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Abstract
The Universality of Free Fall (UFF) and the Weak Equivalent Principle (WEP) are crucial
for Einstein’s theory of gravity. In this article, we show that fast-moving test bodies
violate UFF. A well-known problem of WEP is its lack of clarity about the inertial masses,
e.g., the gravitational mass is equal to the rest mass for test bodies whereas it is equal to
the relativistic mass, T μν , for the source of gravitational fields (S-GF). To resolve this
problem we expand WEP into three Sub-WEPs: WEP-I, WEP-II, and WEP-III. This
allows us to define a new precise WEP where WEP-I is for slow-moving test
bodies/S-GFs and WEP-II or WEP-III is for fast-moving test bodies/S-GFs. Not only is
WEP-I valid and equivalent to UFF for slow-moving test bodies, it is also valid for
slow-moving S-GFs. Either WEP-II or WEP-III is applicable to fast-moving test
bodies/S-GFs. A synchrotron-type experiment is designed to directly verify both the
predicted violation of UFF and the un-demonstrated WEP-II or WEP-III. Experimental
confirmation of WEP-II would lead to an internal U (1) symmetry of gravity.
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Universality of Free Fall, Weak Equivalence Principle (WEP), Gravitational Experiment,
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1. Introduction
Galileo and Newton had postulated the Universality of Free Fall (UFF) based on
experiments of their times. UFF states that test bodies fall in a gravitational field with the
same acceleration, which is independent of the nature of test bodies. The basic concept of
the Weak Equivalence Principle (WEP) is to relate the gravitational mass to the inertial
mass. One of expressions of WEP states that the gravitational mass of a body is equal to
its inertial mass [1]. We refer this expression as the original expression of WEP. For slow
moving, non-relativistic, test bodies, UFF can be mathematically derived from the
original expression of WEP. In this case, UFF and the original expression of WEP are
equivalent. Experiments to demonstrate UFF and the original expression of WEP have
been conducted or proposed to being carried out with progressively improving sensitivity
([2] for reviews). These Experiments include: torsion-balance-type test [3], free-fall-type
tests of both matter and anti-matter [4]. Moreover, the original expression of WEP
predicted the gravitational red shift that has been demonstrated [5].
Significantly, the original expression of WEP had historically played dual roles: it
determined not only the left-hand side, i.e., the geometry part, but also the right-hand side,
i.e., the source part, of Einstein equation of gravity:
Rμν −

1
2

g μν R =

8πG
C4

T μν .

