van Biesbroeck 1949, 1953; Schmeidler

1963; Jones 1976) are displayed in Table (2). As a start-

ing point, one will notice that using equation (40) for the

computation of δ⊙N , the condition (ng ≥ 1) can not be met

by the observational results of Dyson et al. (1920a) and van

Biesbroeck (1953) since from these results one will obtain a

value of ng that is less than one – this is in violation of the

requirement that (ng ≥ 1). This violation is remediable i.e.,

by invoking a variable gravitational to inertia mass ratio.

This has been done already in the reading Nyambuya and

Simango (2014), so we are not going to repeat ourselves by

going through this again. We shall take this result and em-

ploy it here.

That is, there-in Nyambuya and Simango (2014), it has

been shown that if one where to invoke a variable gravita-

tional to inertia as defined in (6), the resulting Newtonian
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Table 2 Eclipse Measurements of the Gravitational Deflection of Starlight (1919− 1973): Column (1) and (2) gives the date and

location of execution of the eclipse observations. Column (3) and (4) gives the actual measurements made and the reference for this

measurement, while column (5) and (6) gives the γ-factor and the predicted refractive index responsible for the scatter respectively.

Date Location δD (arcsec) Ref. χ ng

May 29, 1919. Sorbal 1.98 ± 0.16 Dyson et al. (1920a,b) 1.14± 0.07 1.12 ± 0.01
Principe 1.61 ± 0.40 Dyson et al. (1920a,b) 0.90± 0.20 1.70 ± 0.30

Sept. 21, 1922. Australia 1.77 ± 0.40 Dodwell and Davidson (1924) 1.00± 0.20 1.80 ± 0.40
1.80 ± 0.40 Chant and Young (1924) 1.00± 0.20 1.80 ± 0.50
1.72 ± 0.15 Campbell and Trumpler (1923a,b) 1.00± 0.10 1.80 ± 0.20
1.82 ± 0.20 Campbell and Trumpler (1923a,b) 1.10± 0.10 1.80 ± 0.20

May 9, 1929. Sumatra 2.24 ± 0.10 Freundlich et al. (1929, 1931, 1933) 1.29± 0.06 2.10 ± 0.10
June 19, 1936. USSR 2.73 ± 0.31 Mikhailov (1940, 1949) 1.60± 0.20 2.30 ± 0.50

Japan 1.70 ± 0.40 Matukuma (1941) 1.00± 0.20 1.80 ± 0.40
May 20, 1947. Brazil 2.01 ± 0.27 van Biesbroeck (1949) 1.20± 0.20 2.00 ± 0.30
Feb. 25, 1952. Sudan 1.71 ± 0.10 van Biesbroeck (1953) 0.98± 0.06 1.80 ± 0.10
Oct. 2, 1959. Sahara 2.17 ± 0.34 Schmeidler (1963) 1.20± 0.20 1.70 ± 0.20
June 30, 1973. Mauritania 1.66 ± 0.19 Jones (1976) 1.00± 0.10 1.90 ± 0.20

Solar gravitational deflection of starlight at the Solar rim is

going to be given by:

δ⊙N =
4γGM⊙

c2R⊙

. (41)

At a prima facie level of analysis, this result (41) is obtained

from the multiplication of equation (37) by 2γg. From this,

it follows that combining (40) and (41), one obtains:

δ⊙N =
4γn2

gGM⊙

c2R⊙

=
4χGM⊙

c2R⊙

, (42)

where:

χ = γn2
g =

1

2
n2
g exp

(
3

4n2
g

)

. (43)

Clearly, with χ known, the value of ng can – as has

been done here – be calculated using the Newton-Raphson

method3 and the corresponding error in ng i.e. δng can

(again) – as has been done here – be computed as follows:

δng =

[(

4n3
g

4n4
g − 3

)

exp

(

− 3

4n2
g

)]

δχ. (44)

From the foregoing, it is clear that – to those willing to re-

consider and hold the GTR to account; the deviation from

3For this, we used Kesin’s Online Calculator which is located at:

http://keisan.casio.com/exec/system/1244946907

the Einsteinian 1.75′′ deflection and scatter around this value

in the measurements can – as, has been demonstrated here-

in – be understood as arising from the variation in the value

of ng, hence the variation in the radial component (cr) of

the speed of light since according to (39): ng = ng(cr).

