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Abstract

We show that the FLRW metric, modified to include interrelated variation in the speed
of light and gravitational constants, leads to Friedmann equations containing terms that
behave like dark matter and dark energy without the cosmological constant. When we
permit tired light (TL) to contribute to the redshift due to the expanding universe, thus
defined by covarying coupling constants (CCCs), the resulting CCC+TL model has a critical
density that is just enough to account for the baryon matter in the universe. The CCC+TL
cosmology model is consistent with all of the observations that we had the time and the
resources to study, including BAOs (baryon acoustic oscillations), the CMB (cosmic mi-
crowave background) sound horizon angular size, the time dilation effect, galaxy formation
time scales at cosmic dawn, galaxy rotation curves, gravitational lensing, galaxy cluster and
ultra-faint dwarf galaxy dynamics, and the mass, size, density, and luminosity evolution of
galaxies. We briefly review them in this paper. Additionally, the new model does not suffer
from the coincidence problem of the ACDM model and complies with the recent DESI
findings of an increasing dark energy density with redshift. We present the fundamentals
of the CCC+TL model and discuss its applications to some decisive observations. We
have considered temporal variation in the constant for cosmological studies and their
spherically symmetric variation in astrophysical situations. We conclude that the illusion
of dark matter and dark energy in cosmological and astrophysical observations originates
from CCC.

Keywords: dark energy; dark matter; Dirac cosmology; tired light; varying coupling constants

1. Introduction

Dark matter and dark energy are the foundational pillars of the most accepted cosmol-
ogy, that of the Lambda Cold Dark Matter (ACDM). The concept of dark matter originated
from the observation of the dynamics of stars in galaxies and the dynamics of galaxies
in galaxy clusters. It was found that the mass of the visible matter was too small to keep
the objects gravitationally bound to the mass structures studied, leading to the conclusion
that there must be invisible matter, i.e., dark matter, providing the required additional
gravitational force [1-3]. The concept of dark energy has its origin in Einstein’s equations
of general relativity, where Einstein [4] introduced the A constant to prevent the universe
from collapsing under the gravitational pull of matter and to be compliant with the per-
fect cosmological principle—the universe is the same for all observers everywhere in the
universe and at all times. It was abandoned by Einstein and others but was reintroduced
after it was noticed by studying the luminosity—distance-redshift relations of type 1a super-
novae standard candles that the universe expansion rate was accelerating [5,6], rather than
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decelerating as expected prior to the launch of the Hubble Space Telescope in the 1990s.
We may thus consider that the Hubble Space Telescope was pivotal in the development of
modern cosmology, specifically the ACDM model. In this model, the matter density turned
out to be many times greater than the baryon density following observations and thus it
was considered the cosmological evidence of dark matter.

The origins of dark matter and dark energy remain elusive even today. The most
prevalent idea for the origin dark matter is that it comprises elementary particles that do not
interact with normal matter and radiation, except gravitationally. Other ideas are based on
modifying the Newtonian [7] and general relativity theories of gravitation, as well as that
of evolutionary coupling constants [8], to account for the observations attributed to dark
matter. Milgrom’s concept of modified Newtonian dynamics (MOND), the most studied
alternative to dark matter, has recently been reviewed by Desmond [9] for its successes and
failures in various astrophysical applications.

Other such theories that are replacing dark matter and dark energy include the rela-
tivistic generalization of MOND in the form of tensor-vector-scalar gravity (TeVeS) [10],
f(R) gravity [11], negative mass, dark fluid [12], entropic gravity [13], the dark dimension
(e.g., [14]), retarded gravity (e.g., [15,16]), and others (e.g., [17,18]). The criticism that such
theories are not in compliance with the CMB anisotropy and matter power spectra observa-
tions has been refuted by Skordis and Zto$nik [19]. Roberts et al. [20] used the gravothermal
collapse of self-interacting dark matter to explain several galaxy rotation curves that were
considered outliers in earlier studies. Mistele et al. [21] analyzed the gravitational potentials
derived from gravitational lensing of isolated galaxies, that imply rotation curves remain
flat up to a few hundred kpc [22]. They showed that such curves may extend to the Mpc
scale. These findings may imply that the galaxy halo is in thermal equilibrium even at
larger radii, where particles do not have time to relax [23]. The universality of dark matter
has been challenged by a new class of dark matter-free dwarf galaxies, raising concerns
about galaxy formation models within the ACDM paradigm [24].

It is worth considering the f(R) gravity theory a little further. In exploring alternatives
to dark matter and dark energy, recent tests of modified gravity using astrometric data
provide valuable insight. Jovanovic et al. [25] showed that f(R) gravity can reproduce the
Fundamental Plane of elliptical galaxies without invoking dark matter, illustrating the
capacity of such models to account for galactic dynamics through geometric modifications
of gravity. More recently, Jovanovic et al. [26] extended this framework to spiral systems,
successfully recovering the baryonic Tully—Fisher relation under the same theoretical
assumptions. In a broader context, “The CosmoVerse White Paper’ [27] discussed the
ongoing observational tensions in ACDM cosmology, examining how systematic effects
and extensions to fundamental physics may reconcile these discrepancies. Collectively,
these works highlight the importance of empirical tests of modified gravity across multiple
astrophysical regimes for reassessing the standard cosmological paradigm.

The origin of dark energy is considered to be associated with the concept of vacuum
energy from quantum field theory, except for the fact that the two differ hugely in their
magnitude. Many alternatives to it have also been suggested, such as modified theories
of gravity (e.g., [28-30]; [31]—review), the black holes effect (e.g., [32-37]), string theory
(e.g., [38,39]), and evolutionary coupling constants (e.g., [40,41]).

Since extensive literature exists on the theories and observations related to dark matter
and dark energy, we will refrain from covering the subject further. Instead, we will focus,
in this work, on studying the interrelated evolution of coupling constants, i.e., the concept
of covarying coupling constants, and how they manifest as dark matter and dark energy in
cosmological and astrophysical observations. Essentially, we present a case for dark matter
and dark energy originating from the covarying coupling constants in the generalized
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Dirac cosmology (e.g., [42—44])—Dirac conceptualized the variation in gravitational and
fine-structure constants with cosmic expansion based on his large number hypothesis [45]
and Gupta [46] generalized it to all the constants, as reasoned by Uzan [47].