Firstly, Einstein adopted the UFF and the original expression of WEP [1], which have
played the most crucial role in the development of gravitation theories. Indeed, they are
believed to be the evidence that gravity is determined by the geometry of space-time. This
implies that the UFF and the original expression of the WEP have determined the
structural feature of the left-hand side of Einstein equation of gravity.
Secondly, this expression of WEP had led Einstein to postulate that the
energy-momentum tensor T μν of a body is the Source of Gravitational Fields (S-GFs).
He argued that the special relativity had led to the conclusion that the inertial mass’s
complete mathematical expression is a symmetrical tensor, i.e., the energy-momentum
tensor. He then postulated that, based on the basic concept of WEP, the corresponding
energy-momentum tensor T μν of a body would be employed as the S-GF in his field
equation of gravity [1]. This implies that the original expression of WEP, but not UFF, has
determined the right-hand side of Einstein equation of gravity. Therefore, without the
basic concept of the WEP, Einstein equation of gravity would not have the
energy-momentum tensor T μν as the term for S-GF.
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This original expression of WEP equates the inertial mass mi with the gravitational
mass mg. The problem with this expression of WEP is that there are two different inertial
masses, the inertial rest and relativistic masses, and this original expression of WEP does
not define inertial masses clearly.
One way to resolve this lack of clarity issue of masses is to drop the basic concept of
the WEP. This approach, in its modern form, states that free fall acceleration of test bodies
in a gravitational field is independent of their internal structures and compositions. We
will refer this expression as the modern expression of WEP. But this modern expression of
WEP has three problems. Firstly, Einstein’s postulation of the T μν of a body as the S-GF
was based on the basic concept of WEP, without it this Einstein’s postulation would lose
its foundation. Secondly, this modern expression of WEP cannot predict the gravitational
red shift [5] as the original expression of WEP did. Thirdly, UFF cannot be derived
mathematically from this modern expression of WEP. Actually, the modern expression of
WEP and UFF are the same. Hereafter, we denote both UFF and the modern expression of
WEP as “UFF” and do not distinguish them.
In order to not only resolve the clarity issue of inertial masses of the original
expression of WEP but also avoid the drawbacks of the modern expression of WEP, in
this article, we will take a different approach, i.e., we keep the basic concept of the WEP
but expand it to three different and precise Sub-WEPs each with its own clearly defined
inertial mass.
To discuss the inertial mass, we consider situations with non-relativistic vs.
relativistic test bodies and S-GFs. Because no relativistic test bodies were involved in any
of above-mentioned testing experiments, three questions need to be answered. Firstly, is
UFF still valid for relativistic test bodies? The answer to this question would relate to the
structural feature of theories of gravity. Secondly, since the original expression of WEP
has been applied only to test bodies, is the original expression of WEP valid for
relativistic S-GFs? The answer to this question would relate to the nature of S-GFs.
Thirdly, is the gravitational mass of a relativistic test body and a relativistic S-GF equal to
either its inertial rest or to its relativistic mass? Note the latter two masses can only be
distinguished for relativistic bodies. The answer to this question would disclose the
natures of both S-GFs and gravity.
It was UFF that had led Einstein to propose the Einstein Equivalence Principle (EEP),
which is the basis for his concept that gravity is a consequence of the geometry of
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space-time. Thus, any violation of UFF would have profound consequences for geometric
theories of gravity. Possible violations of UFF and the original expression of WEP in
quantum regime have been discussed and tested [6, 7]. We have discussed the possible
violation of the EEP by quantum effects [8]. In this paper, we show a possible violation of
UFF in non-quantum regime by relativistic test bodies and a synchrotron-type experiment
is proposed to verify it. Therefore we will not use geometric concepts and terms to
describe the behavior of relativistic test bodies and S-GFs in this article.
2. Precise Expressions of WEP
In order to answer the three questions about UFF and the original expression of WEP
raised in Introduction, let’s begin by reviewing the original expression of WEP [1], which
states that the gravitational mass, mg, of a body is equal to its inertial mass, mi, i.e., mg =
mi. The word “body” denotes either a test body or a body as a S-GF unless specified.
This original expression of WEP does not distinguish non-relativistic from relativistic
bodies, i.e., it does not distinguish explicitly the inertial rest mass, mi0, from the inertial
relativistic mass, mir. Indeed, it has been pointed out that what happens to high-energy, i.e.,
relativistic, bodies might be different from the laws for low-energy, i.e., non-relativistic,
bodies [9].
In order to differentiate situations where non-relativistic vs. relativistic bodies are
involved we expand the original expression of WEP into three precise Sub-WEPs. Note
all movements of bodies in different situations are relative to and measured by the
observers.
For non-relativistic bodies we propose WEP-I as a Sub-WEP, where
mg = mi0.
For relativistic bodies, due to the current lack of experimental data, we propose
WEP-II and WEP-III as two contrary and alternative Sub-WEPs, where WEP-II posits
that
mg = mi0;
and WEP-III assumes that
mg = mir = γ mi0.
Note WEP-II implies that the gravitational mass is invariant like the electric charge.
In contrast, WEP-III implies that the energy-momentum T αβ is the S-GF. Presently the
T αβ of nucleons and electrons contains their mass-energy and the binding energies of
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their electromagnetic, weak and strong interactions, as well as their internal kinetic energy
[7].
From now on we only employ these three precise Sub-WEPs, instead of the original
expression of WEP, to describe the relations between the gravitational mass and the
inertial rest and relativistic masses of test bodies and S-GFs.

