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Abstract: The physics of Hubble’s law, motivated by the anomalous acceleration of Pioneer 10/11, suggests that
the Hubble constant corresponds to a gravitational field of the Universe. The Hubble constant inferred from
Pioneer 10/11 data is ~ 69 km/s/Mpc. The anomalous acceleration of Pioneer 10/11 can be interpreted as an
observational evidence for Mach’s principle. The redshift is an apparent value. Its intrinsic value has a limit
resulting to v < ¢, z < 1. The deviation from linearity, which was shown by observations of high redshift Type Ia
supernovae, is shown to be an apparent result of the velocity of light being affected by the gravitational field of

the Universe. This ends by pointing out the classical notion of physics in the paradigm of expanding Universe.
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1. Introduction

Jet Propulsion Laboratory’s program analysis of Pioneer 10/11 data had indicated some extra
tiny slowing down of their outward motion, giving rise to much interest in its origin [1]. Gas leak from
thruster, radiative cooling of the electronics, and heat reflection off of the antenna dish were suggested
for the systematic possibility [2—4]. Its physical possibility was also scrutinized from various points
of view such as [5]. Scheffer affirmed the radiation effect, negating a new physics [6]. In a certain
sense, the residual error was likely to end up with a systematic origin. Following the thermal analysis
of Francisco et al. [7], Turyshev et al. issued a conclusive support for its thermal origin [8]. In their
announcement, Anderson ef al. noticed that the size of the anomaly is of the order of cH, the light
speed times the Hubble constant, which had been assumed by Milgrom in the missing mass problem
of galaxies [9]. Strange as it was, it might have been a clue. In attempts to find a physical explanation,
I came to see a fundamental physics inherent in Hubble’s linear relation in which cH is seen to be
a gravitational field of the Universe [10]. The anomalous acceleration acting on the Pioneer 10/11
spacecraft could then be explained physically as an inertial reaction to the gravitational field of the
Universe acting on the solar system.

It was around the same time as the anomalous acceleration of Pioneer 10/11 was published. Two
groups of astronomers, Riess ef al. and Perlmutter et al., published observational evidence from Type
Ia supernovae for an accelerating expansion of the Universe [11,12]. The expansion of the Universe
had been expected to be decelerating from the gravitational attraction of matter. The observation
was explained in terms of dark energy, which was contrary to the expectation. In the framework of
general relativity, the expansion of the Universe has been considered to be accelerating. Meanwhile,
the Pioneer anomaly was found unexpectedly in their tracking. Along with the systematic possibility,
the residual error has opened a new question to our understanding. I was led to the speculation
about cH as an acceleration in Hubble’s law, which received little attention in the established thought.
However, it picked out the physical point of Hubble’s law. Although a long time has passed, this
is a direct continuation. The purpose of this paper is to complete the physics of Hubble’s law on
astronomical considerations. By showing a comparison with the observation of Type Ia supernovae,
phenomenologically, I would like to demonstrate that the Hubble constant is a measure for the
gravitational field rather than the expansion rate of the Universe.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202405.0225.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2024 d0i:10.20944/preprints202405.0225.v2

20f 11

2. Preliminary

There is no need to assume the existence of hidden mass in galaxy if the motion of galaxy is
described by a modified form of gravitational force. According to Milgrom, the transition from the
Newtonian regime to the small acceleration regime occurs within a range of order cH around cH [13].
With an acceleration cH, the modified Newtonian dynamics has been assumed to explain the flat
rotation curve of disk galaxies. There is an alternative. If cH is an external acceleration such as the
gravitational field of the Universe, a transition from the bound state to the unbound state of motion of
galaxies can then be assumed in the small acceleration region. The flatness of the velocity curves can
also be explained with an acceleration cH in Newtonian dynamics.

Motivated by the anomalous Pioneer 10/11 acceleration, I had come to see a physics Hubble’s
law has shown to us. It came out clearly when the distance of a galaxy is written in terms of time for
light to travel: r = ct. An observation at the present time has come to us from a distant source at an
earlier or retarded time. As the distance increases far away, the time goes back to the remote past. The
increase in recessional velocities with distances from the point of observation can therefore be put in
the form of a decrease in relative velocities with times up to the time of observation. Hubble’s law in
terms of time appears as symmetrical with respect to the axis of redshift. From Hubble’s linear relation
it appears evident that distant galaxies are in free fall. In other words, the redshift of distant galaxies is
ultimately a “universal” gravitational redshift." Hubble’s law finds its physical explanation in terms of
an acceleration cH directed toward the solar system.