Our focus in this paper is to show how our work in cosmology and astrophysics to
date presents a case for CCCs to be the origin for dark matter and dark energy. Thus, this
paper is not intended to review our earlier published work in any detail; it just provides
their snippets with citations and presents some new results. To keep our focus, we heavily
rely on our earlier work through citations and avoid distraction by minimizing details
already provided in such citations. The current section is followed by Section 2 presenting
CCC phenomenology, Section 3 evaluating its cosmological test, Section 4 assessing its
astrophysical test, Section 5 discussing the findings of the paper, and Section 6 narrating
the conclusions.

2. CCC Phenomenology

The premise of this study is the idea that if fundamental coupling constants evolve,
they do so interdependently via a shared dimensionless function, f (). Based on local energy
conservation principles in stellar explosions, constants such as the speed of light (c), gravi-
tational constant (G), Planck constant (%), and Boltzmann constant (kp) are hypothesized
to vary as c(t) = cof (£), G(t) = Gof (£)%, Hi(t) = hof(t)*, and kp(t) = kpof(t)?, where the
subscript 0 indicates the value at the current epoch fj [46]. Dimensional analysis suggests
this variation is linked to the length dimension of each constant. Since the length unit itself
is defined by the speed of light, it must also evolve according to length(t) = lengthof(t).
While f(f) is not strictly defined and could theoretically be unity (implying constants are
constants), it must be well behaved and equal to unity at t = t;. Adhering to Occam’s
razor, we adopt f(t) = exp(a(t — tp)), where « is a constant to be determined empirically.
This choice simplifies the modified Einstein and Friedmann equations in comparison to the
ACDM model, though we acknowledge that f(t) could technically be more complex, such
as by adapting to phase transitions as the universe evolves and be spatially varying.

The covarying coupling constants (CCCs) framework is rooted in Dirac cosmology,
specifically Dirac’s hypothesis of evolving gravitational and fine-structure constants, and
Uzan’s deduction that variation in one dimensionful constant necessitates variation in
others. Note that dimensionless constants, such as the fine-structure constant, do not fall
under the CCCs principle.

The conceptual roots of the CCCs framework lie in Dirac’s [45] proposal of correlated
variations in gravitational and electromagnetic coupling strengths and in subsequent devel-
opments by Gilbert [42,43] and Canuto & Londenquai [44], who explored the cosmological
implications of evolving constants in generalized Dirac cosmology. Since then, several
authors have advanced mathematically similar ideas. In particular, Bouvier (as reviewed by
Maeder and Gueorguiev [48,49]) and Maeder [50] have developed scale-invariant vacuum
cosmological models in which the gravitational coupling, as well as the fine-structure con-
stant, effectively vary with cosmic time through a Weyl-integrable rescaling of the metric.
Although their theoretical motivations differ, both approaches introduce a nontrivial time
dependence of gravitational strength that has consequences resembling those emerging
from the CCC modifications to the Friedmann equations. The present work extends this
conceptual line by showing that the correlated variations of all dimensionful constants,
governed by a single function f(t), naturally generate terms that behave like dark matter
and dark energy in cosmological and astrophysical contexts.

Time-varying-G frameworks have also been extensively studied in scalar-tensor theo-
ries, most notably in Jordan-Brans-Dicke (JBD) gravity [51]. While the CCCs model shares
the general feature of a dynamical gravitational coupling, its structure differs fundamentally

https://doi.org/10.3390/sym18020300


https://doi.org/10.3390/sym18020300

Symmetry 2026, 18, 300

40f23

from JBD models: with CCCs the variations of G, ¢, k, and other constants are not medi-
ated by a scalar field with a kinetic term, but are instead determined phenomenologically
through dimensional analysis and local energy conservation, leading to a distinct modifi-
cation of the Einstein—Friedmann equations. A related class of theories—Weyl-integrable
geometry [44,52,53]—also employs a non-metric connection to produce effective rescalings
of physical units. Although a CCCs model does not invoke non-metricity or Weyl gauge
symmetry, the resulting behavior of gravitational coupling shares superficial similarities
with Weyl-integrable spacetime models. The present comparison highlights that the CCCs
model occupies a complementary theoretical space; it is neither a scalar-tensor theory
in the JBD sense, nor a Weyl-integrable geometric modification, but a phenomenological
framework in which correlated variations in dimensionful constants reproduce the effects
attributed to dark matter and dark energy. A more detailed theoretical elaboration has been
provided in Cuzinatto et al. [54], where an action-based formulation relating ¢(t) and G()
was developed.

Extensive literature exists constraining the variation of G (e.g., [55-79]), ¢ [80-89],
and other dimensionful constants. However, these studies generally assume one constant
varies while fixing the others, which effectively forces f(t) = 1 a priori. By fixing f(¢), all
CCCs are constrained to their current values, making the measurement of single-constant
variation meaningless [46].

The CCCs concept requires modifying the FLRW metric and the Einstein equations,
which yields altered Friedmann equations [8]. We reiterate the relevant equations here
from prior work for completeness [40,41]. Since ¢ ~ f(t) and r and dr ~ f(t), the FLRW
metric is

2
ds? = Adf2f(1)2 — a(t)2f (1) (1 frmz + 12 (d92 + sin? 9d¢2,)> (1)
the modified Friedmann equations are
a 2 887Gy k3
— 0
(,1 +a> = SC% e — 2 and (2)
a 47‘(G0 a
PR (e+3p) — a(a') 3)
and the modified continuity equation is
é+3g(s+p) = —a(e+3p). 4)

Here, the scale factor a(t) accounts for the macroscopic expansion in the universe’s size,
the function f(t) may be considered the microscopic expansion of the length unit itself, « is
the curvature constant, ¢ is the energy density of all the components, and p is their pressure.
Also, o = f / f. Writing p = ew, the solution of Equation (4) is (recall that w = 0 for matter,

and w = 1/3 for radiation),
£ = 80a*3(1+w)f7(1+3w). (5)

Defining the Hubble expansion parameter as H = a/a, we may write Equation (2) for
a flat universe (x = 0) as

2
871Gy 3c3(Hp + )
H 2 - C =207 7/
(H+«) 32 £ = €gp 87Co (6)
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Equation (6) establishes the universe’s critical density Sg,o for the CCCs model, which
depends on both the Hubble constant and the parameter . To ensure the density remains
non-negative, the condition « > —H is required. From Equations (5) and (6)

(H+a)” = (Ho+a)* (O, 0a 2~ + Qa4 f2). %

Here, Q%,o = gm0/ Eg,o is the relative matter energy density and (), = sf,o/ SE,O is the
relative radiation energy density. However, we may expand and rewrite Equation (2) as