Moreover, in this article,

we will only consider situations where the masses of the test bodies are negligible
compared with that of the S-GFs and the observer moves at speeds negligible compared
with that of light relative to either S-GF or test bodies. Note the former situations are the
conditions under which all the reported past and current experiments have been and are
being carried out.
Under these constrains, WEP-I and WEP-II/WEP-III generate two different cases.
Case (A) is a situation where Observer OA is either at rest on or in non-relativistic
motion relative to S-GF, e.g. Earth, or relative to experimental apparatuses, e.g. satellite,
containing test bodies TA. TA is either at rest on or in non-relativistic motion relative to
both S-GF and Observer OA.
Here, WEP-I is applicable for both TA and S-GF. To OA, the gravitational mass mg of
TA is equal to its inertial rest mass mi0. For this situation, UFF and WEP-I are equivalent
and have been experimentally demonstrated precisely [2-4]. UFF can be mathematically
derived from the combination of WEP-I and Newtonian mechanics.
Case (B) is a situation where Observer OB is at rest on or in non-relativistic motion
relative to S-GF. Relativistic test bodies TB with rest masses are moving relative to both
S-GF and Observer OB.
To Observer OB, WEP-I is applicable to S-GF. But, UFF and WEP-I are not
applicable to TB. Here, Observer OB can apply one of two possible and contradicting
Sub-WEPs. Applying WEP-II to TB, Observer OB has:
mg = mi0.
Applying WEP-III to TB, Observer OB has:
mg = mir.
Clearly, either WEP-II or WEP-III, but not both, can be valid.
These three specified Sub-WEPs for non-relativistic and relativistic test bodies
allowed us to narrow down future task of validating the different aspects of Sub-WEPs for
situations that have not been explicitly explored, theoretically as well as empirically. In
other words, for relativistic test bodies with rest mass, we need to validate two
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contradicting Sub-WEPs, i.e., WEP-II and WEP-III.
3. Violation of UFF by Relativistic Test Bodies
Before we can answer the question raised in Introduction whether UFF, WEP-II or
WEP-III is valid for relativistic test bodies with rest mass, we need to show the
differences such a relativistic test body would make from a non-relativistic test body. First,
let’s review the general situations of a test body with a force F acts on it.
Let’s assume that the test body moves with the velocity V relative to a reference
system K and an observer measures the mass and acceleration of the test body in the
reference system K. For a non-relativistic test body Newton’s second law is
d

mi0 dt V = F,

(1)

whereas for a relativistic test body, it is
d

mi0 dt

𝐕
2

√1 −V2

= F.

(2)

C

For a situation where the acceleration and velocity of a test body are parallel to each other,
Eq. (1) and Eq. (2) can be written, respectively, as the following
aN =

d
dt

𝐅

(3)

V=m ,
i0
3

aR = (1 −

V2 2 𝐅
C2

)

mi0

(4)

.

Moreover, Eq. (4) can also be written in term of “longitudinal mass” mL as introduced by
Einstein [1],
𝐅

aR = m ,
L

where
mL ≡

mi0
V2
( √1− 2 )3

.

C

Obviously, the accelerations of non-relativistic and relativistic test bodies, aN and aR,
respectively, are different from each other regardless of the nature of the force F. Because
Eq. (4) reduces to Eq. (3) when V/C approaches zero, and acceleration aR approaches zero
when V approaches C, therefore, Eq. (4) shows that the acceleration of any test body is
velocity-dependent, regardless of the test body’s speed of movement. This means that no
force F can accelerate the speed of a test body with rest mass to that of light. This
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conclusion is consistent with Special Relativity.
In the situation where a non-relativistic test body free falls in a weak longitudinal
gravitational field, let’s follow the historical argument, i.e., the movement of the test body
is determined by combining Newton’s equation, F = mg g(r), with Eq. (3), then the
acceleration aN is,
aN =

mg
mi0

g(r).

(5)
This is the situation of Case (A). Applying WEP-I, the gravitational mass is equal to the
inertial rest mass, mg = mi0, Eq. (5) reduces to
aN = g(r),
which is UFF. Thus UFF can be derived from WEP-I and is valid for non-relativistic test
bodies. Indeed, for non-relativistic test bodies, UFF and WEP-I are equivalent to each
other.
The original expression of WEP was only applied to and tested for non-relativistic
test bodies but not for relativistic test bodies. For examples, E ö tv ö s-type and
free-fall-type experiments did not demonstrate that the gravitational mass of a relativistic
test body is equal to either its rest mass or to its relativistic mass for the simple reason that
in these experiments both observers and the test bodies were either at rest on or in
non-relativistic motion relative to the S-GF. We are mindful of the fact that the validity of
Newton’s law of gravity for relativistic test bodies has been demonstrated by the
gravitational red shift experiments [5]. However, we want to stress the fact that in these
experiments the test bodies are photons, which have zero rest mass. Therefore, the
validity of WEP-II or WEP-III in describing the movement of relativistic test bodies with
rest mass in gravitational fields remains an unanswered question.
To examine whether the UFF is valid for a relativistic test body with rest mass in a
longitudinal gravitational field, we need to establish a relation between the acceleration
and the gravitational force F. A simple way to do this is to determine whether Eq. (2) is
applicable to describe such a test body’s movement in the gravitational field. In this
situation, the left hand side of Eq. (2) would remain the same, since it describes the
movement of the relativistic test bodies regardless of the nature of the force F. For the
right hand side of Eq. (2), the expression of the gravitational force F needs to be
determined. Theoretically, when the weak field approximations were made, various
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theories of gravity reduce to the Newton’s law, F = mg g(r). Empirically, the experiments
demonstrating the gravitational red shift have shown that the effect of a weak
gravitational field on relativistic particles without rest mass can be described by Newton’s
law, 𝐠(r)L. Let’s assume that for relativistic test bodies with rest mass in a weak
longitudinal gravitational field g(r), the gravitational force F is also equal to mg g(r). Now,
Eq. (2) and Eq. (4) become, respectively,
d

