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Abstract. According to the Special Theory of Relativity, there should be no resting frame in our universe.
Such an assumption, however, could be in conflict with the Standard Model of cosmology today, which
regards the vacuum not as an empty space. Thus, there is a strong need to experimentally test whether
there is a resting frame in our universe or not. We propose that this can be done by precisely measuring
the masses of two charged particles moving in opposite directions. If all inertial frames are equivalent,
there should be no detectable mass difference between these two particles. If there is a resting frame in the
universe, one will observe a mass difference that is dependent on the orientation of the laboratory frame.
The detailed experimental setup is discussed in this paper.

1 Introduction

In the famous experiment conducted by Michelson and Morley in the late 19th century, it was found that the propaga-
tion of light is independent of the movement of the laboratory system [1]. This finding was interpreted by Einstein as
an indication that the physical laws governing the propagation of light are equivalent in all inertial frames. In a paper
published in 1905, Einstein raised this understanding to the status of a postulate: “. . . the same laws of electrodynamics
and optics will be valid for all frames of reference. . . ” [2]. This postulate was known as the 1st postulate of the Special
Theory of Relativity (STR).

One may notice that this postulate of relativity was originally applied only to “electrodynamics and optics”. But,
later, this postulate was generalized to all physical laws [3]. This thus raises a serious question: Can this generalization
be justified? The results of Michelson-Morley experiment only demonstrated that the propagation of light obeys the
principle of relativity. What about particles with rest mass? Can one demonstrate that the physical behavior of massive
particles also obey the 1st postulate of relativity?

This postulate of relativity implies that there is no resting frame in our universe; otherwise one would be able to
determine which inertial frame is stationary and which frame is moving. This means that the vacuum in our universe
must be an empty space and thus cannot serve as a reference system. Such a requirement, however, will be in conflict
with the modern view of vacuum. In the Standard Model of cosmology today, the vacuum is far from being empty.
Many cosmology theories assume that the energy of our universe comes from the quantum fluctuation in vacuum [4],
which clearly cannot be considered as an empty space. Also, according to the most recent CMB (cosmic microwave
background) studies, our universe is filled with visible matter, dark matter and dark energy [5,6]. Could they form a
resting frame?

An empty vacuum is also not consistent with the current theories of particle physics. For example, in quantum
electrodynamics, every oscillation mode is supposed to have a zero-point energy [7]. Such energy is treated as a part
of the vacuum system. In fact, in quantum field theory, vacuum is always regarded as the ground state. The physical
fields are just excitations above the vacuum [8]. Should this vacuum form a resting frame?
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Fig. 1. A schematic diagram showing the relationship between a laboratory frame (S′) and a resting frame (S). The frame S′

is moving along the x-axis with velocity v0. The two particles in the S′ frame move in opposite directions along the x′-axis with
the same speed u′.

2 Principle of the experimental test for detecting the motion of an inertial frame

In this work, we would like to propose an experimental test to determine whether there is a resting frame in our
universe or not. The basic idea is to measure the speed dependency of the mass of a charged particle in different
directions. From earlier experimental studies, we know the mass of a particle is not constant; it is dependent on its
traveling speed [9], such that,

M =
m0√

1 − v2/c2
, (1)

where M is the moving mass and m0 is the rest mass. When the speed of the particle increases, the moving mass of
the particle will also increase. In this experiment, we will measure the masses of two identical particles travelling in
opposite directions with the same speed (u′). If all inertial frames are equivalent with respect to all laws of physics,
the measured masses for the two particles should be the same. But if there is a resting frame in our universe, the
situation will be different. Suppose the laboratory is traveling at a speed v0 relative to the resting frame along the
x-axis (see fig. 1), then the speeds for the two particles are not equal according to the resting frame. The particle
moving to the right should have a higher speed than the particle moving to the left. Thus, their measured mass would
show a difference.

According to the frame S, the speed of the particle traveling to the right (particle R) is

vR =
u′ + v0

1 + v0u′/c2
. (2)

And the speed of the particle traveling towards the left (particle L) is

vL =
−u′ + v0

1 − v0u′/c2
. (3)

If both u′ and v0 are much smaller than c, one can simplify their speeds to
{

vR = u′ + v0

vL = −u′ + v0.

