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Abstract:

This article develops a variable-speed-of-light (VSL) cosmology model. VSL has been
used previously in cosmology models, in which either (i) the physical constants vary over
time or (ii) the Lorentz invariance is broken locally. VSL is also allowed in the relative-
velocity-based approach, which is used in the current article to propose a VSL-type
cosmology model. Additionally, the article evaluates the model's potential to match

current cosmological observations.
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I. Introduction

The large number of anomalies in cosmological observations has led to substantial
interest in alternatives to the standard big-bang type cosmology, e.g., [1-5]. These
anomalies, which are challenging to explain using current models, include the large
number of observed spectroscopic binaries with short time periods even though nearby
visual binaries are not seen with such short time periods. Another anomaly is the apparent
lack of time dilation in quasar observations [13]" even though time dilation has been
observed in supernovae (SNe) light curves [12]. Some quasars also appear be closer than
the distance indicated by their spectroscopic redshifts due to potential links with low
redshift galaxies [15] as well as the presence of high-speed ejecta [14]. Finally, in SNe
observations, challenges arise in explaining the farther-dimmer effect [17] as well as in
identifying SNe progenitors [25]. These challenges make cosmology an important arena
for testing the potential and the limitations of new theories in physics.
The main contribution of this article is to propose a Ritz-type, variable-speed-of-

light (VSL) cosmology model based on the following two axioms.

1. [Velocity Axiom] Velocity of the source augments the speed of light

[6,30].

2. [Geometry Axiom] The cosmos is contained in a spherical shell that is

expanding at a constant speed V.
The second axiom allows the kinetic energy to remain constant in a big-bang-type model
without the need to have a size-dependent velocity as in Newtonian cosmology [18]. It is

possible to relax the second axiom to allow for potential reduction in the expansion speed
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V over time due to an increase in the accumulated material as the cosmos expands, or for
a potential increase in speed V due to the addition of a cosmological force; however,
these are not considered in this article. The first axiom, wherein the velocity of the source
augments the speed of light, as in Ritz-type models, is controversial. Several researchers
had suggested investigating astronomical data to test such Ritz-type models — such
astronomical observations (e.g., irregularities in observations of double-star system) that
were initially thought to be contradictory were later found to be consistent [6].
Nevertheless, there remained several challenges such as the inability to (i) explain
Fresnel drag and (ii) the lack of an accompanying electromagnetic theory, which would
require modification of Maxwell's equations. These issues were recently addressed in [8],
which extends Maxwell's equations to enable a Ritz-type VSL. There are two main
changes — (i) the partial time derivative in Maxwell's equations is replaced by the total
time derivative; and (ii) the electromagnetic force depends on the relative velocity
between particles, which is a modification of Weber's approach [9]. The resulting
relative-velocity-based model [8] not only captures relativity effects in optics (such as the
Fresnel drag and transverse Doppler effects) but also explains apparent discrepancies
between predicted and measured energy in: (i) the absorption of high-energy particles in
cloud chambers [10]; and (ii) the average energy determination of the X-ray spectrum
using magnetic fields [11]. Based on these efforts, the current article proposes a Ritz-type

VSL cosmology model.

VSL has been used, previously, in cosmology models [7], where physical
constants (such as the gravitational constant) are allowed to vary over time. The

relationships between the temporal variations of the different physical constants can be



determined to match physical observations such as relativistic electromagnetism. The
current article evaluates the potential for an alternate (Ritz-type VSL) model to match
cosmological observations and explain current anomalies.

The article begins by showing, in Section II, that the proposed Ritz-type
cosmology model can be used to derive the standard Hubble law, and is consistent with
the time dilation seen in current cosmological observations [12]. Then, periodic
photosphere motions are investigated for its effect on VSL cosmology and its ability to
match stellar observations in Section III. Issues in quasar observations such as the
apparent lack of time dilation in quasar light curves [13] even though time dilation has
been observed in supernovae (SNe) light curves [12] are studied in Section 4. The model
is used to also investigate, in Section IV, observations that (i) link some quasars with low
redshift galaxies [14,15]; and (ii) indicate the presence of superluminal ejecta [16].
Consistency of the model with recent farther-dimmer relation [17] in supernovae (SNe)
observations is shown in Section V. The proposed model leads to temporal-and-spatial
distortions in cosmological observations — the impact of such distortions is discussed in
Section VI. Finally, potential large-scale anisotropies, e.g., in the Hubble constant, are

discussed in Section VII, which is followed by the conclusions Section.



I1. Derivation of the Hubble Law

The proposed model can be used to derive the Hubble law as shown below.
A. The model

The current article considers a big-bang-type model where the universe
(containing astrophysical objects) is a uniformly expanding spherical shell (geometry
axiom), which is similar to Newtonian cosmology models, e.g., [18]. However, in
contrast to the Newtonian cosmology model where the expansion speed increases linearly
with the distance from the center [18], the expansion speed is constant in the current
model. Nevertheless, it is shown that even with a constant expansion speed, the Ritz-type
VSL model is consistent the farther-dimmer relation seen in recent SNe-based
observations [17].

Consider light emitted in all directions at the standard speed of light ¢ and
frequency I, by an emittere when it is at the location e, at time t, as shown in Fig. 1.
According to the geometry axiom, the emitter is moving at constant speed V , i.e.,

velocity Vr, with respect to an inertial frame |, at a central position a as shown in Fig.
1, where r, is a fixed, unit vector.