H? = 8G0, 42 opH
3C%

871Gy 2 81tG 12 (8)
__ oG, _ TG _
=32 £E—u 20 ( 33 s) o

_1/2 1/2

33 5 3c3 / 871Gy
o —2u € =

871Gy 871Gy 3c3

e+ (5 + Ene + fzxm)- )

2 2
3ch 3ch

Here, ¢ is the composite energy density of matter and radiation. Since the second and
the third terms both emerge from a, we have labeled them accordingly: &, as the a-
energy density and &,,; as the a-matter energy density. As a turns out to be negative, the
contribution of a-matter is positive. In terms of the standard definition of the critical density
€2 ) = 3c§H3 /87Go; Equation (9) becomes

S 3, —4 — —
H2 = H3(Q, 00 f 7+ Ofpa =472 4 O, + OF,, 00 >3 7172). (10)
Let us compare it with similar expressions for the ACDM model in a flat universe:

A - 87TGO

3 3c3 871Gy

o 871Gy 2 -3 —4
£+ — = €+ A = ?(84‘81\) = HO(Qm,Oa +Qr,0a +QA) (11)
0

Comparing the above equations, we find that the cosmological constant termed A/3 in
the ACDM model is replaced by the constant a? in the CCCs model. Since dark energy is
considered to be associated with A, we may consider that it originated from the covarying
coupling constant «, i.e., dark energy is a manifestation of covarying coupling constants. Addi-
tionally, there is an evolutionary term —2a(87Goe/3c3) /2 This term (positive, since & is
negative) may be considered a dynamic component of the quintessence (time-varying dark
energy), as a dark matter component that evolves differently than baryonic matter, or as
something yet to be specified.
Since (H + tx)z = H? + 2Ha + &2, we can rewrite it as

H? = (H+a)* + «% — 2a(H + «). (12)

Dividing it by H3 and comparing it with Equation (10), we may write at the current time
(since 051,0 > ero)

2

a®  2x(Hp+«)

T T Do+ e + Qg =0 + 3 + 2\/;56‘T£m,0' (13)
0 0

We have labeled the first term as bm as it represents only the baryonic matter in the CCC+TL

model [40,41].
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Defining a new parameter X = —a/Hp in the CCCs model (X = —a/Hy in the
CCC+TL model), we may write Equation (13) as

1=(1-X)*+X2+2X(1-X). (14)

Thus, ng,O =(1-x)%05 = X2 and ng,o = 2X(1 — X). Here, all three terms represent
energy densities relative to the critical density. Since all the energy densities must be
positive, 2X (1 — X) can only be positive when 0 < X < 1. The first and last terms on the
right-hand side of Equations (13) and (14), Oy and Oumo (= 21/Que0Qpm,0), contain
baryonic components and thus are directly affected by gravitation. Therefore, X, and also
«, can change locally due to the baryon accretion under gravitational force. X is similar to
energy densities considered constant at cosmological scales, such as the critical density, but
drastically different at the astrophysical scales of stars and galaxies. In high-baryon-density
regions, only baryons exist, i.e., X = 0. At the maximum possible value of X = 1, only a-
energy exists. When 0 < X(r,0,¢) < 1, all energy densities are present and are responsible
for affecting the gravitational pull on any object. Thus, it is the gravitation affected by
energy densities Que + Qi 0, i-€., X2 4+ 2X(1 — X), emergent from a, cumulatively with
the gravitation affected by the baryonic energy density (), o, i.e., (1-X )2, that determines
galaxy rotational curves, gravitational lensing due to galaxies and galaxy clusters, velocity
dispersion in galaxy clusters, galaxy formation, etc. Accordingly, dark matter emerges from «,
and, thus, is another manifestation of covarying coupling constants. However, all of these energy
densities are relative to the standard critical density (82,0 = 3C%H§ /87t Gy), rather than the
critical density defined in the CCCs model (e, = 3c§(Ho + 0) /871Gy = (1— X)zsf,o).
Thus, in order to convert relative densities to physical densities in the CCCs model, we
need to multiply them with (1 — X ).

The question of how we determine Ql?m,O =(1-X)%05 = X% and ng,O =2X(1-X)
may arise. Since X(r, 6, ¢), all of the densities are ngfo(r, 0,4), s, (1,6,¢), and ngro(r, 6,¢).
However, we do not need to determine them explicitly as they are all expressed as functions
of X(r,0,¢). The subscript 0 refers to the current time, rather than their fixed value in the
cosmological sense.

Although the CCCs framework used in this work is phenomenological, its conceptual
basis is not without theoretical support. A scalar—tensor action that generates a dynamical
relationship between the speed of light ¢(¢) and the gravitational constant G(t) was explic-
itly constructed and analyzed in our previous work [54]. In that formulation, the correlated
variation in coupling constants arises naturally from the structure of the action and its field
equations, providing a rigorous foundation for the interdependence assumed in the present
CCCs cosmology. The current paper focuses on the observational and phenomenological
consequences of this framework.

The tired light effect: The tired light (TL) model aligns closely with size data for high-
redshift galaxies, particularly those imaged by the James Webb Space Telescope (JWST) [90].
This approach posits that photon energy loss, hdv, is proportional to the energy hv and the
path length dr, written as dv = Kvdr, where K is the proportionality constant. Consequently,
the proper distance dj, photons travel is derived easily as follows:

v 0
W kir = / v _ K/ dr = 1n<”°> = —Kd, = ln()m> =Kd,.  (15)
v ve V Jd, Ve Ae

Here, emitted and observed photon frequencies are v, and vy and the respective wave-
lengths are A, and Ag. By definition, the redshift is z = (A9 —A.)/Ae, leading to
(14 z) = Ag/Ae. Thus, tired light yields
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d, = %111(1 +2). (16)

This must reduce to Hubble’s law d, = c¢z/Hy = Ryz (Ry = c¢/Hp being the Hubble
radius) in the limit of z < 1, yielding K = Hp/c = 1/Rpy. Thus, the proper distance in the
tired light (TL) model is given by
c
dy = ﬁoln(l +2). (17)
One may be concerned about the use of the same value of the speed of light in the
above expressions for all redshift values, where, in fact, it should be evolutionary, i.e.,
z-dependent. However, when one considers that the measurement unit of distance is also
evolutionary, the two variations cancel out. Therefore, we can use the current value of c for
all z values. This does not apply when only ¢ or distance is involved, such as in determining
the time dilation effect below, in the paragraph above Equation (22).
We can also write the expression for the proper distance in the CCCs model as fol-
lows [8]:
d, =c : d—z =c / ’ dz
P H T (Hy 4 a)1+2) %P f(2) "7 — g