mi0 dt

𝐕
2

√1 −V2
C

= mg 𝐠 0 .

(6)

and
3

aR = (1 −

V2 2 mg
) m g0.
C2
i0

(7)

When the ratio, V/C, approaches zero, WEP-I becomes valid and Eq. (7) gives UFF.
Therefore, we show again, for more general situations, UFF is equivalent to WEP-I and is
valid only for non-relativistic test bodies.
In sharp contrast, for relativistic test bodies with rest mass, Eq. (7) is valid but is
inconsistent with both Eq. (5) and the UFF, regardless of the applicability of WEP-II or
WEP-III. Thus, the UFF is not equivalent to either WEP-II or WEP-III and it thus no
longer holds true for relativistic test bodies either with or without rest mass.
Now we can examine whether the gravitational mass of a relativistic test body is
equal to its relativistic mass or to its rest mass. WEP-II and WEP-III gives different
predictions. If WEP-II is valid, Eq. (7) becomes
aR-II = (1 −

V2

)
C2

3
2

𝐠𝟎.

(8)

If WEP-III is valid, Eq. (7) becomes
aR-III = (1 −

V2
C2

)

(9)

𝐠0.

These different qualitative predictions of WEP II vs. WEP III indicate that it might be
possible to experimentally determine which of them is applicable to relativistic test bodies.
We will come back to this issue later.
4. Non-Relativistic and Relativistic Sources of Gravitational Fields
After analyzing the validity of different Sub-WEPs for non-relativistic and relativistic
test bodies in gravitational fields, we now do a similar analysis for non-relativistic and
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relativistic S-GFs. Here we denote various masses of S-GFs in capital letters M’s to
distinguish from those masses in lower case letters m’s used for test bodies.
In the case of a non-relativistic S-GF, WEP-I is applicable and it gives Mg = Mi0. This
means that the rest mass Mi0 of the S-GF generates a gravitational field g(r). Moreover,
WEP-I is consistent with Newton’s law of gravity.
In the case of a relativistic S-GF, WEP-II posits that the gravitational mass Mg of the
S-GF is equal to its inertial rest mass Mi0, Mg = Mi0. Intriguingly, as the relation, Mg = Mi0,
is the same in both WEP-I and WEP-II for non-relativistic and relativistic (if WEP-II is
proved to be valid) S-GFs, it can be interpreted as an indication of a gravitational
invariant. We would call this invariant the “gravitational charge”, as an analog to the
electrical charge.
In contrast, WEP-III posits that the gravitational mass, Mg, of a relativistic S-GF is
equal to its inertial relativistic mass Mir,
Mg = Mir ＝ γ Mi0,
(10)
where γ is the Lorentz factor. Note it was the concept expressed in Eq. (10) that had led
Einstein to suggest that the energy momentum T αβ is S-GF.
In summary, the applicability of UFF and these three Sub-WEPs to non-relativistic
and relativistic test bodies as well as to non-relativistic and relativistic S-GFs are listed in
the Table below.
Test Body