6.3 Radio Measurements

In the case of Solar gravitational deflection measurements in

the optical regime of the electromagnetic spectrum (400 −
800THz), it has been said – over and again – that the

main reason for the deviation from the Einsteinian Solar

deflection value of 1.75′′ and as-well the obtaining scatter

in of measurements around this Einsteinian 1.75′′-value, is

that making such observations during Solar eclipses is not

only extremely difficult – these, measurements are plagued

with systematic errors as-well. Irwin Shapiro (1967) was

the first to point out that Very Long Baseline Interferom-

etry (VLBI) measurement techniques in the radio range

(3 kHz to 300GHz) could improve on this and he was right

as this view was subsequently corroborated by the first such

observations which where carried out by Seielstad et al.

(1970).

Seielstad et al. (1970) obtained a 1.77 ± 0.20′′ deflec-

tion, i.e. a measurement not only close to the desired 1.75′′-
value of Einstein – but – had in addition to this, a rela-

tively small error of 11% as-well. Realising the obtaining

accuracy in these VLBI measurements and that the last to-

tal Solar eclipse measurement was made some 44 years ago

by the University of Texas in 1973 (Jones 1976), physicists

seem to have been persuaded to adopted the VLBI measure-

ment technique as the touchstone standard approach to grav-
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itational deflection of electromagnetic waves by a massive

body. Solar eclipse measurements have been abandoned al-

together.

VBLI measurements in the first decade (1968 − 78) of

radio waves involved electromagnetic radiation from small

groups of quasars (e.g., 3C273, 3C279) passing close to

the Sun. During their (quasars) occultation with the Sun,

measurements are made (Fomalont and Sramek 1976, 1975;

Counselman et al. 1974; Shapiro et al. 1971; Seielstad et al.

1970). According to Professor Clifford Will (2015, Private

Communication), in these measurements, one might worry

that the plasma of the Solar corona might contribute to the

bending (hence the scatter observed scatter in the measure-

ments) of the long-wavelength waves – and yes – this indeed

is an important effect with about 10% of the GTR’s deflec-

tion being affect for the grazing rays. According to Profes-

sor Clifford Will – this is handled by making the measure-

ments at multiple frequencies, allowing astronomers to sep-

arate the frequency-dependent plasma effect from the real

GTR-effect (which does not dependent of the frequency).

So, the scatter effect is eliminated leaving only the Ein-

stein deflection and this evidence in the most recent (e.g.,

Lebach et al. 1995; Robertson et al. 1991), and most precise

measurements (e.g., Fomalont et al. 2009; Lambert and Le

Poncin-Lafitte 2009; Shapiro et al. 2004) of the gravitational

deflection using VLBI involving well over 500 quasars and

radio sources distributed over the entire sky.

In some of the VLBI measurements, the deflections are

much smaller (on the scale of millliarcseconds rather than

arcseconds), but VLBI is so precise that it can measure the

deflections extremely accurately. Furthermore, because the

rays never go close to the Sun, the effect of the plasma is

completely negligible. The measurements are also done at

multiple wavelengths to take care of any residual plasma ef-

fect.

6.4 Why the Scatter

Unlike in VBLA measurements of the gravitational deflec-

tion of electromagnetic waves, there is little – if any – room

to find the most favourable, the most desired conditions for

measurement – more so, the physical configuration of the

stars in the heavens and the exact desirable time to make

these measurements. For total Solar eclipse measurements,

all is presented on a voetstoots basis, i.e., the stars – their

configuration in the heavens and the conditions presented to

the observer at the time of measurement, these come without

guarantee or warranty whatsoever. However, with VBLA

measurements, the shielding of the the Sun’s light from view

by the Moon is not necessary hence, these measurements

can be done any time of the day or night and one can always

select the desired configuration of the quasars in the heavens

such the impact parameter (Rmin) of the orbit of the photon

under the telescope equals a value of one’s own choice and

liking.

Since the maximum deflection occurs when (Rmin =

R⊙), in the case of quasars, one can always exercise the req-

uisite patience characteristic of the astronomer or the farmer

(waiting for the rains) by dutifully waiting for the natural

attainment of favourable configuration of the heavens and

their most desired alignment when the Sun and the quasar

yield for them the required (Rmin = R⊙) for maximum So-

lar deflection, that is to say, when the quasar’s radio waves

are barely grazing the Solar rim.

In the case of starlight under the majestic cover and glory

of the veil of darkness of a total Solar eclipse, one has to

measure the starlight deflection [δ⊙N (r)] at whatever given

radial distance r that this ray of light has been presented by

Nature. These deflections are obviously different from the

standard 1.75′′ prediction of Einstein. The predicted 1.75′′

prediction of Einstein is so-harnessed from the slope of the

graph of δ⊙N (r) vs R⊙/r. Einstein’s GTR predicts that the

slope of such a plot must yield 1.75′′. In the present case,

δ⊙N(r) is such that:

δ⊙N(r) =

(
4χGM⊙

c2R⊙

) R⊙

r
, (45)

so that a graph of δ⊙N (r) vs R⊙/r, will yield a slope:

slope =
4χGM⊙

c2R⊙

= 1.75′′χ, (46)

Thus – accepting the thesis leading to the emergence of the

χ-factor in (45); it is crystal and abundantly clear that any

deviation (and hence the resulting scatter) from (around)

Einstein’s predicted 1.75′′-value will – one way or the other

– have to come from χ.