Since photons travel distance d,, in an expanding universe and become ‘tired” in doing so,

(18)

the two proper distances must be the same, i.e.,

c Zx dz
ﬁtln(l +zt) = C/ (19)

0 (Hy+a)(142)%2f(z)~ V2 _ o

Here, we have used subscript t to indicate tired light and x to label expanding universe-
related quantities. Since both the expressions must reduce to Hubble’s law, d, = cz/Hp, in
the zero-redshift limit and since (1 +z) = (1 + zx)(1 + z;), it yields Hy = Hy + H; and [8]

_ (Hx+a) o
H; = 5 3+ . (20)
Using the dimensionless parameter X = —a/H, defined in Equation (14), we may

write Equation (19)

dz [(1—X) 1+z] o

Zy -1
K e e 0] nlis)

Given the free parameter ay, this equation establishes a relationship between z and zy, and
thus also with z, through (14 z) = (1 + zx)(1 + z¢). We can now use either the left-hand
side or right-hand side of Equation (19) to determine d,,.

To calculate an object’s luminosity distance d;, in the CCCs model (excluding tired
light), we analyze the evolution of photon energy flux with redshift. The energy of indi-
vidual photons is attenuated by a factor of (1 + z). Furthermore, time dilation increases
the arrival interval between photons by an additional factor of (1 + z). If photons are
emitted with a time separation of Jt., they are separated in space by dr, = cedt.. At
observation, this becomes drg = codte(1 + z), resulting in an observed time interval of
Oty = codte(1+4z)/co = 0te(1+ z). Thus, the scaling of luminosity distance mirrors that
of the ACDM model, d; = dy(to)(1+ z), preserving the standard form of the distance
modulus y :

j = 5logy, (dp/lMpc> +5log, (1 + 2) + 25. (22)
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When determining the luminosity distance for the hybrid CCC+TL model, only
(1+ z4) is involved in time dilation, not (1 + z;). Thus, combined with the photon energy
reduction by (1 + z,), the photon flux is reduced by (1 + z,)? due to the expansion of the
universe, but only by (1 + z;) due to tired light photon energy reduction. Since the distance
is inversely proportional to the inverse square-root of the flux, the luminosity distance in the
hybrid model becomes d; = dp(1 4 zy)(1 + zt)l/z. Also, since (1+2z¢) = (142)/(1+ zx),
the distance modulus for the CCC+TL model becomes

i = Slogyy (d,,/ 1Mpc) +2.5l0g,[(1+2) (1 + z4)] +25. (23)

A similar expression can also be obtained for other hybrid models involving tired light.

It is now straightforward to fit the supernovae type 1a Pantheon+ data [91,92] to deter-
mine Hy and X, the two free parameters, and also H; from Equation (20) and Hy = Hy + H;.
We find Hy is 82% of Hy and X = 0.8 for the CCC+TL model (see Table 1 of [8]). Once
we know X, we can calculate all of the energy density components individually as in
Equations (9) and (10). It is valuable to see how the various energy densities evolve cos-
mologically with the redshift z. How the densities evolve with z is shown graphically in
Figure 1.

CCC+TL Model

1,000,000

100,000 ! BM AR
10,000 =

1000

100

10

1

0.1

0.01

0.001 i

P00 o 3 T L1088 O 1 PN 44 R A PO

10,000 1000 100 10 1 0.1 0.01

Energy Density

z

Figure 1. The evolution of various energy densities in the CCC+TL model plotted against the redshift
(BM—Dbaryonic matter, xE—« energy, and a M—a matter). (This figure is taken from [41]).

3. Cosmological Tests

The first test of any cosmological model is to see if it fits the supernovae type la standard
candle data, such as Pantheon+ [91,92]. In Figure 2 we show the Pantheon+ data fit for
four models: ACDM, ACDM + TL, CCCs, and CCC+TL. There is a visually indiscernible
difference among the curves for the four models. The x> values, too, are almost identical (see
Table 1 in [8]). For the CCC+TL model, the parameters are Hy = 72.62 km s’lMpc’l, the
CCC component of the Hubble constant H, = 0.82Hj, X = 0.80. When using the CCC+TL
model, we need to replace Hy with H, as required. Since X = 0.8, Equations (13) and (14)
yield Oy, 0 = 0.04, Qe = 0.64, and )y, 0 = 0.32. Each model has two free parameters (Hy
and (), o for ACDM, Hj and X for CCCs, Hy and Q¢ for ACDM+TL, and Hy and X for
CCC+TL) and they were determined by fitting the Pantheon+ data [91,92] in Gupta [8]. The
critical density in the CCC+TL model relative to the ACDM model is (Hy + )*/ H? = 0.027,
i.e., it comprises just the baryonic matter. It is worth reiterating that the inclusion of the tired
light effect does not introduce an additional parameter since the relationship between the
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expanding universe and the tired light parameters is determined by equating the expressions
for the proper distance traveled by a photon in the two scenarios [8].

50

45

40 [

35 4

1 Data
: - ACDM
30 --—-CCC

CCC+TL
........ ACDM+TL

25 L L L
0 0.5 1 1.5 2 25

z

Figure 2. Pantheon+ [91,92] data fit for the four models discussed in the text. (This figure is taken
from Gupta [8]).

Another test has become important during the James Webb Space Telescope (JWST)
era, as JWST can see back in time to galaxies from the cosmic dawn, less than 0.3 Gyr after
the Big Bang; galaxies at spectroscopically confirmed redshifts of greater than 14 have been
observed. Surprisingly, their structure and masses appear to be as evolved as the galaxies
in existence for over 10 Gyr, but they are too small in physical size, which is derived from
their observed angular size calculated using the ACDM model (e.g., [18,93-105]). However,
the physical sizes calculated using the CCC+TL model are more in-line with their expected
size. Assuming galaxy sizes to be 10 kpc, in Figure 3 we show their expected angular size
in different models as discussed above, as well as in the tired light model TL+ that includes
a free parameter to better fit the Pantheon+ data (see [8] for details). For a galaxy to be
10 kpc in size, its angular size in the ACDM model has to be an order of magnitude larger
than in the CCC+TL model, at z ~ 10.