In the first, I inferred the Hubble constant to be ~ 87 km/s/Mpc from ~ 8.5 x 1078 cm/s? on
the assumption that the anomalous acceleration is an inertial effect in the solar system due to the
“universal” acceleration. This needs to be detailed. The solar system is not a fixed system in space; it is
traveling along the rotating rim of the Milky Way Galaxy. We must consider an effective acceleration
relative to the rotating system [15]. The centrifugal acceleration of the solar system is estimated to be
~ 1.8 x 1078 cm/s? and the Coriolis effect on Pioneer 10/11 moving away from the Sun at 12.5 km/s
is about 11% of it. Taking into account the centrifugal acceleration of the solar system and the Coriolis
effect on Pioneer 10/11, the effective anomalous acceleration relative to the rotating solar system is
estimated to be ~ 6.5 x 1078 cm/s2. Then the Hubble constant inferred from Pioneer 10/11 data
becomes ~ 67 km/s/Mpc. Based on the extended data of Pioneer 10 and studies of all the systematics,
later, Anderson ef al. gave a result of ~ 8.74 x 108 cm/s? for the anomalous acceleration [16]. From
their result, in this second, I infer the Hubble constant to be ~ 69 km/s/Mpc.

3. The Factor of (1+z)

The redshift needs to be discussed in parallel with Hubble’s law. When the observer and source
are in relative motion, the observed velocity of light becomes different from the intrinsic velocity
of light. The difference, dependent on their relative velocity, is known as aberration. The redshift
is a displacement of the spectrum lines toward the red, resulting from a change of the velocity of
light. In the case of low redshift galaxies, there is little difference between the apparent velocity and
the intrinsic velocity. But for high redshift galaxies the apparent velocity is much different from the
intrinsic velocity in speed and direction. With this very reason, we need to make a correction to the
velocity of light observed from distant galaxies.

It is important to notice that a factor (1 + z) can be a measure for the ratio of those velocities:

1+z=A/A, so (/e 1)

1 Hubble’s law established in most astronomer’s minds the interpretation of redshifts as a cosmological Déppler effect. But

there must also be an effect caused by the gravitational field of the Universe, said Weinberg in [14]. The physics of Hubble’s
law fits in completely with the physical point of view as a whole.
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In this equation, A’ and ¢’ are the observed wavelength and velocity of light. The factor can then be
used in relation to the Doppler shift formula

AMN=9A(1-pB-n), so ¢ =vc(l-pB-n), 2)

where 8 = v/c, 7 = (1 — p%)~1/2, and n is a unit vector in the direction of the line of sight. Equation
(2) is the customary Doppler shift modified by the factor of y. Several hundred quasars have been
observed, a good fraction of which have z > 1 and a few have z > 2. If a quasar has z = 9, for example,
then the observed velocity of light is 10c. If the quasar is moving at right angle with the line of sight,
then the velocity of the quasar is estimated to be 0.3v/11c though the observed velocity is 3v/11c. This
shows how the factor (1 + z) works. Note that the velocity of quasar changes at the same rate as the
velocity of light. This is because c is used as a unit of velocity, as can be seen in the example. We need
to distinguish between the apparent and the intrinsic.

The light curve of a distant supernova is shown to be broadened by a factor (1 + z) compared to
a nearby supernova. From a comparison of the broadening of light curve with an ageing of supernova,
Goldhaber et al. and Leibundgut et al. put forward the interpretation of it as an effect of time dilation
[17,18]. The factor (1 + z) has since been used as a cosmological time dilation [19-21]. The physical
concept of time dilation has been a cosmological discussion of expanding Universe. In form, we
can make its relation to the 7 factor: 1+z = (1 — - n). The discussion should be regarded as
justified physically. However, I cannot but mention a nature of the -y factor. In the theory of special
relativity, the <y factor is discussed in relation to time. But the -y factor appears associated with velocity,
phenomenologically. As a matter of fact, the experiment of relativistic mass cannot be explained by the
physics of special relativity. There is no room for the relativistic mass in the four-vector formulation
of special relativity as suggested by Minkowski. In spite of ample experimental evidence, finally, the
concept of relativistic mass has not been accepted in teaching physics [22]. Okun addressed that the
relativistic mass is misleading, arguing that the experiment tested actually the velocity dependence of
momentum [23]. While the experiment of time dilation has been accepted, the experiment of relativistic
mass has not been accepted anyway.