After time It ,, let the light reach an observer 0 at location 0, at time
t, =t + It ,, where the observer is moving at constant velocity Vr, with respect to the
inertial frame |, and r, is a fixed, unit vector. With respect to the emitter inertial frame
|, (moving with the emitter as shown in Fig. 1), during the time interval It ,, light has
traveled a distance d, = d(e,,0,) = c!t,,, i.e., reached a shell of radius d, centered at €,

at time t,.
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FIG. 1. VSL based on reference frame: (left) reference frame at center of cosmological
shell; (middle) reference frame associated with the emitter; and (right) reference frame
associated with the observer. Light emitted from point e, at time t, reaches observer at
Oat time t,, after time At,, =t, —t,. Distances at observation time t, of the emitter and
observer from the center a are d(a,e,)=R and d(a,0,) = R, respectively. Both emitter
and observer are moving away from the center a at constant speed V, =V, =V . Distance

between observer and emitter at emission time t;is d(e,,0,) = d, and at observation time

t, is d(e,,0,)=d,.



The speed c, of the light observed in an inertial frame | on the observer 0 (at
location 0,) is given by

CYy=Vretey!tVr,=Vr, +cyvr, (1)
where y is a fixed unit vector. As in Ritz-type models, the velocity of light ¢ is added to

the velocity of the source v, i.e., c+v, to find the propagation velocity (the velocity

axiom) in the relative-velocity-based approach. Although the proposed approach is
different from the tired-light-type hypothesis, e.g., [1], the current model also results in a

distance-redshift relation that matches the Hubble law as shown below.

The magnitude C, of the observed light velocity can be found using the similar
triangles !(ae,0,) and !(ae,0,), to obtain the following relationship between: (i) the
distance R=d(a,e,)=d(a,0,) from the center a to the observer and emitter at
observation time t,; and (ii) d, = d(e,,0,) the distance between observer and emitter at

the emission time instant t;

d _clt, ¢ R"Vl,

€ — —_— o

= =1"—d, (2)
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where d, =c It , since this initial distance at time t, is covered at speed C,in the
observer frame |,. Note that the observed light speed c, is less than the standard speed
of light ¢ from Eq. (2) since d, ' d_, i.e.,

c, !ec. 3)

0



B. Time dilation, red shift, and energy reduction.

The cosmological expansion and the reduction in observed light speed result in
three effects discussed below: (i) perceived time dilation; (ii) redshift; and (iii) energy

reduction.
1. Perceived time dilation.

The emitter is seen to move away from the observer (in the observer frame of
reference | ) at a speedV, ,described by, from Eq. (1)

V,,y=Vr 1Vr,=(clc,)y. (4)
Consider two photons emitted at time instants t, and t, +t,, which move towards the
observer at speed C;in the observer frame of reference | . During the time interval t,,
the distance d, =d(e,,0,) between the emitter and the observer has increased by V, t,.
Hence the time interval t, between the observations of the two photons (in the observer

frame 1) is given by, from Eq. (4)

d,+V, t -
toz(te-'- e e,oe]_$=|:te+(c Co)te:|_ C t. 5)

CO CO CO ) CO
Therefore, a time interval t,in the emitter frame appears (optically) as a dilated time

interval t; in the observer frame with
I, ©)

since € ! ¢, by Eq. (3). Consequently, events in the emitter frame |, appear (optically) to

occur at a slower rate in the observer frame | leading to a perceived time dilation.



i1. Redshift.

The observed frequency ! is reduced with respect to the emitted frequency I,
due to the Doppler effect. For example, N, = I t, pulses sent at frequency !, in time
t, from the emitter are received at the observer in time t ., as in Eq. (6). Therefore, the

observed frequency ! is, by using Eq. (6)

P ="l 2G5y (7)

which corresponds to a redshift z ! 0 given by

v, -,

L,

e

:&_122_1 (8)
) Co

7=

(o} 0o

that can be rewritten as

147=2. 9)
CO

Moreover, the distance d, in Eq. (2) can be rewritten in terms of the redshift z as

_RC" C%_&ull 1 %_Rcll z %

= 12 11— v=" "¢~ 1
d, vﬁl c b v§ 1+ z& v§1+z& (10)
and the observed frequency in Eq. (7) can be rewritten as
C 1
1 =21 =—1_ 11
o] C e 1+ Z e ( )

Note that the time dilation expression can be written in terms of the red shift as, from

Egs. (6,9)

| o

r(,:; ;te:(lu)te. (12)

o

o

The time dilation of 1+ z is consistent with cosmological observations such as the time



broadening of supernovae (SNe) light curves [12].
ii1. Energy reduction.

The energy of a photon is reduced in the observer inertial frame |, when
compared to the emitter inertial frame I, due to the reduction in the photon frequency
between the two frames, from [ to ! given by Eq. (11). The ratio of perceived
energy E_ (of photons) in the observer frame to the energy E, (of the corresponding

photons) in the emitter frame is given by

)
oM, 1 (13)

where h is the Planck constant. Note that in addition to the change in the observed
energy of the light-quanta due to a reduction of the observed frequency, as in Eq. (13),
the observed energy is reduced by the perceived time dilation, as in Eq. (12), since it
leads to a change in the arrival rate of light-quanta. Hubble suggested both these effects

as corrections in Ref. [19].