102

-
(=}

8 (arcsec)
SD

1 Jwst
1 NuwsT
4 L|——cce+TL
10
ACDM+TL

1072 107" 100 10’

z
Figure 3. The angular size of 10 kpc objects for the five models, against the backdrop of measured
angular sizes of galaxies from multiple sources, including the JWST data and some pre-JWST data
labeled as NJWST (i.e., Not-JWST). (This figure is taken from [8]).
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The literature extensively documents that galaxy sizes appear to decline with increas-
ing redshift up to z = 12.5 (e.g., [106-111]). Figure 4, adapted from Gupta [112], displays
these trends. While effective radius R, curves are typically fitted with a power law of
(14 z)°, where s = —1 + 0.3, the CCC+TL model predicts a physical size increase follow-
ing the inverse relation R, = (1 + 2)0'93. This intrinsic growth in the CCC+TL framework
largely offsets the size reduction observed under ACDM assumptions, resulting in an effec-
tive evolution of R, o (1 +z)°"*%. For instance, the galaxy JADES-GS-z14-0 at z = 14.18
has a UV radius of 1y, = 260 = 20 pc in the ACDM model [105], but scales to 3172 4244 pc
in the CCC+TL cosmology. The evolution, with redshift, of the mass, size, and density of
galaxies and little red dots is the subject of a separate research paper [112].

s “ NT T T T T T TTTT T T T cevenen Westcott+ 2025
\x - = ===Varadaraj+ 2024
4 \ \‘ — = Ormerod+ 2024
\ ‘\ = - =Constantin+ 2023 F356W
\ \ —— = Constantin+ 2023 F200W
E 3 | \ =+ VanDokkum+ 2010
< N0 \ e CCC+TL - this work
= L

Figure 4. A comparison of the evolution of the effective radius R, of galaxies with redshift z in
different studies, as shown in the legend and discussed in the text. (This figure is taken from [112]).

Figure 5 illustrates the age advantage of the two hybrid models relative to the standard
ACDM timeline. While both hybrids show an increase, the CCC+TL model provides a
substantial 10-fold to 20-fold increase at redshifts 10 and 20, respectively. This corresponds
to the available timeframes of 5.8 Gyr at z = 10 and 3.5 Gyr at z = 20, allowing ample time
for the formation of massive galaxies. In comparison, the ACDM+TL model offers more
modest age increases of 1.7 Gyr and 0.7 Gyr, respectively, [8] at the same redshifts. Thus, we
may consider that the tired light effect is mainly responsible for increasing the universe’s
age, making it possible for massive galaxies to be observable at very high redshifts; the
Capotauro object was detected tentatively at z ~ 32 and analyzed as most likely a massive
galaxy [113]; such galaxies can easily fit within the CCC+TL cosmology once their redshifts
are spectroscopically confirmed.

100
CCC+TL/ACDM
= === CDM+TL/LCDM

©]

2

T

o

Yo J S S 8 8 8 E— — 1 _—_— .y~
< -

0.1 1 10 100 1000

Figure 5. The age advantage of the two hybrid models over the ACDM model. (This figure is taken
from [8]).
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An essential test for a cosmological model is whether it can be fit to the cosmic
microwave background (CMB) power spectrum. While our effort continues to fit the full
Planck CMB power spectrum (Planck Collaboration [114]), we have been able to fit, with
the CCC+TL model, the angular size of the sound horizon (first peak in the CMB power
spectrum) and the corresponding baryon acoustic oscillation (BAO) data in the low redshift
slices [40].

DESI (Dark Energy Spectroscopic Instrument) measurements have shown that dark
energy is evolving. If we associate ()4 + Uy With dark energy with (), as its static
component and (), as its dynamic component, we can see that it increases with the
redshift at a rate similar to the recently reported observations up to the phantom crossing,
when the equation of state parameter becomes less than —1 (DESI Collaboration: [115]), i.e.,
foe(z) = (Ve + Qum(2))/ (Q 4 + Qamyo) = 1.17 at z = 0.5 (Figure 1). The authors of the
paper are not confident about the behavior of fpg(z) in their study beyond the phantom
crossing (z ~ 0.5), which shows decreasing fpg(z) for z > 0.5. It should be mentioned that
we have not used any free parameter to fit the DESI measurements; « is obtained by fitting
Pantheon+ data.

We have shown that, despite the slower free-fall and cooling times, the formation
of galaxies and other structures in the CCC+TL model without dark matter can happen
very easily due to the model’s age advantage and it starts happening at higher observed
redshifts [41]. Nevertheless, proper galaxy formation modeling and simulation are required
to strengthen these findings.

CCCs models do not suffer from the cosmological coincidence problem of the ACDM
model that arises from the observation that dark matter and dark energy densities are
comparable at the present time of human existence. Since the two evolve differently with
redshift (i.e., time), it appears to be a coincidence that we are living in a very special epoch
of cosmic evolution (e.g., [116]) when the two are about the same. Since dark matter and
dark energy are absent in the native CCC+TL model, while a-energy and a-matter emerge
from the single, non-evolving cosmological parameter &, there is no coincidence problem
in CCCs models.

Objections raised against the tired light approach do not apply. We do not suggest that
the tired light effect is caused by photons losing energy through Compton scattering. As the
tired light component is relatively small, it does not interfere with the Tolman brightness
test [117] due to the uncertainties in the brightness of the observed objects, nor with the
time dilation test due to the large scatter in the time dilation data [41].

4. Astrophysical Tests

The most significant astrophysical evidence for the existence of dark matter is con-
sidered to be the observation of flat rotation curves in galaxies, as well as galaxy velocity
dispersion in galaxy clusters and galaxies, large-scale structure formation, gravitational
lensing, etc. We will see how CCCs models account for them. We will closely follow the
treatment given by Gupta [118].

Galaxy rotation curves: Under the spherically symmetric galaxy approximation, for
simplicity, the deemed observed mass M,(R) contributed by all the energy densities (not
just by baryon energy density, as discussed above following Equation (14)) at a radius R is
related to the Keplerian velocity V,(R) of a particle by (o-subscript, different from subscript
0, identifies quantities derived from observations),

GM,(R)

= Vo(R)%; Mo(R) = 4n/0R dro(r) (1 — X(r)*?, (24)
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dM,(R)
R2dR

= 47p(R)(1 — X(R))2. 25)

Why do we have (1 — X(r))? in the above equations? The contribution of all relative energy
densitiesis 1 (= (1 — X)2 + X2+ 2X(1 — X)) from Equations (13) and (14) and itis (1 — X)2,
due to baryons. However, all of these energy densities are relative to the standard critical
density (Sf,o = 3C%H§ /871 Gy) rather than the critical density defined in the CCCs model
(ego = 3c3(Hp + 04)2/ 81Gy = (1-X )28‘2’0). Thus, in order to convert relative densities
to physical densities in the CCCs model, we need to multiply them with (1 — X )?. Thus,
total energy density is ((1 — X)? 4+ X2 4+2X(1— X)) x (1—=X)? ie., (1—X)? and the
baryon energy density is (1 — X)* x (1 — X)?, i.e., (1 — X)*. Without the CCC correction,
the integrand in Equation (24) would simply be drp(r)r.