UFF/modern WEP
Sub - WEP

WEP-I
WEP-II/
WEP-III

Source of Gravitational Field

Non-Relativistic

Relativistic

Non-Relativistic

Relativistic

Valid

Violated

Not Applicable

Not Applicable

Valid

Valid

Valid

Valid

This table shows that our approach of expanding the original expression of WEP into
three Sub-WEPs, each with its own clearly defined masses, broadens the range of
situations where they are applicable and therefore would generate new insights into the
natures of S-GFs and gravity itself, insights that UFF and its equivalent, the modern
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expression of WEP, are not capable of generating. Specifically, WEP-I is not only valid
for non-relativistic test bodies but is also valid for non-relativistic S-GFs. In contrast,
UFF/modern expression of WEP is valid only for non-relativistic test bodies, and
therefore has no prediction about any kinds of S-GFs. Moreover, experimental
confirmation of WEP-II might lead to a novel internal symmetry of gravity, which
UFF/modern expression of WEP does not. Finally, experimental confirmation of WEP-III
might lead to Einstein’s postulation that the T μν of a body is the S-GF, which
UFF/modern expression of WEP does not.
This expansion of the original WEP into the Sub-WEPs allows us to define a new
precise WEP (P-WEP) that contains two parts: WEP-I for non-relativistic test bodies and
S-GFs, WEP-II or WEP-III for relativistic test bodies and S-GFs. In other words, the
P-WEP is either a combination of WEP-I and WEP-II or a combination of WEP-I and
WEP-III. Which of these two combinations is valid should be determined experimentally.
Although WEP-II and WEP-III are presently mathematically extrapolated theories,
given the potential new insights that they might generate while finalizing the precise form
of P-WEP, it is critical to directly test the validity of WEP-II or WEP-III for relativistic
test bodies and S-GFs.
5. Re-interpretation of Existing Experiments utilizing WEP-I and WEP-III
The above detailed analysis of the validity of the Sub-WEPs for various gravitational
situations provide re-interpretations of existing experimental data.
In Eö tvö s-type and free falling-type experiments, the test bodies, the S-GF, e.g., the
Earth or the Sun, and Observers are either at rest or in non-relativistic motion relative to
each other. For Eö tvö s-type experiments of two test bodies, the dimensionless Eö tvö s
parameter is
η=

mg
mg
2[( ⁄mio )1 − ( ⁄mio ) ]
2
.
mg
mg
( ⁄mio )1 + ( ⁄mio )
2

Note in Eö tvö s-type experiments, the test bodies are at rest relative to Observers. This is
the situation of Case (A). Thus we can use the inertial rest mass mi0 instead of the inertial
mass mi in the Eö tvö s parameter η, and these experiments examined the ratio of
gravitational mass to its inertial rest mass, mi0, for test bodies 1 and 2. WEP-I predicts the
null result. Experiments demonstrate WEP-I with high sensitivities.
Applying WEP-I, i.e., mg = mi0, Eö tvö s parameter can then be written in terms of
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acceleration, a1 and a2, of test bodies 1 and 2, respectively,
𝜂=

2[𝑎1 − 𝑎2 ]
𝑎1 + 𝑎2

.

The null results of experiments in terms of thus defined Eö tvö s parameter leads us to UFF,
i.e., aN = 𝐠. The results of these experiments have demonstrated the validity and
equivalence of WEP-I and UFF. However, these experiments did not demonstrate the
validity of either Eq. (6) for relativistic test bodies or Eq. (10) for relativistic S-GFs.
In the gravitational red shift-type experiments the observers were at rest on the S-GF,
e.g., the Earth, photons were the relativistic test bodies without rest mass. Photons’ energy
of movement were reduced by the Newtonian gravitational field g(r), i.e., a red shift E1 =
E2 +

E2
C2

gL. This is the situation of Case (B) where WEP-III is applicable.

Although

gravitational red shift experiments validated WEP-III for test bodies without rest mass,
whether they can validate either WEP-II or WEP-III for relativistic test bodies with rest
mass is unclear.
6. Synchrotron-type experiment Designed to Test Both Predicted Violation of UFF
and Validate WEP-II or WEP-III by Relativistic Test Bodies with Rest Mass
It is critical to empirically and directly verify whether relativistic test particles violate
UFF. Moreover, despite of the fact that validation of either WEP-II or WEP-III for
relativistic bodies with rest mass is crucial to disclose the intrinsic nature of the S-GFs,
WEP-II and WEP-III are only extrapolated hypothesis yet to be supported directly by
experimental evidence. We notice that for experimental test of the applicability of the
UFF to non-relativistic test bodies, it is feasible to put such test bodies in a longitudinal
gravitational field. However, an experimental test for relativistic test bodies, it is feasible
by utilizing a transverse gravitational field, as illustrated in Fig. 1.
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particles