C. Luminosity distance and red shift.

Let L, be the total energy of photons emitted frome, per unit time. Then, the
energy L, It emitted in a small time interval It is spread over a shell of radius d,
centered at point €, after time !t,, as in the middle plot of Fig. 1. The resulting energy
per unit surface area E, of this shell (in the emitter inertial frame |,) is given by, from
Eq. (10),

L L

Ee: 62"te: 26 2"te'
41d; 4,#&% # z %
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In this same situation, the energy per unit surface area E observed at 0, in the dilated-

(14)

1+7

time interval !t, (in the observer inertial frame 1) is, from Eqgs. (12-14)
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Then, the observed brightness B, (i.e., energy per unit area per unit time in the observer

inertial frame |, at O, ) is given by

L
B,=—2= e _=__— (16)

where the observed luminosity distance d, increases linearly with the redshift z as
R
d =—cz=(H")cz, 17
c=yez=(H") (a7

which can be re-written as (the Hubble law)

V,

apparent

=cz=Hd, (18)



with V. being the apparent speed away from the observer (based on the redshift z)

apparent

and
1%4
H==— 19
R (19)

is the Hubble constant.
C. Relation between the different distances.

The model yields the expected relation between angular distance, proper distance

and the observed luminosity distance d, , as described below. In the observer inertial

frame |, the emission is initiated at distance d,— although the emitter is then seen to
move away at speed (C ! Co). Therefore, the angle ! of the emitter in the sky and the

perceived size S, are related to the angular distance d, as S, =!,d,. The distance d,

between the emitter and observer at the observation time is considered as the proper

distance at the time of observation. The luminosity distance d, and the proper distance

d, are related as, from Eqs. (10, 17)

Rc 1 1 d
d =— —% =—L 20
R B (20)
The angular distance d,and the proper distance d, are related as, from Eqgs. (2, 9)
g =Cq =" 1)
c 1+7

resulting in the following relation between the luminosity distance d, , the proper
distance d,, and the angular distance d,

d, =(1+2)d, =(1+2)*d (22)

e



II1. Effect of VSL on Stellar Observations

The time dilation is affected by the speed and radius of the photosphere; the

associated distortion of the light curves from nearby stars is studied in this section.
A. Periodic photosphere motion.

Consider a nearby star at distance d,, for which cosmological expansion effects (such as

time dilation) are negligible. This allows the following analysis to focus on just the effect

of the velocity addition on the speed of light. Let the motion of the photosphere be

periodic and continuous, and consider one time period, i.e., time interval $t,;,t,; + T #

where T, is time period of the photosphere motion. For any time instant

t=t, +t, Tyt .t +Tp% , 1.e., for the shifted emission time t, = (t —teyi)e [O,Tp] , let the
acceleration a, (te) =cl , (te) of the photosphere be given by I ) (tg) =/, (te)+ C, where
/, (te) is a periodic function with time period T in the emitter frame I,. Note that the

functions are described in terms of the shifted, emission time t,. The constant C, is

chosen such that the speed v, = ¢! of the photosphere is periodic, and continuous at the

endpoints of the time intervalt, ! ;O,Tp% ,e.8.,

Vp (Tp) 1 Yp (0) =" (T ) e (0) = '!'p (te)dte = TpCa +§;fp (tE)dte =0. (23)

o =

Moreover, the initial velocity Vp(O) is chosen to ensure that the radial photosphere

position r,(t,) is periodic, and continuous at the endpoints of the time

intervalt, 10,7 §,e.g.,



o (Tp) I o (O) :T#p " (te)dte =0. (24)

An example photosphere trajectory is shown in Fig. 2.



X10

N

Acceleration (m/s 2)
o

|
N

Velocity (m/s)
[E=Y
o (e)

|
[y
o

X 10

N

Position (m )

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Emitter time (te/ Tp)

|
N

o

FIG. 2. Example periodic photosphere motion for emitter time t, ¥[0,T ]. The
acceleration varies linearly in the normalized time intervals t,/T  ¥[0.28,0.3) and
t, /T, 1[0.3,0.32), and is constant elsewhere. Specific values of the acceleration are

a,=24110°m/s’att,/T,=0 and a, =-1.2110° m/s® at t,/T, = 0.3.



B. Observation and emission time intervals.

Consider two photons emitted at time instants t =t.; and t =t ; +t,, which move
towards the observer at speeds €+ C!p(O) and c+ C!p(te), respectively, in the emitter
frame |, . Let the photons reach an observer 0 (at a distanced, , ) at the two time instants

t=t,, and t =t ; +t,, respectively, where

0,i el Y ( )’ (2f)
' C t C")(O)

0,i o] e, e ' ( )’ (26)
' ' C t C”p(te)

and the shifted observer time t, = (t ! to,i) can be found by subtracting the above two

expressions as

f o= ot4 de’00 | | &13# rt) , O &

° ° ¢C $1+ 1(t) 1+ _,p(O)S c§1+ 1) 1+ _lp(o)§
(27)

- t " de,o " te)" !D(O) " 10# rp(te) " rP(O) &

o !
o g (L) (0 cgl+ L) T+,
For periodic emissions (with period T,, which is assumed to be large compared to the

time for light to travel across the photosphere radius, i.e., r,/c) and for small

photosphere speeds (i.e., small ! ), the above Eq. (27) can be simplified to

I (ﬁp,maxde,o]{ﬁp(e)—ﬁ,,(o)}
’ c ch ﬁp’max

(28)
t -TT
r |: ﬂp,max



where ¢! corresponds to the maximum absolute value of the photosphere speed.

p,max
Without photosphere motion, the observation and emission time intervals would be equal,

ie, t, =t . However, for the same emission time interval t,, the observation time

interval t; is smaller if the photosphere speed ! is larger since it takes less time for the

emission to travel the distance d, .