At asmall R, matter density is very high, making the first term (baryon energy density)
dominant, resulting in X(R) = 0. Thus, for low values of R < R;, where R; is defined

below, we have
dM,(R)

R2dR
This can be determined from observed galaxy rotation curves by numerical differentiation
of V2 vs. R data (Equations (24) and (25)). For R > R; (turn-off radius defined by Daod &
Zeki 2019 [119]), the density variation is (since X(R) # 0):

47po(R < R¢) = (26)

oo (R > Ry) = dmp(Re)(1 - X(R))* = 22l

(27)
Here, 471p,(R;) = dM,(R)/ (R*dR) is determined at R = R;. Having found p,(R;) (= p,
the turn-off density), X(R) can now be determined using Equation (27) by keeping p;
constant for R > R;. With X(R) known, we use Equations (24) and (25) in reverse, using
numerical integration while replacing (1 — X (r))* with (1 — X(r))* to find the baryon mass
M,x(R) and the corresponding velocity curve V;,x(R), comparing V;,x(R) with V,,(R), as
determined by alternative methods represented in the SPARC database [120].

It should be mentioned that the SPARC data is provided for coarsely spaced radial
values with significant uncertainties. This makes it difficult to reliably determine the
density using Equation (27) since differentiation is sensitive to the data quality. Fortunately,
numerical integration substantially alleviates this problem.

The question is, how do we determine R;? It is not possible to apply the criterion Daod
and Zeki [119] developed for the galaxy NGC3198 to most other galaxies. Additionally,
since most SPARC data is for coarsely spaced radial values, it is not possible to select the
value that might provide the best fit for a galaxy from the data points. A better approach is
to use the density-based turn-off parameter p;. It provides a more robust galaxy parameter
than the turn-off radius and is possibly more relevant in our context.

Using the turn-off density criterion inspired by Daod and Zeki’s [119] turn-off radius
criterion, we analyzed the SPARC data for the galaxy NGC6503 as described above and
obtained the curves depicted in Figure 6; it is one of several randomly selected galaxy
rotation curves from the SPARC database fitted in the paper [118]. Considering that
the baryon curve Vj, from the SPARC database is an approximation based on multiple
observations for the galaxy’s bulge, gas, and disk, and our fit V}x is ideal only for spherically
symmetric galaxy morphologies, the two baryon curves can be considered comparable in
shape and values.

The tabulated data in the SPARC database [120] needed correction for the mass-to-light
ratios of galaxy disks and bulges. We have used nominal values of 0.5 for disks and 0.7 for
bulges (McGaugh [121]) to correct the respective velocities in the SPARC database, which
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uses a mass-to-light ratio of unity for both. Thus, we compute the baryon velocity, Vj,

: 2 2 2 /2
curves using V, = (V +05Vz,. + O'7Vbul)

gas
140 . .
NGC6503 (Scd)
120 » : =
100
80
> |3 TR,
L . — T~
20 R e o .
....... Vb km/s
20
VbX km/s
0
0 5 10 15 20 25
R (kpc)

Figure 6. Galaxy rotation curves for NGC 6503 (Scd), with turn-off density given by
pr = 5.17 x 1072* gem 3, giving the turn-off radius Ry = 1.9 kpc. Vo designates the observed
rotational velocity curve and Vb denotes the baryon contribution to it, as per the SPARC. The Vbx
label is for the derived baryon matter from the CCC+TL model. (This figure is taken from [118]).

We also tried to determine the scaling of densities p, and p;x with R, where the ob-
served rotation curve Vy(R) is flat, i.e., constant. Then, differentiating GM,(R)/R = V,(R)?
from Equation (24), we get

GdMo(R)  GM,(R)

B GAMs(R) ~ GMo(R) ( 1\ _ Vo(R)?
RAR R 7 rar TR O\R)T RrR T @
dM,(R) 1
“RZIR 1o 72 (29)
Therefore, from Equation (27),
2
429 (R) = 47p(R) (1~ X(R)? = L8 = (1 = X(R) ~ 3 =1~ X(R) ~ R, 60

we obtain po(R) ~ 1/R? beyond the turn-off radius when p is constant as p;. Since
opx ~ (1—X(R))*, we obtain pyx ~ 1/R*for R > Ry, similar to Hernquist’s [122] model,
in which density falls as R~ beyond a characteristic radius [123]. Recall that we have used
spherical symmetry for galaxy morphology.

We noticed that, while the turn-off radius R; spread is over a factor of about eight
for the galaxies we studied, the turn-off density p; spread is only over a factor of about
four [118]. Thus, we consider the turn-off density to be a more robust fit parameter. The fact
that these parameters vary from galaxy to galaxy is not surprising, considering our very
simple approach that assumes spherical symmetry; galaxies are far from being spherically
symmetric and exhibit different morphologies. It is worth mentioning that the turn-off
acceleration a; = Vfl ./ Rt turns out to be about the same order as the Milgromian (MOND)
acceleration g = 1.2 x 10 8cm s2 [124].

Another factor that can affect the turn-off density is the size of a galaxy. For a given
radial density profile, the projected density on the galactic plane is proportional to the
galaxy size. Thus, we can expect the turn-off density estimated by fitting the data to be
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inversely proportional to the galactic size for similar actual densities, especially when
considering galaxies of vastly differing sizes, such as dwarf galaxies and ultra-faint dwarf
galaxy satellites in the Milky Way.

Density distribution in galaxy clusters: Next, we considered the role of a-matter and
a-energy in the galaxy clusters. To realistically estimate this, we should determine the
mass density distribution around each galaxy at its location in the cluster and superimpose
them for all the galaxies in a cluster. Nevertheless, we decided to treat a galaxy cluster
similarly to a galaxy to determine its density profile and calculate its baryonic density
curve to compare it with that in the original paper (Mandelbaum et al. [125], Figure 1).
This is depicted in Figure 7 and shows a good visual fit when the turn-off density is set
to pr = 2.0 x 1072* g cm~3. This density turns out to be in the same range as the turn-off
density for the galaxies we studied.