Figure (2) shows Dyson et al. (1920a)’s graph for seven

stars that they imaged using the the 4-inch telescope at So-

bral leading to their famous 1919 result. The scale on the

abscissa is the inverse of the distance from the centre of

the Sun. The dotted line shows the Newtonian prediction

and the central heavy solid line shows the expectation of

the General Theory of Relativity. The upper light solid line

shows a best-fit to the deflection of the seven stars by the

Sun. From this graph, one can easily notice the scatter of

the seven points about the slope predicted by the GTR.

Now, as for the reason ‘why the impressive fit to Ein-

stein’s 1.75′′ prediction in the case of radio waves and not

in the case of starlight measurements during a total Solar

eclipse’, the following is a most plausible explanation. Upon

a subtle examination – one has to note that at the Solar rim

where radio waves are used in these VLBA measurements –

in-order for δ⊙N to take the standard Einsteinian 1.75′′-value

at the Solar rim, χ must be very nearly equal to unity i.e.
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Fig. 2 The radial deflections of the positions of seven stars ob-

served by the 4-inch telescope at Sobral as a function of distance

from the centre of the Sun. The scale on the abscissa is the in-

verse of the distance from the centre of the Sun. The dotted line

shows the Newtonian prediction and the central heavy solid line

shows the expectation of the General Theory of Relativity. The up-

per light solid line shows a best-fit to the deflection of the seven

stars by the Sun. Image from Dyson et al. (1920a) [ c© The Royal

Society (London)].

(χ ∼ 1), the meaning of which is that in-order for (χ ∼ 1),
ng must be such that (ng ∼ 1.7758). Far afield from the

Solar rim, ng must be different from 1.7758, maybe varying

uniformly and continuously in a systematic manner as one

steadily progresses further from the Solar rim. In this way,

if one where to average numerous deflections of starlight

barely grazing not the Solar rim, the spatially variation ef-

fect of ng hence χ should manifest in the form of a deviation

from standard Einsteinian 1.75′′-value and for several sets

of measurements, these deviations will surely and certainly

lead to a scatter around the expected 1.75′′-value.

Apart from a spatially varying ng, the effect could be a

frequency dependent GR-Index. If this is the case, it could

follow from this that – since different stars emit at different

wavelength, this effect would lead to a scatter in the mea-

surements if one where to compare different sets of mea-

surements where each set is an average of the deflections of

many stars emitting at different frequencies. As to the ab-

sence of the scatter in the radio frequencies, this would be

explained if the radio measurements have made use of a nar-

row frequency range – i.e., a frequency range such that the

GR-Index has a value of about unity. A frequency dependent

GR-Index appears to us as the most plausible solution rather

than a spatially dependent GR-Index suggested above.

7 General Discussion

The meaning of the present result is quiet clear – that, New-

tonian gravitational theory is capable of standing up to the

seemingly exclusive predictions of Einstein’s GTR if the as-

sumption of a variable PG-Mass is evoked. For as long as

this PG-Mass is designed as it has been presented here-in

where its effects reproduce the results of Einstein’s GTR, it

will be difficult to discern whether of not this PG-Mass the-

ory has any real correspondence with physical and natural

reality as know. Importantly – this variable PG-Mass theory

does not violate the PoE in that the results of experiments

performed in a uniformly accelerating reference frame will

be indistinguishable from the same experiments performed

in a non-accelerating reference frame which is situated in a

gravitational field with an equivalent gravitational accelera-

tion.

We have shown that this VPGM-model can – by the

sleight of hand – be adjusted so that it reproduces the

GTR’s apsidal precession of test bodies exactly. Because

this VPGM-model is here adjusted so that it is insync with

the GTR on these matters of apsidal precession of test bod-

ies, the theory can not – on this occasion – claim superi-

ority over the GTR. However, on the seemingly far afield

matters of the Solar gravitational bending of starlight, the

VPGM-model is able to do what the GTR can not do, i.e.,

the VPGM-model is able to account for the deviations from

Einstein’s 1.75′′ prediction.