In the experiment of time dilation, the mean free path of a decaying meson beam was measured
using a scintillation counter telescope and was divided by the intrinsic mean velocity [24]. The result
was discussed in relation to the time dilation. But it could have been due to an apparent velocity.
In the experiment of relativistic mass, the velocity of an electron was determined by means of an
electrostatic spectrograph [25]. As in the cyclotron, however, an aberration of uniform magnetic field
was overlooked and is not realized still [26]. The field aberration changes the frequency to w/v in
the cyclotron and the velocity to v in the spectrograph, disproving not only the relativistic mass
but also the time dilation.” The -y factor also follows from the stellar aberration, in consequence of a
vector difference between velocities with respect to the observer. In a consistent manner, the vy factor
arises out of aberration. The factor (1 + z) is an astronomical counterpart of the 7 factor. From the
physical or astronomical point of view, each of them characterizes a relation of the intrinsic to apparent
velocities of light. It should be noted that they are related to the propagation or observation at the
velocity of light. In comparing the light curves of distant and nearby supernovae, phenomenologically,
it is natural and reasonable to interpret the factor (1 + z) in relation not to the time dilation but to an
apparent velocity.

2 There is no need to experiment. The superluminal motion of jet in quasars has sufficiently shown that the velocity itself

appears dilated to us. In the OPERA experiment [27], the neutrino speed was determined by direct measurements of time
and distance. The 7 factor cannot be assumed nor be defined in such measurements.
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4. Physics of Hubble’s Law

It is known that the spherically symmetric distribution of matter produces a constant acceleration
inside the distribution. As viewed from this point, the value observed in Hubble’s law can be assumed
to be the acceleration expected from the matter distribution surrounding the solar system in the
Universe. If we assume a gravitational field of the Universe, it would appear as an inertial force in the
solar system. If cH is the gravitational field of the Universe, the gravitational field of the solar system

would then be
GMg

72

— Gi\fG +cH, 6)

where G is the gravitational constant and M, the solar mass. It is significant that the replacement
is in the effect of inertia in complete accord with Mach'’s principle.’ The anomalous acceleration of
Pioneer 10/11 can then be interpreted conversely as an observational evidence for Mach’s principle.
As a standard physics for the systematic error of a constant bias in the acceleration residuals, it is
required to model Mach’s principle by which the surrounding mass distribution may produce such
inertial effect in the solar gravitational field. Note the observational fact that the Pioneer effect could
only be seen beyond 20 AU because of the solar radiation pressure.
The Schwarzschild solution for light is written

gooc2dt? = gndr® + r2d6? + r* sin? fd¢? 4)

with the components
800 = 1/grr =1- 2GM@/C27’

The replacement enables the component to be modified:

2 (GMg
=-1-=
800 ( ;

2 + cHr) . (5)

But there is a problem. From the gravitational field of the Universe we cannot assume the field
equations to be Ry, = 0 in space as in the Schwarzschild solution. Furthermore, we cannot impose
on the components the boundary condition that for r — oo the components must approach the
Minkowskian. The problem does not seem solvable. By assuming an inertial force, in classical
mechanics, we may treat an equation of motion in the noninertial system just like the equation of
motion in an inertial system. The modification may be vindicated from that point of view.

In the optical approach, I have suggested to identify g as n%(r) by showing an agreement in form
between the geodesic equation of general relativity and the equation for rays in geometrical optics [28].
For this reason, instead of Equation (5), I assume the expression

G 2
8002{1—32< ]:’/IQ—I—cHr)}. (6)

This form has nothing to do with general relativity but rather is of geometrical optics. Far from the
Sun, the metric components become

900 = 1/gmw = (1— Hr/c)? ?)

This is a realistic metric that can be expected of space from Hubble’s law. The Minkowskian is an
ideal metric for space without matter nor gravity. The speculation about cH as an acceleration has

3 For the origin of inertia, Newton explained acceleration with respect to the space fixed in the Earth. Leibniz objected to the

conception of space unrelated to matter. Mach conceived acceleration with respect to the mass of the Earth and the celestial
bodies. We may extend the issue to the solar system, where we can see cH as such effect.
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come to a formulation in space for Mach’s principle. With Mach'’s principle, Brans and Dicke assumed
G to be related to the mass distribution in the expanding Universe [29]. Compared to their scalar
field analogous to 1/G, simply but definitely, cH is deduced for Mach’s principle from the physics of
Hubble’s law revealed by the anomalous Pioneer 10/11 acceleration.