1.0x10* -

1.0x10" —

— 1.0x10"7 -| S

-3

8 1.0x10% -
=

© 1.0x10"
=

o~
=,
< 4 .0x10%

1.0x10%2 ~

1.0x10" ~
0.001 0.01 0.1 1

R [h~Mpc]

Figure 7. Density profile p(R) for a typical galaxy cluster. The total density profile p, (blue line) and
baryonic density profile p;, (red dotted line) are from Mandelbaum et al. (2006) [125]. The reduced
Hubble constant is & = Hy /(100 km s -1 Mpc_1> . The density p,x is calculated using a p, similar to
our calculations for galaxy rotation curves with p; = 5.74 x 10'® 2MyMpc3 = 2.0 x 10724 g cm ™3
(assuming h = 0.72 for the standard cosmology). (This figure is taken from [118]).

Gravitational lensing is a vast field to consider in this multifaceted work. So, we will
consider it very briefly, in principle, and see how we can explain the gravitational lensing
by the JWST-ER1 galaxy of background objects, following van Dokkum et al. [126] and
Kong et al. [127]. Kong et al. [127] used a Hernquist density profile p,(r) to model the
radial stellar distribution [122,128] as given by

_ Myra 1

S e (31)

ob(7)
Here, My, is the total stellar mass and 7, is the characteristic radius. The parameters for
JWST-ER1 are taken as follows [126,127]: M, = 1.3 x 101 Mg, r, = 0.79 kpc, the Einstein
ring Rg = 6.6 kpc, the total mass within the Einstein ring Mg = 6.5 x 10" M, and the
redshift z = 2. As discussed above for the galaxy rotation curves, the turn-off density and
turn-off radius play critical roles in achieving a good fit to the observations. As shown
in Figure 1, one would expect them to be significantly modified compared to the values
for z = 0. Also, the size, mass, and density values are affected as discussed in the context
of Figure 4. Nevertheless, we will try to determine the lensing parameter with the initial
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po(r = 7a)

assumption that the galaxy is at z = 0. We will then discuss how they are affected due to
the galaxy being at z # 0.
Assuming the turn-off radius R; = r,;, we obtain, for the stellar mass Mj,

M,
167r3”

pr(r=Re=r1,) = (32)

Let us assume, incorrectly, that the stellar mass comprises the total baryon mass. Accord-

ingly, for baryons,
My r 1 r r\3 -
=14+ X)) =22 = = (1+X(r)* =38 <1+> for r > r,. 33
Pt( ()) 27T ¥ (ra+r)3 ( ()) Ta Ta — la ( )

Thus, for the observed gravitational lensing effect, the apparent density is

37-1/2
00(r > 1) = pr (14 X(r))? —2828ptl (1—|— ) 1 forr > r,. (34)
Ta
The mass for v < 7, is the same for the two cases, as it is just the baryon mass fraction
within 7,
Ta 2 1
My(r < rq) = 41t %”‘i —oM / _Tardr__ S =2My x - = My 35
0 27T 7 (ra+7)° (ra+71)° 8 4
The total baryon mass within the Einstein ring R is,
Re My, r2dr -2 1
——— =M1+ — = 0.80M;, = 1.04 x 10" M. 36
27T 7 (ry+1)3 b( +RE> ’ - N (%6)

The apparent total mass for r, < r < Rg withr, = 0.79 kpc and Rg = 6.6 kpc

-1/2

R 0.707M, R ?
My(r, <r <Rg) = 47T/ Epo(r)rzdr =—7 b/ ’ [: <1 + :) ] r2dr = 3.67M,,. (37)
Ta a a

Ta ra

This yields M, (0 <7 < R,) = (3.67 + 0.25)M;, = 3.92M;, = 4.1 x 101! M,,. Considering
the crude assumptions we have made, it is not too different from the observed value of
6.5 x 10 M. Since stellar mass is one component of the baryonic mass, the discrepancy
could partially result from this difference between the stellar mass and the total baryonic
mass. An additional discrepancy could be due to the spherically symmetric assumption
used in deriving our equations. Also, the use of Hernquist density profile p;(r) to model
the radial stellar distribution [122,128] has its own limitations. Thus, we could say that our
approach is consistent with the gravitational lensing observations.

Since the JWST-ER1 galaxy is at z = 2, we need to consider how it affects the various
galaxy parameters in the CCC+TL model relative to the ACDM model. The size and dynam-
ical mass of the galaxy increases by 2.8 and the stellar mass by 1.15 [112], whereas the volu-
metric density decreases to about 4%. Thus, the turn-off density p; (352 x 10 %4g cm—3)
calculated above at z = 0 decreases to 14 x 10~2*g cm 3, closer to the value for the galaxy
rotation curves and galaxy clusters. It is not a bad estimate considering that the Hernquist
baryon density profile [122] has its limitations, and does not represent the true baryon
density profile in a galaxy. In addition, various densities are affected as per Equation (10).
These changes will, in turn, affect the lensing parameters and observational outcome. We
expect to consider this in a separate paper.

Ultra-faint dwarf galaxies: We will now consider an ultra-faint dwarf galaxy, Retic-
ulum II, which is considered to be mostly dark matter in the standard cosmology
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(e.g., [129-131]). This galaxy has the following parameters that are of interest to
us [130]: Mgy, =5.6+2.4 X 10°M, (using dispersion velocity o = 3.3 4 0.7 km s’l);
the half-light radius r;,, = 55+ 5 pc; and the mass-to-light ratio M/Ly = 470 & 210.
Taking M./Ly = 2, we find the stellar (baryonic) mass M. = M, ~ 2.4 X 103 M.
Taking the same p; = 5.17 x 1072 g cm~3 as in Figure 6 for NGC 6503, that has
Repp =T, n = 1.62 kpc [118], the turn-off density for Reticulum II needs to be scaled
to pr = 5.17 x 1074 g cm 3 x 1620/55 = 152 x 1072* g cm~3 (as discussed above at the
end of subsection ‘Galaxy rotation curves’. From Equation (32),

M,
167r3

pi(r=r,) = =152x10"2gem 3. (38)

This gives r; = 1.28 pc. Using Equation (32), we may write

-1/2

707M, [T 3
Mo(ru <r< 71/2) = 0 03 b/ v lr <1 + T) ] r2dr = 26.5M,,. (39)
Ty Ta Ta Ya

The contribution from r < r, (Equation (35)), 0.25M, is negligible in comparison. We thus
see that Reticulum II has very little baryonic mass using the dynamical mass measurement,
and the latter can result from the CCCs effect rather than from dark matter. Considering the
considerable uncertainty in the observed numbers and our crude estimation, it is heartening
to see that the CCCs approach is not inconsistent with the observations.