For example, the observation and emission time intervals t and t,, as in Eq. (28), are

compared in Fig. 3 for the photosphere motion in Fig. 2. The parameter ! in Eq. (28) is

p

chosen to be 1 =4"10™, which corresponds to a time period T, of 10 days, distance
d of 100 parsecs, and maximum (absolute) photosphere speed of v, =10 m/s. Note that
other combinations of these terms can also lead to the same parameter ! value. The
observation and emission time intervals t and t, are similar. Therefore, for clarity, one

of the curves (to/ Tp) is displaced upwards in the top plot of Fig. 3. Moreover, the

difference (to ! te)/ T, is shown in the bottom plot in Fig. 3.
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FIG. 3. Comparison of normalized, observation time interval(to / Tp) in Eq. (28) with

parameter !p =4'"10", and normalized, emission time interval (te/ Tp) for the

photosphere motion in Fig. 2.



C. Brightness variation follows photosphere acceleration.

If the energy-emission rate from the star were constant, then without photosphere
motion, the observed brightness B, would be uniform, i.e., B, (to) = B". However, with
photosphere motion, photons that are emitted in evenly spaced intervals of time will not
be observed in evenly spaced intervals of time due to changes in the time t, between

observations as quantified in Eq. (28). The variation in the observed brightness is
numerically evaluated by discretizing the emission times into small intervals, and
mapping the emitted photons into discretized observation time intervals. The resulting

observed brightness B, with and without photosphere motion, is compared shown in
Fig. 4.

With a small photosphere motion, the variation of the observed brightness B, (in
Fig. 4) has a similar trend as the photosphere acceleration a, (in Fig. 2). To clarify this,
photons observed during a small time interval !t around the shifted, observation time t,
could be related to those from the associated emission time interval !t, as, from Eq. (28)

. | _| - LT, |45,
A, = o (te)}Ate = lil—[ﬂp’m} ” (IE):lAte

e

i b_lfi:]%h)}mz[k(%%}bhﬂAy

Hence, the observed brightness, with photosphere motion, is related to the observed

(29)

brightness B” without photosphere motion through

&@J=W!$=B* , (30)




where the shifted observation and emission times t,and t, are related by Eq. (28). In the

logarithmic scale, for sufficiently small photosphere motions, i.e., sufficiently small

acceleration a,,
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which results in

log, [ B, ét)} _ Ln(IIO) (%ﬂap (t.)e<a, (t,). (32)

Thus, the variation in the observed brightness log,, 4B, (t0)§ (i.e., the light curve) reflects

the photosphere acceleration when the photosphere motion is small and slowly varying.
This similarity in the observed light curves is seen in Fig. 4, which compares the
numerically computed brightness (for the example photosphere motion) and the limit

case in Eq. (32) for small, sufficiently-slowly-varying, photosphere motions.
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Other types of photosphere acceleration (e.g., sinusoidal) are possible. The
possible set of acceleration time patterns depends on the type of photosphere vibrations
and the stellar dynamics. The difference between the shifted observation and emission
times, t,and t,, increases with the parameter ! in Eq. (28). Hence, the brightness

variation can change substantially from the limit case, in Eq. (32). To illustrate, the

parameter ! is increased from ! = 410" to I =4 and the resulting brightness

variation (light curves) over a time period is shown in Fig. 5, which has similar patterns

to typical light curves of binary stars.
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D. Photosphere vibration and apparent binaries.

Different regions of the photosphere vibrations can have out-of-phase radial

velocities, e.g., v, and v  at the same time instant (say, t,;). Note that such out-of-

phase, radial velocities readily occur in flexural vibrational modes of thin shells — these
flexural modes can have lower associated resonance frequencies than the totally
symmetric breathing (fundamental) mode of vibration [20]. Consequently, photons

emitted from these regions (at t,; ) will arrive at the observer at different time instants, as

in Egs. (25,26)

tOI+ — tel + deo rp (0)’ (33)
c+c”y(0)
(o=t 4O r,(t) (34)

This leads to a time shift (t;;, !t ;, ) between the observed light from these two regions

0,i!
as illustrated in Fig. 6. The photon energy observed from each region can be different,
and depend on the relative size (and energy-emission rate) of each region. Since light
from both regions are observed simultaneously, the total light curve can show periodic
changes that appear like binary systems. Moreover, two periodically-varying, apparent
velocities (red shifts) will be observed as shown in Fig. 6 since the velocities (redshifts)
of each region will be different. Such effects could account for large numbers of observed
spectroscopic binaries with short time periods (associated with photosphere vibrations)

even though visual binaries tend to have substantially larger, time periods.
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Intermediate regions between the major vibrational regions will distort the simple
addition of the two shifted light curves in Fig. 6. This distortion will depend on the
relative size (and energy-emission rate) of the major and intermediate regions. Moreover,
the spread of redshifts could lead a time-varying thickening of the spectrum bands rather
than generating discrete values in the spectrum as in the above example. Higher-order
vibrational modes can lead to multiple regions with substantially different phase. This
can lead to more than two, shifted, light curves being observed simultaneously resulting
in apparent multiple-star systems. These issues are not considered in this study, for
simplicity. Nevertheless, the proposed Ritz-type model indicates that photosphere

vibration can lead to observations that appear to be from binary or multi-star systems.