Substituting the above relations into eq. (1) and using the Taylor expansion, one can get

ΔM

m0
=

MR − ML

m0
=

[

1 −
(

v0 + u′

c

)2
]−1/2

−
[

1 −
(

v0 − u′

c

)2
]−1/2

≈ 1
2

(
v0 + u′

c

)2

− 1
2

(
v0 − u′

c

)2

=
2v0u

′

c2
. (4)

Thus, by measuring ΔM , one can determine whether the laboratory frame is in motion relative to the resting frame
or not.
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Fig. 2. Conceptual diagram of the experimental setup. Electrons speeded up by an accelerator are analysed by two identical
mass spectrometers (located at the left and right). The left-right axis is oriented at the East-West direction.

Fig. 3. A simplified diagram showing the basic idea of the experimental design. If there is a resting frame in our universe, it
is expected that, for two electrons traveling in opposite directions (right and left), there will be a difference in their moving
mass. This mass difference will be seasonal dependent and change with the time of the day. (a) A top view of the movement of
the Earth around the Sun. The overall velocity of the Earth (vEarth) is a vector sum of the Earth’s velocity relative to the Sun
(vEarth−Sun) and the Sun’s velocity relative to the rest of the universe (vSun). Thus, vEarth will change with the season of the
year. (b) The R and L arms of the apparatus are pointing to the East-West direction. Because of the movement of the Earth,
the orientation of the apparatus is different in relation to vEarth depending on the time of the day. Thus, the electrons moving
toward right and left will have different velocities relative to the resting frame of our universe. This means that the difference
in their moving mass will also change with the hours in a day. (For details, see table 1.) (Note: For simplicity, we use a 2-D
diagram to demonstrate the basic idea here. Two simplifying assumptions have been made: 1) The tilting angle of the Earth’s
rotation axis is ignored. 2) Here we only consider the Sun’s velocity along the plane of Earth’s orbit.)

3 Proposed experimental setup

The basic design of our proposed experiment is shown in fig. 2. For simplicity, the charged particles used for this
measurement could be electrons. Using an accelerator, the electrons are accelerated to a speed u′. The speed of the
outgoing electrons can be measured using a TOF (time-of-flight) device. Using a switching magnet, the electrons are
directed either to a spectrometer at the right or a spectrometer at the left. The designs of these two mass spectrometers
are identical. The masses determined by these two spectrometers (MR and ML, respectively) are then compared.

This experiment will then be repeated at different time of the day, and in different days of the year. We will
examine if any non-zero reading for ΔM = MR −ML can be detected, and whether the measured ΔM will vary with
the orientation of the laboratory frame.

If the 1st postulate of STR is correct, the laboratory frame can be regarded as a stationary frame. Then, ΔM
should always be zero, regardless of the orientation of our experimental setup. If there is a resting frame in our universe,
and the moving mass is dependent on its motion relative to this resting frame, we should see a non-zero ΔM ; and its
value should vary as a function of the orientation of our experimental setup. That means, the measured ΔM should
vary with the hours of the day, and depends on the position of the Earth relative to the Sun.
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Table 1. Variation of the moving mass difference depending on the hour of the day. Note: Because the motion from the Earth’s
rotation is much slower than the velocity of the Earth (vEarth), the speed of the laboratory frame (v0) is essentially the same as
vEarth.

Time (hour) vR vL
MR−ML

m0

0:00 −u′ + v0 u′ + v0 − 2v0u′

c2

6:00
p

(u′)2 + v0
2

p

(u′)2 + v0
2 0

12:00 u′ + v0 −u′ + v0
2v0u′

c2

18:00
p

(u′)2 + v0
2

p

(u′)2 + v0
2 0

Table 2. The speeds of the relative motions of the Earth, solar system and Milky Way.

Type of movement Speed (m/s) Reference

Motion from the Earth’s rotation vRotation = 465.1 [10]

Motion relating to Earth’s orbiting around the Sun vEarth-Sun = 2.98 × 104 [10,11]

Motion due to the Solar system orbiting around the Galaxy vSun-Gal ∼ 2.2 × 105 [12]

Solar system moving in reference to CMB vSun-CMB ∼ 3.7 × 105 [13,14]