Shapiro proposed the radar echo delay [30]. Shapiro ef al. had carried out measurements of the
time required for radar signals to travel to Mercury and be reflected back to Earth [31,32]. The time
delay was a result of the radar path bending near the Sun and the light speed varying therein.* From
Equation (7), we may think of an effect of time delay in the observation of light from distant galaxies.
Here, the time delay is due solely to the light speed varying in the propagation of light. So far as a
gravitational effect is concerned, we may think of a varying speed of light and thus an effect of time
delay. Compared to a gravity free space, consequently, the effect of time delay is identified itself with
the time of propagation in the space of a gravitational field.

Let us evaluate the effect of time delay. The time of propagation of light in space is given by

gooc2dt? = g dr?. 8)
From Equation (7) we obtain
Hr 1
T_l_l—i-H[ct]/c’ ©)
Conventionally writing, this reads
1
=1-— 1
z 1+ Hlct]/c (19

We have used the relation z — v/c for a velocity small compared to the velocity of light, from which
we can expect to take the intrinsic form of Hubble’s relation. Hubble’s relation is presented in such a
form as if Hubble’s law is written in terms of time. The change in the form of relation is due to a delay
effect in the time of propagation. There is no effect of time delay if goo = 1/, = 1 in space. We then
have the linear relations such as r = ct and z = Hr/c, that is to say, if the Hubble constant is by no
means a gravitational effect.

Equation (10) states that the redshift has a limit: z < 1. This means the limit of v < c. As remarked
at the beginning, the redshift observed is an apparent value. So is the velocity measured in high energy
physics laboratories. The aberration is unavoidable, in so far as the observation or measurement is
performed with the velocity of light. We can make it clear by noting that the ratio [ct]/c is not t but
ot or (1 + z)t exactly. The factor arises from the observation of ct, not from ct itself. The effect of
aberration makes such a change in the velocity of observation. It gives rise to the same effect as would
be the case if the velocity scale were changed in the velocity of observation. This reminds us of the
relation used in the time experiment though the use is made of light instead of a particle, reflecting the
experimental result. In the theory of special relativity, the optical distance is related formally to the
dilation of time scales. However, the optical distance is related directly to an apparent velocity of light
in optics. As for the effect of special relativity, phenomenologically, this suggests to replace the time
dilation by an apparent velocity.’

Let t and ' represent two times. The description of motion of a system is in terms of ct and ct/,
but the connection of two systems in motion be in terms of ct and ¢’t. The motion of a system is a

Shapiro explained that the speed of light depends on the gravitational potential according to general relativity. This
elucidates the physical meaning of goo. The radar echo delay is more than the test of general relativity. The time component
of metric is not ¢ but ct, and ggo appears as associated not with ¢ but with ¢ as shown in [28].

In form, the relativistic velocity is equal to an apparent velocity. But it so happens as a result of not assuming the dilation of
distance in the definition. We may note a difference in terms of ¢, c and ct. The theory of special relativity transforms them
into yt, ¢ and ‘yct, whereas they appear as t, yc and yct in the effect of aberration.
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relative motion of the system with respect to an observer in which the time is assumed to be equal. The
relativity is subject to them in motion relative to each other, not to their relative motion in space with
time. Two systems in motion can be connected with respect to an observation of light. The connection
provides a description of motion in which the motion of a system is observed at the speed of light
instead of instantaneously. It draws a physical distinction between Newtonian dynamics and special
relativity. The velocity of observation goes a step further, suggesting a phenomenological explanation
of special relativity. Because of relative motion during observation, two systems correspond to the
present and retarded points of observation relative to each other. Compared to the retarded point, the
effect of aberration comes to the present point and makes a change in the observed velocity of light
and the resulting optical distance.