IV. Quasar Distance and Time Dilation

In this section, the cosmological expansion effect (that was neglected in the
previous section, which studied nearby stars) is included when computing the time
between emission and observation. The results are used to generate potential explanations
for the apparent lack of time dilation in quasar light curves [13], as well as the

observational links between quasars and nearby-galaxies [14, 15].

A. Time-dilation expression.

Consider the case when a photon is emitted by a moving photosphere, which is
considered to be spherical about the emitter € as in Fig. 1. Let two photons be emitted at

time instants t, =t,; and t,, =t.; +t,, which reach the observer 0 at time instants t

e, e’

and t,, respectively. Since the center of the emitter is moving with speed (¢! c,) away



from the observer due to cosmological expansion, in Eq. (4), during the emission time-

interval t, =t,, !t , the initial distance d(e,,0,) (between the centers of the emitter and

the observer) has increased by V, f, :(c ! co)te to the final distance d(e,,0,), as

illustrated in Fig. 7. Moreover, let the radius of the photosphere, at the two emission

instants, be r, =r, (tel) and r,=r, (tez) with expansion rates ¢!, =c/!, (tel) and
cl,=c! p(tez). Consequently, the photons emitted at time instants t,, and t,, move

towards the observer at speeds v, =c,+cf, and v, =Cc +cC/t,.

L de0) !,

=t pra— (35)
1 1 C,+C N
d(e,,0,)+(ctc/)t. Ir
=t S0t Ot a)t e (36)
C,tcC b2
Therefore, the time interval t; between observations is (provided t;, 't )
1 1 1
W) =t = e ralt s G0
Co +C p2 Co +C pl
# 11 n d(e 'O ) &
£ (11¢,/c) & ( 2 ! pl) ; o
= t. W1+ e Ly P v (
% (CO/C+ pz)( %(Co/c-l- pZ)(Co/C+ pl)( (37)

# r H r )
%i"%; i"l/
1 1

which is similar to the expression in Eq. (27) for the case without cosmological
expansion in the previous section. The main difference between the two cases is in the
first term, where an additional expression is present in Eq. (37) for the case with

cosmological expansion. This additional term tends to zero when the cosmological



redshift is small. Moreover, the observation interval t, becomes substantially large as the
distance d(e;,0,) increases and the second term in Eq. (37) dominates the expression —
even for a small change in the photosphere speed over the emission interval t,. Large
changes in the observation time interval can lead to redistributions of the light curve over
the time period that can appear to be chaotic — similar advent of chaos has been studied in
stellar dynamics, e.g., [21].

The relation between emission and observation intervals in Eq. (37) can be

rewritten in terms of the cosmological redshift z using Egs. (2,9,10,19) as

C ()R
to(te) tegl"' (1+ '@+ Z))&(£(1+ I+ z))(1+ r,a+ Z))&
;irp%l(uz) lrpl/cl(lﬂ)ﬂéo (38)

($(1+ 1,,(1+2) ((1+ 1,+2))"
# 4

Note that the second term in Eq. (38) relates to the speed variations in the photosphere
and the third term includes radii variations of the photosphere. The time dilation
expression in Eq. (38) collapses to the expression t0:(1+ z)te in Eq. (12) if the

photosphere radius is not varying, i.e., I, =T, and the speeds !, and !, are zero.

B. Periodic pulse emissions.

Consider the case, when emissions are periodic pulses occurring when the

photosphere has a specific speed ¢! and radius r

, - This could occur, for example, if the

emission accompanies (periodic) collapses of the stellar system. Then, the relation in Eq.

(38) between the emission and observation time intervals t, and t reduces to



t—t;1+ 2} (39)
©ty 1+ (1+z)g

where z is the cosmological redshift. Note that this expression for time dilation in Eq.
(39) is similar to that in Eq. (12) — the difference is the additional effect of the

photosphere speed (i.e., !,) at the instant the pulses are emitted in Eq. (39).
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FIG. 7. Light emitted from point e, at time t,, and from point e, at time t,, =t +t,. The

position of the photosphere is r,; and r,, away from the emitter center (towards the
observer) and the corresponding speeds of the photosphere are ¢!, and c! . The

relative speed V, of the emitter € with respect to the observer 0 is (C ! Co). In the

reference frame of the observer |, in which the location of the observer is fixed, i.e.,

0,=0,.