This point can be seen more clearly from fig. 3, which is a simplified diagram showing the basic idea of our
experimental design. Figure 3(a) is a top view of the orbital motion of the Earth around the Sun. The overall velocity
of the Earth (vEarth) is a vector sum of the Earth’s velocity relative to the Sun (vEarth−Sun) and the Sun’s velocity
relative to the rest of the universe (vSun). Thus, vEarth will change with the season of the year. vEarth will reach a
maximum when the Earth reaches a point that vEarth−Sun is roughly parallel to vSun. Since the Earth is continuously
rotating, the orientation of the experimental apparatus will change with the time of the day. (See fig. 3(b).) Thus,
the travelling direction of the electrons (moving toward Right and Left) will have different angles with vEarth. For
example, at 0:00 hour, vL is parallel to vEarth, while vR is anti-parallel to vEarth. At 12:00 hour, the situation is the
opposite: vL is anti-parallel to vEarth, while vR is parallel to vEarth. At 6:00 hour and 18:00 hour, the moving direction
of the R and L electrons are both perpendicular to vEarth.

Their resulting velocities at different hours are summarized in table 1. Based on the analysis presented in sect. 2,
one can easily see that, if there is a resting frame in our universe, the moving mass of the R and L electrons should
be different, and this difference is expected to vary with the hour of the day.

Now, let us consider whether it is feasible to measure ΔM/m0 using the existing technology. This depends on how
large v0 could be. Since our laboratory is located on the planet Earth, we can estimate the value of v0 from the relative
motions of the planet and our solar system. The speeds of those motions are known at present (see table 2).

From table 2, one can see that the major contributions to the speed of the laboratory frame are due to vSun−Gal

and vSun−CMB. By comparison, the contribution by the motion from the Earth’s rotation is negligible (less than 0.2%).
The overall velocity of the Sun’s movement (vSun) is a vector sum of vSun−Gal and vSun−CMB. Since the directions
of these movements are not parallel, one may roughly estimate that vSun could be in the order of 3 × 105 m/s. Since
the speed of the Earth (vEarth) is dominated by vSun, and the speed of the laboratory frame (on the Earth surface)
is dominated by vEarth, this means that the value of v0 in fig. 1 is also in the order of 3 × 105 m/s, i.e., v0/c ≈ 10−3.
In our proposed experiment, suppose we can accelerate the electron to 1/10 of the speed of light, i.e., u′/c = 0.1,
then

ΔM

m0
=

2v0u
′

c2
≈ 2 × 10−4. (5)

This means that, during the best days of the year, the observable value of ΔM/m0 could oscillate from +2×10−4 to
−2×10−4 with in 24 hours. Such data range is not too small and should be measurable using the existing experimental
techniques.
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Fig. 4. A conceptual diagram showing the basic design of the mass spectrometer used in this experiment. The incoming electron
is deflected by a magnetic field (B) and exits at an angle θ. The electron is detected by a highly sensitive image sensor that can
accurately measure the position of the deflected electron.

4 Design of the directional mass spectrometer

As to the design of the mass spectrometer, it must satisfy two requirements: 1) It must be precise enough to determine
the mass with an accuracy better than 10−5. 2) During the measurement, the orientation of the particle cannot deviate
too much from the direction of the incident beam. Otherwise, the moving mass may change due to the change of speed
in the resting frame. At present, the most sensitive measurements of the electron mass-charge ratio are conducted
using electrons stored in a Penning trap [15,16]. It could achieve an accuracy of about 10−8, which is more than we
need. Unfortunately, such an experimental design cannot be used in our proposed experiment. Since trapped electrons
must undergo constant circular motion, their movement cannot be maintained in a fixed direction with the resting
frame. Thus, it will not fit our requirement.

Thus, we need to design a mass spectrometer which does not depend on measuring the resonance frequency of the
trapped electron. Figure 4 shows the conceptual diagram of a workable mass spectrometer designed for our proposed
experiment. The electron beam passing through a magnetic field (B) is slightly deflected at an angle θ. This deflection
angle θ depends on three parameters: 1) the strength of the magnetic field, 2) the speed of the electron, and 3) the
mass of the electron. Since B is maintained constant in this experiment and the speed of the electron entering the
mass spectrometer is also fixed (in the laboratory frame), we can determine the mass of the electron by measuring the
deflection angle θ.