5. Comparison with Observations

The consideration of Hubble’s relation can be tested by comparing with the observations of two
supernova groups. One group was High-z Supernova Search Team. Following Schmidt et al. [33],
Riess et al. had reported observations of 10 high redshift Type Ia supernovae [11]. They remarked,
the distances of the high redshift Type Ia supernovae are 10 — 15% farther than expected in the
cosmological model. Figure 1 shows a reasonable agreement between Equation (10) and observations.
For the distance modulus, here, I have used i in Table 6 of their observations. For example, the
farthest is 1997ck at z = 0.97 to which the luminosity distance is 7244.36 Mpc. Using the factor (1+z), I
have evaluated 1997ck to be a supernova of z = 0.492 at 3677.34 Mpc. The other group was Supernova
Cosmology Project. Perlmutter et al. had reported observations of 42 Type la supernovae [12]. They
remarked, the high redshift supernovae appear ~ 15% fainter than the low redshift supernovae. Figure
2 shows in the spread of data a remarkable agreement between Equation (10) and observations. For the
distance modulus, I have used the relation m — (—19.45). The apparent magnitude was (9) in Table 1
of their measurements and the absolute magnitude was assumed to be —19.45 from [34]. For example,
the farthest is 1997K at z = 0.592 to which the luminosity distance is 5942.92 Mpc. By the factor (1 + z),
1997K has been evaluated to be a supernova of z = 0.372 at 3732.99 Mpc. Comparisons lead to the
conclusion that the deviation from linearity of high redshift Type Ia supernovae can physically be
explained by Hubble’s relation taking into consideration the effect of time delay.

0.5 -
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redshift [z]
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distance [Mpc]

Figure 1. Hubble’s relation of H = 69 km/s/Mpc and intrinsic mean values of supernovae.
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Figure 2. Hubble’s relation of H = 69 km/s/Mpc and intrinsic mean values of supernovae.

Both groups concluded the expansion of the Universe to be accelerating from the observation
of supernovae being farther than expected in the cosmological model. Apart from whether the
cosmological parameters are reasonable, in principle, it is meaningless to use apparent values in
evaluating the cosmological parameters. The exception may come across when the apparent are
cancelled out. Their evaluation may be the case. But their relation is implicit in their observations.
What I have done here is change apparent into intrinsic values for evaluating their observations.
The relation of the apparent to the intrinsic is explicit in their comparison with Hubble’s relation.
In terms of intrinsic values, the deviation from linearity of supernovae can be explained as a delay
effect in the time of propagation due to the gravitational field of the Universe. The delay effect
appears a longer propagation time which we may misread as due to a farther distant source. The
observation of supernovae would be an illustration. In conclusion, the observation of farther than
expected supernovae is supposed to be an apparent result of the velocity of light being affected by the
gravitational field of the Universe.

At the high redshift end, the Hubble Space Telescope has been used for follow up of supernovae
discovered from the ground. Amanullah et al. presented 6 well-measured Type Ia supernovae [35].
Two parameters and mp were fitted to each light curves and were combined to form the distance
modulus. Their coefficients and Mp, which they call nuisance parameters, were determined by fitting
simultaneously with the cosmological parameters. I have used values for z > 0.015 range. Figure 3
shows a difference between Equation (10) and observations. In Figure 3, a comparison has been made
with their distance given by the modulus mp — (—19.45). In Figure 1, 1997ck at z = 0.97 has shown a
similar difference.

An effective strategy was to survey very distant galaxy clusters beyond z ~ 1 with the Hubble
Space Telescope. In a series of the survey, Suzuki et al. presented 15 Type Ia supernovae discovered at
redshifts 0.623 < z < 1.415 and used them to improve the constrain on dark energy [36]. The fitted
parameters were combined here with the host mass to form the distance modulus. Figure 4 also shows
such a difference between Equation (10) and observations. In the case of using the distance modulus
mp — (—19.45), their distance increases but falls short of the distance expected from the present point
of view. Only in the trend of difference may one say a reasonable agreement with Equation (10).

In their evaluations, the distance modulus involves two kinds of parameters. For any reason, it is
unnatural to fit the light curve parameters with the cosmological model parameters. It is to reconcile
the model with observations in the combination of their parameters. On the other hand, one may
assume a difference of redshift dependent on the point of observation. The limb effect, which states
the center to limb increase in the gravitational redshift of the solar disk, may be an example. If clusters
beyond z ~ 1 are as far away as the boundary region of the visible Universe, there might be a boundary
effect in addition to the constant acceleration inside the Universe.
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Figure 3. Hubble’s relation of H = 69 km/s/Mpc and intrinsic mean values of supernovae.
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Figure 4. Hubble’s relation of H = 69 km/s/Mpc and intrinsic mean values of supernovae.