C. Spectroscopic versus cosmological redshift.

The time dilation can be expressed in terms of the measured spectroscopic

redshift (that includes the effect of photosphere motion, ie., !, " 0) rather than the

cosmological redshift z in Eq. (9) due to cosmological expansion alone without

photosphere motion, i.e., f, =0. Towards this, the cosmological redshift z is compared

with the spectroscopic redshift z_ that is given by, similar to Eq. (9)

c

1+z, = : 40
= rer (40)

provided
¢, +tclr >0, 41)

which is important to ensure that emitted photons have a positive speed towards (and

reach) the observer. The spectroscopic redshift z, can be related to the cosmological

redshift z by using Eq. (9) as

14z, = (“2)
1
4+ _I
1+z °°P
which can be rewritten as
1+z
(1+ z)=—( ) (43)

11 (1+2,)
The spectroscopic redshift z, approaches infinity as the cosmological redshift z reaches
a critical value z, and the net speed of photons tends to zero. In particular, for photons to

reach an observer, Eq. 41 should be satisfied, which also implies that the denominator of

Eq. (42) should remain positive, i.e.,



(1+2)1,>"1 (44)

yielding an expression for the critical redshift z, for a collapsing photosphere ( I < O) as
7<zg 2‘—‘"1 i 1,<0. (45)

D. Distance to quasars.
When the photosphere speed is small, I *" 0, the spectroscopic redshift z

approaches the cosmological redshift z as seen in Eq. (42). However, the spectroscopic

redshift z, can be large compared to the cosmological redshift z when z ¥ z_ as

illustrated in Fig. 8. Therefore, the Hubble law in Eq. (18) would indicate that an object is

substantially further away if the spectroscopic redshift z, is used instead of the

cosmological redshift z. In other words, high spectroscopically-redshifted quasars might
be nearer than previously thought, which could explain, e.g., the quasar redshift-distance
anomalies such as potential links between high-(spectroscopic)-redshift quasars and
lower-redshift galaxies [14, 15]. If the distance is not as large as thought, then it is
possible that ejecta observations at superluminal speeds [16] might be traveling at much
smaller speeds — although, the model presented here does not preclude superluminal

speeds.
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FIG. 8. Spectroscopic z, versus cosmological z redshift with an example photosphere
speed of v, =10.9c (I, ="0.9). This can lead to erroneous distance (and age) estimates
from the Hubble law in Eq. (18) if the spectroscopic redshift z_ is used instead of the

cosmological redshift z.



E. Quasar time dilation.

The time-dilation relation in Eq. (39) between the emission and observation time

intervals t, and t, can be expressed in terms of the spectroscopic redshift z; as

#zs+!p(1+zs)&
t, 0é{’l"!p(1+zs)§_ ,
T ) “

&
pl+ ———"=
),

Therefore, the time dilation is different by (1+ !p) when compared to the standard

expression obtained by replacing the cosmological redshift z in Eq. (12) by the

spectroscopic redshift z, i.e.,

)

e

Thus, for a collapsing system, with large negative photosphere speeds, e.g., I, ="0.9,

the actual time dilation from Eq. (46) can be substantially lower than the time dilation
predicted by the standard expression in Eq. (47) as seen in Fig. 9. This could explain
recent analysis that appears to indicate that quasars do not show anticipated time dilation
effects even with substantial spectroscopic redshifts [13].

Emissions from quasar can have time dependency, which is different from the
periodic pulses considered in the above analysis. Additionally, variations in the
photosphere speeds can lead to more complex light curves (being observed) due to
variations in the time dilation as predicted by Eq. (38) — these are not considered here for
simplicity. Nevertheless, the above analysis shows the potential of the proposed model to

account for the absence of time dilation in quasar light curves [13]. Moreover, the



difference between the spectroscopic redshift z, and cosmological redshift z in the
proposed model could explain the anomaly between smaller apparent distance (due to
potential links to low redshift galaxies as well as the presence of superluminal ejecta) and

large quasar (spectroscopic) redshifts [14-16].

50 : .
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FIG. 9. Comparison of time-dilation predictions. Time dilation predictions (solid line)
based on the spectroscopic redshift z as in Eq. (47) can be substantially higher than the
time-dilation (dotted line) based on the proposed model in Eq. (46). The difference

depends on the photosphere speed, which is v, =10.9¢c (I, ="0.9) for this plot.



V. Consistency with Farther-Dimmer Effect

The effect of photosphere-speed variation is evaluated as a potential explanation

of the farther-dimmer effect in supernovae observations [17].

A. Effect of speed variation on time dilation.

Consider the case when the photosphere speed ¢! varies slightly over the time

p

interval t, . Then, the observed time dilation expression in Eq. (38) can be simplified, by

setting ! =1, I, =1 +"1t, and B,- B, =at, where I is the normalized

photosphere acceleration. The overall photosphere changes are assumed to be small, i.e.,

1+ B, (1+2) =1+ B, (1+2) =1+ B, (1+2), (48)

and r, ''r,+c"t, toobtain

pre?
fput £ 4 L 0
TS 1+zY1+ % (1+2)
) e
j p /

(49)

B. Modified Hubble law.

Substituting the modified time-dilation expression in Eq. (49) into the derivation

of the observed brightness, i.e., in Eq. (15), the observed brightness of supernovae By,

i.e., B,in Eq. (16), can be rewritten as

BSN: 2 2 -1 20
471(&) ( < j (l+Z)|:l—( £ j o, } 4”(dL:SN)
v ) L1+z 1+2)1+B,(1+2)

with the following modified Hubble law in Eq. (18) for supernovae observations due to



changes in the photosphere speed (represented by the term ! )

1 ( Z j o H™
Rc 1+2 )1+ B,(1+2)
dL,SN = A ’
Vv 1+B,(1+2)

(1)

where d_g, is the luminosity distance for supernova observations. For small photosphere

speeds (e.g., !, =0.033 [22]), the above expression can be simplified, further, to

Rc “
doon ! v \/ §1+2() (52)

C. Farther dimmer with decelerating photosphere.
If the photosphere acceleration is negative (! o < 0) , then, the time dilation in Eq.