X

V0

H1

H2

Observer O2 Observer O1

Surface of Earth

Fig.1 Observers O1 and O2 are at rest on Earth; test particles move a distance X in the
x-axis, and free fall either a distance H1 or a distance H2 along the y-axis as predicted by
Observer O1 and O2, respectively.
Thus, we propose a synchrotron-type experiment of measuring various parameters of
the free fall of relativistic test bodies with rest mass in a weak constant transverse
gravitational field, g0.
In this experiment, relativistic test particles with high initial velocity V0, momentum
P0, and energy E0 move along the x-axis. The x-axis is transverse to the Earth’s
gravitational field, which is along the y-axis. This situation on the surface of the Earth is
analogous to that of a stellar light beam being deflected by the transverse gravitational
force of the Sun. The test of the violation of UFF becomes a measurement of the test
particles’ free fall distances in the y-direction. Note all of measurements are performed on
the Earth, i.e., the observer is at rest on the S-GF, thus this is the situation of Case (B).
In a manner entirely similar to the analysis of a relativistic charged particle in a
constant transverse electrical field [10], we calculate the theoretical predictions of this
proposed experiment by adopting the relations between the momentum P and the energy
E of these relativistic test particles,
𝐕 =

𝐏C2
E

,

(11)
and
E = √m2i0 C4 + P 2 C2 .
(12)
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Note Eq. (11) and Eq. (12) are derived without any assumption about the nature of the
external forces. In the presence of a gravitational field, the relativistic momentum P in
both Eq. (11) and Eq. (12) is determined by Eq. (6), which can be expressed in term of the
m𝐢𝟎 𝐕

momentum P (=
d𝐏
dt

2

√1 –V2
C

), i.e.,

= mg 𝐠 𝟎 .

Eq. (6) in this form describes the relation between the relativistic momentum P and the
gravitational force, mg 𝐠 𝟎 .
This expression of relativistic momentum P together with Eq. (11) and Eq. (12) give
us the travel distance X of the test particles along the x-axis, the time tX required to travel
the distance X, the angle θ (t X ) the trajectory makes with the x-axis, and the free fall
distance H in the y-axis, which are correspondingly
p0 C

X=

sinh−1

mg g0

mg g 0 tX C
E0

,

(13)
tX =

E0
mg g0 C

sinh

m g g0 X
P0 C

,

(14)
tan θ (t X ) =

mg g 0 tX
P0

,

(15)
H =

E0
mg g0

mg g0 tX C 2

[√1 + (

E0

)

− 1],

(16)
The theoretical predictions of the values of X, tx, tan θ (t D ), and H provide measurable
variables in this experiment designed to validate UFF, WEP-II or WEP-III.
To determine directly whether the gravitational mass of a relativistic body equal to its
inertial rest mass or to its relativistic mass, let’s assume that Observer O1 believes WEP-II,
which states that the gravitational mass of the test particle is equal to its inertial rest mass,
mg = mi0 . Substituting mi0 for mg in Eq. (16), Observer O1 would predict its free fall
H1 =

E0
mi0 g0

mi0 g0 tX C 2

[√1 + (

E0

)

− 1],

(17)
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In contrast, let’s assume Observer O2 believes WEP-III, which states that the
gravitational mass of the test particle is equal to its inertial relativistic mass, mg =
𝛾mi0 . Substituting 𝛾mi0 for mg in Eq. (16), Observer O2 would predict its free fall,
H2 =

E0
γmi0 g0

γm g t C
[√1 + ( i0E 0 X )
0

2

− 1],

(18)
Equations (17 and 18) show the value of H2 as predicted by O2 is different from that
of H1 as predicted by O1. This difference is likely to be detectable in a real experiment.
Let’s consider an electron accelerated in a synchrotron. The electron can travel at an
initial horizontal speed V0 = (C – 1m/s). This V0 would give Lorentz factor γ =
12,000.