6. Concluding Remarks

The geometric for a general isotropic and homogeneous space is known as the Robertson-Walker
metric in cosmology, where the scale of space is the cosmic scale factor. As a result, the cosmic
expansion rate is given in terms of the cosmic scale factor in the Friedmann solution. Lemaitre
assumed it to be a constant, making a connection to the redshift of galaxies. This was subsequently
corroborated by Hubble’s discovery of the redshift-distance relation of galaxies. Their model has thus
been the paradigm of expanding Universe.

However, a real question lies in such a connection. How come the ratio of the cosmic scale factor
to its time rate of change corresponds to that of the distance of galaxies to their velocity? Even so, the
velocity of light is the time rate of change of the distance to galaxies. It is plain that the distance to
galaxies is required for light to observe galaxies. Above all, there is no notion for the light propagation
in the geometric of time and space.® In evaluating the observation of supernovae, indeed, a difference
in time of observations was left out of consideration. Nor is time different in Hubble’s law. In form,
the distance covers the time it takes to observe. Newton’s law defines a gravitational force in terms of
distance between two point masses. In classical physics, such a static force is an example of action
at a distance, implying no difference in time of propagation. The example has led to the retarded
potentials in electrodynamics [37]. Hubble’s law turns out to be another example, redshifts at any
distance. Without intention, Hubble’s law has taken over the static redshift into the observational
cosmology. The physics of Hubble’s law has touched this problem without noticing it.

The physics disputes the paradigm. The expansion or accelerated expansion of the Universe is
only when we see galaxies or supernovae just as they are observed at any distance. We may say so,

In the Schwarzschild solution, we have the components c?goo and gr,dr?, where goo = 1/gr. In the optical approach, I have
shown that they correspond to ¢ /n?(r) and #?(r)d? in the equation for light rays. The form of optical path does not follow
in the components of the Robertson-Walker metric. In content, either, the cosmic scale factor or expansion rate is not a
physical quantity observable at the speed of light but a geometric term.


https://doi.org/10.20944/preprints202405.0225.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2024 d0i:10.20944/preprints202405.0225.v2

9o0f 11

because the cosmological model has induced such conclusions from redshifts observed at any distance.
They were concluded by the model from static redshifts. We must consider the speed at which redshifts
are observed. The speed of light gives a difference in time of observations, which makes it impossible
to observe how the Universe changes. From redshifts at any distance, therefore, we cannot conclude
the expansion or accelerated expansion. We do not know, in fact.” The static redshift, assumed in
Hubble’s law, has been embodying by equating the Hubble constant with the cosmic expansion rate in
the ill-conceived paradigm [38]. We have to rethink of it as the retarded redshift resulting to the speed
of light instead of instantaneously as in electrodynamics.® This requires to use their optical distance in
place of the geometric distance of galaxies or supernovae, in which the Hubble constant corresponds
to a gravitational field of the Universe.
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Appendix A. Additional Notes

Einstein’s explanation of the -y factor as a time scale is based entirely on the Lorentz transformation
equations, which were derived from the condition 22 — x2 = 2#2 — x2. The relation is easily
interpreted as expressing a propagation of starlight as seen in x direction, passing x at t and x’ at t/
from a star on y axis at t = 0. From the Newtonian dynamical perspective, correspondingly, one may
assume a contrasting relation ¢’2t> — x> = ¢2t> — x2. But the meaning seems recondite. Not until I
came to look at the stellar aberration could I find out its physical explanation [26].

The aberration of starlight, observed by J. Bradley in 1727, is written in the form ¢’* — v
This gives ¢’ = 7yc as a relation of the apparent to intrinsic velocities of light, identifying the +y factor
as a velocity scale by the aberration effect. The transformation equation based on the aberration of
starlight gives the relation between ¢’ and ¢, which is just the second relation in Equation (2). In the
form of expression, the aberration effect is equivalent to the Doppler effect. The factor (1 + z) should
be understood as an effect associated with velocity in relation to the 7y factor.

By Einstein’s energy equation, the aberration relation can be written in terms of energy and
momentum: E2/c¢% — p2

2 2 2

= C".

= m?c2. The energy-momentum relation shows their covariance to keep a
reference value, showing a way to use the measured values. In contrast with physical experiments,
observed values have been used without their covariance in evaluating astronomical observations.
They are apparent values. We must make a correction directly to the observed values, for that reason,
if we have to make use of them without their covariant condition. The factor (1 + z) can then be used
inversely to correct the velocity scale, cancelling out the aberration effect. This has been done here for
evaluating the observation of supernovae. It is just like determining the particle velocity as v from a
relativistic velocity of yv measured in high energy physics laboratories.
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