(49) is increased — this results in an increase in the luminosity distance, e.g., in Eq. (52).
This offers a potential explanation of the farther-dimmer effect [17], as discussed below.
Based on the Hubble law in Eq. (18), the variation of the observed (normalized)

blue-band maximum [ from supernova (Type 1a) observations as a function of the host-
galaxy redshift can be expressed in terms of the luminosity distance d, (or, rather, the

redshift z) as

U = K +510g10# dL; Kg +5log,[z]. (53)

where Kgis a constant. This does not match the observed data from the Supernova

Cosmology Project (SCP) [23] as shown in Fig. 10 — leading to the possibility of an

accelerating universe.






With the proposed model, the variation of observed maximum light can be

expressed in terms of the luminosity distance d, ¢ as, from Eq. (51)

s
1+z)1+B,(1+2)

\%4
=K, + — =K, + , 54
Hp = K, 510g10|:RCdL,SN:| K, +5log, |z 1+ﬁp (1+Z) (54)
which reduces to, at small photosphere speeds, I, " 0,
Z 0 %
ty(z)= K, +5log,| z l-——a,H . (55)
b4

The parameters K, =43.13 and ! H "1 ="3.18 were estimated by minimizing the least
square error between the model's prediction from Eq. (54) and the observed data
(Ngep =307 pairs of blue-band maximum p,, and redshift z; with index i =1,..., Ny, )
from the Supernova Cosmology Project (SCP) [23] at an example photosphere speed of

!,=0.033 [22]. The residual error Ey,; between the observed blue-band maximum

My and the predictions L (z;) from Eq. (55) at the observed redshift z; is defined as

Egcp; = Up,; ! ‘uB(Zi)' (56)
The error norm Eg;,

N, SCP

ESCP = 214 [ESCP,i :'2 ’ (57)

over all observations is plotted for different values of Ky and I H™ in Fig. 11. The

central ellipse in Fig. 11 represents the minimum of the error norm Eg,, which led to

parameter estimates of K =43.13and I H™="3.18. The resulting residual error



Escp; as in Eq. (56), shown in Fig. 11, has low correlation with the redshift — the
correlation R 4. between the residual error Eg,; and the redshift z; is
R = 10.0173 with a 95% confidence interval (10.1290,0.0948). Thus, the proposed

model can account for the farther-dimmer relationship in supernova observations [17],

without an accelerating universe.

Residual
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Figure 11: Left: error norm Eg, from Eq. (57) for different model parameters K, and
I H ~ from Eq. (55). The central ellipse in Fig. 11 represents the minimum of the error
norm Eg,, which led to parameter estimates of K, =43.13 and I H™ ="3.18. Right:
the resulting residual error Eg.p; in Eq. (56) has low correlation, R ., = 10.0173, with

redshift z,.



VI. Temporal and Spatial Distortions

Variations in the speed of photons can cause temporal and spatial distortions in
astronomical observations. Such distortions are discussed below for two cases: (i)
temporal distortion in SNe light curves; and (ii) spatial distortion of mass distribution in

galaxies.
A. Temporal distortion in SNe light curves.

An aspect of the proposed model is the potential for apparent time reversal. In the
previous Section V.C, deceleration of the photosphere was shown to result in different
photon speeds, which in turn, causes additional time dilation. A similar effect is possible,
even with an accelerating photosphere due to apparent time reversal. In particular, a

photon emitted at time t,, could be observed earlier than a photon emitted earlier at time
t, <t.,. Let the corresponding observation times be t, (photon emitted earlier) and

t, with t; >t , as in Eq. (36). In this case, the time interval t between observations is,

reversing the observation time intervals t, and t, in Eq. (37),

1 1 1
to(te) TR d(el,01)+(c ! co)te 'r, . d(e,o)!r,

e

Co + C”pZ Co + C”pl
BN PTG
- It %1+ T " v (
% (Co/C+ pz)( %(Co/c-l- pz)(co/C+ pl)( (58)
AN
+y

#(co/c+ ") (ca/ct )

which can be positive t, (te) >0 with an accelerating photosphere provided the second

term in Eq. (58) is positive and dominates the other two terms in Eq. (58), i.e., the speed



of the later photon !, is greater than the speed !, of the earlier photon, there is

sufficient travel distance d(e;,0,) for the later photon to overtake the earlier photon, and
there is no interference between the photons.

The apparent time reversal can lead to SNe light with the highest photosphere
speeds to be observed first, with a continuous decrease in the observed photosphere speed
over time — such a reduction in photosphere speed is present in current SNe observations
[22]. Moreover, if the photosphere was accelerating during the explosion, the apparent
time reversal can lead to apparent reversal in the direction of the observed shock waves,
i.e., they might appear to propagate backwards towards the supernova center. Further
study is needed to evaluate if the reverse shock waves, seen in some of the SNe remnants
[24], could be caused by such an effect. Finally, apparent time reversal also implies that
light from the host galaxy (which might not have the large photosphere velocities as SNe)
travel at a slower speed when compared to the associated SNe. Consequently, the light
from the host galaxy (observed at the same time as the SNe) can be much older than the
SNe. This difference in age (between SNe and their host galaxies) could account for the

difficulty in identifying SNe progenitors [25].