We can apply a similar approach to understand the galaxies classified as dark matter-
deficient. For example, NGC 1277, designated as dark matter-deficient (e.g., [132]), will
have its turn-off density at a larger radius than standard galaxies. It will result in the dark
matter equivalent of the CCCs effect, appearing at higher radii than normal and thus will
appear to be dark matter-deficient.

We have also discussed the preliminary galaxy formation test in the CCC+TL cosmol-
ogy under the Cosmological Test section above. Due to the age advantage of this model,
galaxy formation without dark matter can proceed normally—there is no need for extreme
mass accumulation conditions in the dark ages [41]. However, we have yet to do a galaxy
formation simulation using this approach.

Many more tests can be conducted using the approach outlined here and its
subsequent improvements.

5. Discussion

The primary objective of this paper is to explore whether dark matter and dark energy
are physical entities or if they are manifestations of some cosmological effect that is not
detectable in the local universe with our existing capabilities. Lots of effort and resources
have been allocated to studies that assume their physical existence, as derived from the
Friedmann equations of the ACDM model. The cosmological constant A is thought to give
rise to dark physical energy, exerting a repulsive force, while the matter term is significantly
larger than the observable mass of the universe, leading to the belief that this difference
constitutes dark physical matter. However, the Friedmann equations do not specify what
constitutes the various terms in them. That is why one looks for evidence of dark matter and
dark energy in astrophysical and cosmological observations, as well as in laboratories such
as the Large Hadron Collider. The Friedmann equations do not specify how normal matter,
dark matter, and dark energy are distributed throughout the universe. One has to make
assumptions and apply other physical laws to explain the formation of stars, black holes,
galaxies, large-scale structures, etc., and to explain observations such as galaxy rotation
curves, velocity dispersion in galaxies and galaxy clusters, and gravitational lensing.
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We have shown that if we generalize Dirac’s idea of an evolving gravitational constant
to all coupling constants and connect their variations through a dimensionless function f ()
derived from the local energy conservation expression, we obtain Friedmann equations
that reproduce the dark matter- and dark energy-type terms of the ACDM model in terms
of the constant that defines the time variation in the function. Effectively, we introduced
the variation in a constant proportional to its length dimensionality, e.g., G has length
dimensionality L3, so G ~ f(t)*. The same is applied to any variable containing length,
e.g., distance, velocity, and acceleration. Thus, f(t) — f(z) serves as another scale factor
that affects the length dimension itself.

Dark matter and dark energy do not exist in the native Friedmann equations (Equations
(2)-(4)) in the CCC models. They only contain the CCC parameter «. Only when we expand
Equation (2) and compare it with a similar equation for the ACDM model are we able
to relate some terms in the CCC equations with the dark energy and dark matter in the
ACDM model. It means that the dark matter and dark energy terms of the ACDM model
emerge from the variation in coupling constants. It is thus prudent to suggest that dark
matter and dark energy are not physical and do not contribute to the energy content of
the universe, i.e., that the energy content of the universe comprises baryonic matter and
radiation. The dark energy and dark matter values have not been measured astrophysically,
only predicted by the ACDM cosmology.

The CCC parameter « that determines the variation in constants has a constant cosmo-
logical value, which is involved in the critical density and thus in the cosmological normal
matter density. Just as the normal matter density can vary locally, i.e., astrophysically, so a
can also vary locally within its permitted limits of —Hp < & < 0 in response to the matter
density changes under gravitational pull to form astrophysical structures. Now, from
Equations (13) and (14), high baryon local density (such as in the solar system) means a = 0,
i.e., all the constants have fixed values as we know them from our measurements. However,
as the baryon density falls with the galaxy radius and reaches a point (the turn-off point),
« starts to decrease and a-energy and a-matter terms become effective. These terms then
cumulatively affect the galaxy rotation curves similarly to the dark matter of the ACDM
model. They play a similar role in galaxy cluster dynamics. They are involved in other
astrophysical observations attributed to dark matter, such as gravitational lensing, dark
matter-dominant and dark matter-deficient galaxies, ranging from ultra-faint dwarfs to
massive galaxies.

The CCCs model, when fitted to the Pantheon+ data, yields « = —0.5Hy (Gupta
2023 [8]) and fits the data as well as the ACDM model (Figure 2). However, it does not fit
well the James Webb observations of the small angular sizes of galaxies at high redshifts
(Figure 3). When we allow the tired light (TL) effect of Zwicky [1,133] to coexist with the
expanding CCCs universe and call it the CCC+TL model, we find a good fit as shown
in Figure 3. We have found that the CCC+TL model provides better consistency with
observational data in all our studies. The Friedmann equations of the CCCs models are
consistent with both cosmological and astrophysical observations without the need for
additional physics; for example, Equation (14) is an expression of the first Friedmann
equation used to fit galaxy rotation curves. All other models, including ACDM and MOND,
do not use the Friedmann equations to explain astrophysical observations.

Tired light limitations that led to the rejection of this concept, such as Compton
scattering, time dilation, the Tolman brightness test, and the CMB isotropy, do not apply, as
discussed in earlier papers (e.g., Gupta [40,41,112,118]), primarily because the tired light
effect exists in parallel with the universe’s expansion.

Since the CCC+TL model is founded on the extension of the ideas of Dirac and Zwicky,
we could consider this model to belong to the Dirac-Zwicky cosmology.
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6. Conclusions

e  Dark matter and dark energy are manifestations of the interrelated variation in cou-
pling constants (covarying coupling constants or CCC) over cosmic time; they emerge
from this variation and create the illusion of dark energy and dark matter. They have
no physical existence.

o  The CCCs cosmology is astrophysically and cosmologically consistent and does not
require new physics to connect with their respective observations.

e  Dark matter and dark energy have the same origin—the CCC parameter «.

e  The CCCs cosmology does not suffer from the coincidence problem.

e  The CCCs cosmology is consistent with DESI observations of dark energy increasing
with redshift up to the phantom crossing.

e  Substantial work is required to establish whether the CCC+TL model offers an ex-
tension of ACDM cosmology and reduces observed cosmological and astrophysical
tensions.
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