This means that when the electron moves for 0.5 sec, the free fall distances

predicted, respectively, by Observers O1 and O2 would be H1 ≈ 0.1 mm, and H2 ≈ 1 m.
This discrepancy in the values of the vertical free fall, H1 vs. H2, should be detectable.
Note the calculation of this synchrotron-type experiment is made under the following
assumed experimental conditions. Firstly, the effects of synchrotron radiation damping are
ignored. Secondly, the electron is injected into the storage ring one at a time to avoid the
electromagnetic interaction between them. Thirdly, a strong focusing mechanism is
partially applied to tightly control the horizontal focusing in the storage ring so the
horizontal component of the displacement of the electron from the equilibrium orbit is
zero while the vertical focusing is turn off to allow the electron free fall in y-direction
under the gravitational force of the Earth. Note H (Eq. 16) is the vertical component of the
displacement of the electron from

the

equilibrium

orbit.

Lastly,

additional

magnetic/electric fields are employed to cancel all unwanted magnetic/electric fields,
including the earth’s magnetic field, along the path of the electron in the storage ring.
Clearly, these are conditions in theory and particle physicists are better equipped to solve
these and any other experimental complications.
Experimental confirmation of H1 as given by Eq. (17) would suggest that WEP-II is
valid, whereas experimental confirmation of a value of H2 as given by Eq. (18) would
suggest that WEP-III is valid. Furthermore, experimental confirmation of either Eq. (17)
or Eq. (18) would indicate that Eq. (6) and Eq. (11 and 12) are applicable for describing
the movement of relativistic test bodies with rest mass in a gravitational field. Clearly, this
would simultaneously be an experimental demonstration of relativistic test bodies with
rest mass violating UFF.
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7. Conclusions and Discussions
In this paper, we have shown that when we expand the original expression of WEP
into three Sub-WEPs, each with its own clearly defined masses, they can be applied to not
only non-relativistic test bodies and S-GFs but also to relativistic test bodies and S-GFs
(Table). Specifically, UFF is valid only for non-relativistic test bodies but not valid for
either relativistic test bodies or any kind of S-GFs. In sharp contrast, WEP-I is applicable
to both non-relativistic test bodies and non-relativistic S-GFs. Furthermore, either WEP-II
or WEP-III is applicable to relativistic test bodies as well as relativistic S-GFs. Thus,
compared to the narrow set of situations where UFF/modern WEP is valid, these three
Sub-WEPs are potentially applicable to a wider range of situations including those
hitherto unexamined.

The broader scopes of these Sub-WEPs have the potential to

generate new insights into the natures of the S-GFs and gravity.
This expansion of the original expression of WEP into three Sub-WEPs allows us to
define a new precise WEP (P-WEP) that is either a combination of WEP-I and WEP-II or
a combination of WEP-I and WEP-III.
Furthermore, we found that the acceleration of any test body is velocity-dependent
and that weak gravitational fields cannot accelerate the speed of a test body to that of light.
This is consistent with Special Relativity.
The results of our synchrotron-type experiment for relativistic test bodies with rest
mass would potentially have any or a combination of the following implications.
(1) Because UFF hence the Einstein’s EP (EEP) are the basis for the concept that
gravity is a consequence of the geometry of space-time, confirmation of violation
of UFF by relativistic test bodies would suggest a need for reconsideration of the
structural feature of geometric theories of gravity.
(2) Confirmation of WEP-II, mg = mi0, would disclose a novel symmetry of gravity. In
this case we will define a “gravitational charge” Qg as Qg ≡ √𝐺mg, where G is
the Newtonian gravitational constant. Simultaneous validation of WEP-II and
WEP-I would imply that Qg is conserved. In analogy to QED, the conservation of
Qg would suggest that gravity might have an internal U (1) symmetry with the
coupling constant Qg. We have shown that Qg is dimensionless when ℏ = 𝐶 =
1 [11]. Experimental confirmation of WEP-II suggests that the P-WEP is the
combination of WEP-I and WEP-II.
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(3) Confirmation of WEP-III would confirm Einstein’s postulation that the
Energy-momentum T αβ of a body is the S-GF. Experimental confirmation of
WEP-III suggests that the P-WEP is the combination of WEP-I and WEP-III.
(4) Nullification of all of Equations (6, 17, and 18) would indicate a need for a new
physics beyond Einstein’s theories.
We argue that the results of the designed experiment might suggest whether or not we
need to reconsider both the nature of the S-GF and the nature of gravity. We hope that
high-energy physicists would consider this experiment and find it worthy of being carried
out.
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