B. Spatial distortion of astronomical structures.

Variations in the arrival speed (of photons) can lead to distortions in the observed
mass distribution of astronomical structures such as galaxies. If not accounted for,
apparent spatial distortions can raise challenges in modeling the dynamics of observed
physical phenomena such as the rotational dynamics of galaxies, which are dependent on

the mass distribution. To illustrate, consider an astronomical structure, illustrated by the



disc in Fig. 12 that is rotating about an axis EO that passes through the disc center E
and is perpendicular to the disc. Consider light emitted from a point A on the disc, which
is at a distance r = d(E, A) from the disc center E with tangential speed V, (r) =c/, (r)
Let the observer be at location O, where the distance d = d(E,O) is large compared to
the radius r, which allows the approximation d(A,O) !'d. Then, the time t(r) for a
photon to travel to the observer at O is given by
t(r) _ d(A,0) _ d(A,0) . d

G e fign(F orgn

where cosmological expansion effects are neglected in the relative speed of light ¢,. The

(39)

difference between the travel times for emission from the center E and the emission

from the point A is given by

1-y1- ’
At(r)=t(r)-t(0) = - _%zg [ﬁG(r)z] (60)
ey1-[8,(r)] 1=[,(1)]
The above expression can be simplified, for small tangential speeds (! . (r) " 0), as
At(r):g M . (61)

c 2

Note that the travel-time difference can be a function of the radial distance r from the

center E, which can imply different angular rotations !(r) before an emission reaches
the observer. In particular, if the angular rotation rate f(r) at each radius r is assumed

to remain constant, then the time difference in Eq. (61) corresponds to a rotation angle

I(r) given by



= -4%,(r)(- (62)

If, for example, the disc rotates as a rigid body at a constant angular rate f, then the
tangential speed is given by

ct (r)=r" (63)
and the corresponding angular rotation [ (r) during the travel time difference !t(r) is
given by

!(r):%gr

~ior (64)

Therefore, a straight line along the radius of the disc (e.g., EA ) will appear to be a spiral
due to increasing travel times for emissions along the length EA — as illustrated in Fig.
12. Such spatial distortion in observations needs to be corrected before studying the
rotational dynamics since it can affect the mass distribution in the disc, and therefore, can
affect the gravitational analysis. Similar spatial distortion can also occur along other
directions such as the radial direction, e.g., in the presence of varying radial speeds if the

disc collapses or expands, which will require further investigation.



Emitter (A) and observer (O) Relative velocity Observed spiral (dotted)

Figure 12: Spiral spatial distortion. Travel times for emissions from A on a disc at radial
distance r from the disc center E can vary with the radial distance d as in Eq. (59) —

this can lead to the straight segment EA appearing as a spiral when observed at O .



VII. The Geometry Axiom

The spherical-shell geometry axiom allows for the total kinetic energy to be
constant while satisfying momentum conservation. The implications and potential

relaxation of this axiom are discussed below.
A. Peculiar velocities.

The expansion rate is simplified to be a constant V (which maintains a constant
kinetic energy) in the proposed cosmology model in contrast to a radial-distance-
dependent speed variation as in Newtonian cosmology, e.g., [18]. Nevertheless, a small
expansion-rate variation across the thickness of the shell could be included in the
proposed cosmology model. For example, components on the outside of the shell will
have a net gravitational force towards the center of the shell — in contrast, there would be
no such force on components on the inside of the shell. Therefore the speed V of the
outer components in the shell (farther away from the center) is expected to reduce with
respect to the inner components in the shell that are nearer to its center. Therefore, the
inner components of the shell might appear to be attracted towards the outside
components, which could explain observations such as peculiar velocities of galaxy

clusters [26].
B. Anisotropy in cosmic microwave background radiation.

The spherical shell geometry leads to variation between the radial and tangential
directions. Moreover, even within the radial direction, there is anisotropy between the
directions towards the center and away from the center. This should lead to anisotropy in
observations such as the measured Hubble constant in different directions and in

observations of the cosmic microwave background (CMB) radiation. Although, some



anisotropies have been reported in measurements of: (i) the Hubble constant, e.g., [27],
and (ii) CMB radiation (e.g., quadrupole and octopole alignment [28, 29]), further study
is needed to check if such anisotropies are consistent with the proposed cosmology

model.
C. Other geometries.

If anisotropies in cosmological observations are not observed, then the proposed
cosmology model can be considered without the spherical-shell geometry axiom. In this
case, the Hubble law cannot be derived as in Section II under the proposed model.
Therefore, the expansion of the cosmos should be considered as an axiom, as in current
cosmology models. Nevertheless, the other results of the model, such as the explanation
of apparent binaries in Section III, the farther-dimmer effect in Section V, and the

temporal-and-spatial distortions in Section VI, would still be viable.

VIII. Conclusions

This article developed a Ritz-type, variable-speed-of-light (VSL) cosmology
model, and evaluated its potential to match current cosmological observations. It was
shown that the proposed model could explain some of the anomalies in current
cosmological observations. Additional work is needed to evaluate potential variations in
the Hubble constant and anisotropies in the cosmic microwave background radiation due
to differences between the radial and tangential directions in the spherical shell geometry

to, both, test and potentially refine the model.
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