In this experiment, a highly sensitive electron image detector is placed behind the detection collimator. One can use
a CMOS sensor as such a detector [17]. Using this imaging device, the angle θ can be determined with high accuracy.
For example, using state-of-the-art microfabrication technique at present, the pixel of the sensor can be made small
enough to achieve a resolution in the order of 1μm [17,18]. If the distance between the entrance collimator and the
electron detector is set at 5m, the deflection angle θ can be measured with an accuracy of about 0.2 × 10−6 radian.
In the experiment, one may adjust the magnetic field so that deflection angle for the electron is in the range of 0.2
radian. (Note: In order to satisfy our requirement 2), the angle θ must be kept small in the experiment). Since the
deflection angle is inversely proportional to the mass of the particle, the relative accuracy of the mass measurement
is the same as the accuracy of the deflection angle measurement, i.e., δM/M ≈ δθ/θ ≈ 10−6 (here δθ and δM are the
measurement uncertainty for θ and M , respectively). Such accuracy is more than enough to detect the expected mass
difference ΔM if there is a resting frame.

Without saying, the electron beam in this experiment is traveling in high vacuum. The electron source may be
cooled to reduce the spread of momentum. One may ask that: Can the magnetic field and the electron speed be
maintained to the same accuracy as the measurement of the deflection angle θ (i.e., better than 10−6) during the
experiment? This should not be a problem. First, using a NMR device, one can regulate the magnetic field to an
accuracy better than 10−8 [19]. Second, since electrons entering the left and right spectrometers are produced from
the same electron accelerator, their speeds should be identical. Third, even if the magnets used in the left and right
spectrometers are not perfectly matched, it can only produce a systematic error that would shift the baseline of the
ΔM/m0 measurement. It will not affect the cyclic behavior of the data measured over one day.

5 Discussions

This proposed experiment is not very complicated. It can be conducted using existing experimental techniques. For
simplicity, one can use electron as the charged particle in the experiment. Of course, the same experiment can be done
with protons, which may have the advantage of higher precision, since the proton has a larger rest mass and so it may
be easier to detect the ΔM .

One may see that the design of this experiment is partially inspired by the optical interferometer experiments
previously conducted by Michelson and Morley [1]. Their experiment demonstrated that for particles with no rest
mass, i.e., photons, their behaviour obey the 1st postulate of STR. Our experiment is designed to further test whether
particles with non-zero rest mass can also satisfy the same principle.
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One may question that, since our experimental design is based on assuming the validity of eq. (1), which is usually
attributed to STR, does our starting point already assume that the 1st postulate of STR is correct? This is not
the case. Strictly speaking, the validity of eq. (1) is more dependent on experimental agreement than its theoretical
derivation [9,20]. The derivation of eq. (1) actually does not require the 1st postulate of STR [20]. Furthermore, the
derivation of eq. (1) is not unique. It had been shown that one can derive eq. (1) from a matter wave model in which
the particle is regarded as an excitation wave of the vacuum [21,22]. Thus, there is no logical contradiction in using
eq. (1) to test if there is a resting frame in the universe or not.

The physical properties of the vacuum play a major role in many models of cosmology today [23,24]. It is very
important to know whether the vacuum can serve as a resting frame. In this paper, we propose a simple method to
investigate this outstanding problem. The idea proposed here is straightforward. Its experimental requirements are
within the current technological capabilities. In fact, the major equipment mentioned here are readily available in
many low-energy nuclear physics laboratories. Thus, the idea presented in this work can easily be developed into a
well-designed experimental project. This could be a very efficient way to test a fundamental problem in physics.

I may add that it has been a long history in physics to search for experimental evidence to test the limit of the
first postulate of STR. Recently, such search is further motivated by a new development, i.e., many current models
of quantum theory for gravity have a feature of violation of Lorentz invariance. Thus, there have been attempts to
conduct new experiments to test the limits of STR. For example, Muller et al. had proposed to study possible violations
of Lorentz invariance based on electrons in a crystal [25]. This work represents the most recent attempt, which is based
on a very clear physical foundation.

6 Conclusion

This work propose an experiment to test two basic scenarios: 1) There is no resting frame in our universe; 2) There is a
resting frame in our universe. In this proposed experiment, Scenario (1) would predict that the ΔM/m0 measurement
should always give a null result, which is regardless of the time of the day or the day of the season. Scenario (2), on
the other hand, would predict that the ΔM/m0 measurement will give a non-zero result, the value of which will be
strongly dependent on the time of the day (and the day of the season). The amplitude of its variation is expected to be
in the order of ΔM

m0
= 2v0u′

c2 ≈ 2×10−4. In this proposed experiment, we will compare the measurement results directly
with the theoretical predictions of those two scenarios. Our analysis shows that, with the existing technological limits,
the proposed measurement should have sufficient accuracy to differentiate the two scenarios.
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