These deviations – from Einstein’s 1.75′′ prediction – are

according to this VPGM-model a result of a varying GR-

Index (ng). It is not un-physical but expected that this GR-

Index vary uniformly, continuously and systematically from

one point to the next. Further, this GR-Index is a function

of the radial component (cr) of the speed of light, i.e.: ng =
ng(cr). Along its path, this radial component of the speed

of light should be able to take different values for so-long-as

the resultant speed of light is the vacuo speed of light, c.
As to why VBLA measurements – of the gravitational

deflection of quasar radio waves – have produced as near

a perfect fit to Einstein’s 1.75′′ prediction with an unprece-

dented accuracy of well over 99.998%, with no scatter in

the measurements as happens with starlight measurements,

we have here-in argued that this suggests either a radial or

frequency dependence in radial component of the speed of

light cr, that is: [cr = cr(r)] or [cr = cr(f)]. In summary,

we shall present the general conclusion and the recommen-

dations emanating from the present reading.

8 Conclusion

Accepting (or assuming the acceptability of) the thesis

herein presented, we here put forward the following as our

summary conclusion:

1. Newtonian gravitational theory can – in-principle, explain –

with the same exactness as Einstein’s GTR, the apsidal preces-

sion of test bodies in the immersion of the gravitational field of
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a central massive body and in-order for this, one has to invoke

an appropriate spatially varying passive gravitational mass for

the test body.

2. The requisite term (modification) needed to explain – with the

same exactness as Einstein’s GTR; the apsidal precession of test

bodies in the immersion of the gravitational field of a central

massive body, this same term (modification) leads to a novel

explanation of the deviations from the predicted Einsteinian

1.75′′-deflection. This deviation (hence scatter) finds an ex-

planation of the gravitational refractive index of orbiting test

particles is variable – i.e., different for the different light rays at

their different locations at the time of measurement.

3. As for the reason ‘why the impressive fit to Einstein’s 1.75′′

prediction in the case of radio waves and not in the case of

starlight measurements during a total Solar eclipse’, it has been

(strongly) suggested (proposed) that this can be explained by

invoking:

(a) A radially varying gravitational refractive index [ng =
ng(r)] which – gravitational refractive index – is such that

at the Solar rim [χ(ng) = 1] and elsewhere, χ(r > R⊙)
has a different value from unity, i.e. χ(r > R⊙) 6= 1. Fur-

ther, the fact that radio wave measurements are so-tuned

such that the impact parameter coincides with the Solar ra-

dius, this then explains the non-scatter and apparent accu-

racy in measurements of this kind. Furthermore, the fact

that starlight measurements are an aggregate-average of

gravitational deflection values corresponding to different

radial positions of numerous stars, this not only explains

the observed deviations from Einstein’s 1.75′′ prediction –

but, the scatter as-well.

(b) A frequency dependent GR-Index [i.e., ng = ng(f)].
Since different stars emit at different wavelength, this

would lead to a scatter in the measurement once where to

compare different sets of measurements where each set is

an average of the deflections of many stars emitting at dif-

ferent frequencies. As to the absence of the scatter in the

radio frequencies, this would be explained if the radio mea-

surements have made use of a narrow frequency range –

i.e., a frequency range such that the GR-Index has a value

of about unity. A frequency dependent GR-Index appears

to us as the most plausible solution rather than a spatially

dependent GR-Index suggested above.

9 Recommendation

We are in no capacity nor position to carry out the experi-

ments that we are about to propose and as such, we appeal

to they that have the means – to conduct these experiments.

1. There is need to carry out VLBI measurements with radio

sources scattered across the Solar background, that is, mea-

surements with the sources having a varied impact parameter

different from the Solar radius (R⊙). This scenario or set-up,

will mimic the typical heavenly configuration obtaining in So-

lar eclipse starlight measurements, where the impact parameter

of the path of light from these stars is different for the differ-

ent stars. If the proposed measurements yield – for each radio

source – a deflection value similar to the measurements made

with the impact parameter equal to the Solar radius – then, this

would strongly point to the idea that the observed scatter in the

starlight measurements – may – very well, be due to a frequency

dependence in the GR-Index ng.

2. In-order to investigate a possible dependence of the GR-Index

ng on the frequency (f) of light (radio wave) under the tele-

scope, there is need to evaluate the deflection of each individ-

ual star – at whatever radial position that star (or radio source)

may be found, and from this particular measurement, deduce

from this very individual star’s deflection measurement – its

deviation from the value expected from the GTR (i.e., at the

given position). Using equation (43), one can deduce from this

the value of ng, and with the corresponding frequency of light

known, a graph of ng vs f , should – one way or another – yield,

the possible functional dependence of ng on f .
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