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Introduction: Recent observations indicate that the Universe is not transparent but partially opaque due
to absorption of light by ambient cosmic dust. This implies that the current cosmological model valid for
the transparent universe must be modified for the opaque universe.
Objectives: The paper studies a scenario of the evolution of the Universe when the cosmic opacity steeply
rises with redshift, because the volume of the Universe was smaller and the cosmic dust density was
higher in the previous epochs. In this case, the light-matter interactions become important, because cos-
mic opacity produces radiation pressure that counterbalances gravitational forces.
Methods: The radiation pressure due to cosmic opacity is evaluated and incorporated into the Friedmann
equations, which describe cosmic dynamics. The equations are based on the conformal FLRW metric and
are consistent with observations of the cosmological redshift as well as time dilation. Using astronomical
observations of basic cosmological parameters, the solution of the modified Friedmann equations is
numerically modelled.
Results: The presented model predicts a cyclic expansion/contraction evolution of the Universe within a
limited range of scale factors with no Big Bang. The redshift of the Universe with the minimum volume is
about 15–17. The model avoids dark energy and removes several fundamental tensions of the standard
cosmological model. In agreement with observations, the modified Friedmann equations predict the exis-
tence of very old mature galaxies at high redshifts and they do not limit the age of stars in the Universe.
The newmodel is consistent with theory of cosmic microwave background as thermal radiation of cosmic
dust.
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Conclusion: The paper demonstrates that considering light-matter interactions in cosmic dynamics is
crucial and can lead to new cosmological models essentially different from the currently accepted
KCDM model.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The Big Bang (BB) theory as the mainstream theory of the evo-
lution of the Universe and the KCDM model as the standard cos-
mological model bring many puzzles and tensions in cosmology
[1,2]. They assume the existence of cold dark matter (CDM) and
dark energy (also called the cosmological constant K), which are
of unknown physical nature. Dark matter is questioned for its mys-
terious nature and for discrepancies with observations on small
scale [3,4] such as observations of faint satellite galaxies of the
Milky Way [5,6] or observations of the radial acceleration relation
of galaxies [7,8]. Dark energy was introduced into the KCDM
model to fit Type Ia supernovae (SNe Ia) observations [9,10]. How-
ever, dark energy causes negative pressure lower by 120 orders
than a theoretical value predicted by quantum field theory [11].
Dark energy also predicts the speeds of gravitational waves and
light to be generally different [12,13], but observations of the bin-
ary neutron star merger GW170817 and its electromagnetic coun-
terparts proved that both speeds coincide with a high accuracy
(<5x10-16). In addition, the age of 14.46 ± 0.31 Gyr of a nearby star
HD 140283 [14] is in conflict with the age of the Universe,
13.80 ± 0.02 Gyr, predicted by the BB theory based on the interpre-
tation of the cosmic microwave background (CMB) as relic radia-
tion of the Big Bang [15]. Similarly, mature galaxies observed by
Watson et al. [16] or Laporte et al. [17] in the early Universe indi-
cate that the predicted age of the Universe is incorrect.

The origin of the mentioned difficulties of the BB theory and the
KCDM model lies most likely in unrealistic assumptions about the
Universe made in the Friedmann equations. In order to manage the
problem of the evolution of the Universe, Friedmann [18] applied
many simplifications. Although the Universe is an extremely com-
plex physical system described by a nonlinear fluid dynamics with
chaotic features [19–26], Friedmann modelled the Universe as a
perfect isotropic fluid homogeneously distributed in space. The
behaviour of the fluid was described by the so-called Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric [18,27–29], which
introduces a time-dependent space expansion characterized by
the scale factor a(t). Friedmann inserted this metric into the Ein-
stein equations of general relativity and obtained equations of
the evolution of the Universe, which form fundamentals of the
BB theory. Later, several authors pointed to the problem of the
oversimplification due to neglecting inhomogeneities in the Uni-
verse and proposed new models, such as the Swiss-cheese cosmol-
ogy [30,31] or the timescape cosmology [32,33]. These models are,
however, complicated and not very usable for modelling. By con-
trast, Vavryčuk [34] pointed out that the Friedmann equations
are too simplistic also for another reason. He emphasized that
the standard FLRW metric used in the equations allows the space
to be distorted by gravity, but the cosmic time is undistorted. If
time distortion is allowed and the standard FLRW metric is substi-
tuted by the so-called conformal FLRW metric, the modified Fried-
mann equations behave much better: they fit the SNe Ia
observations with no need to introduce dark energy or to consider
inhomogeneities in the Universe.

Another severe simplification of the Friedmann equations lies
in assuming that the Universe is transparent, in which the only
force affecting its expansion is gravity. However, if the Universe
is partially opaque, the radiation pressure produced by absorption
50
of light could act against the gravity and affect the evolution
history of the Universe and its age. Hypothetically, if radiation
pressure is high enough in the early Universe, it can fully coun-
terbalance the gravity. In this way, the evolution of the Universe
would be described by a cyclic cosmology with no Big Bang.
Consequently, the tension between the predicted age of the
Universe and the observations of very old stars in our Galaxy
[14] and of mature galaxies in the early Universe [16,17] would
be reconciled.

The idea that cosmic opacity might affect the cosmic dynamics
looks apparently unrealistic but observations confirm that such
process is plausible. We know that the interstellar medium (ISM)
and the intergalactic medium (IGM) contain dust, which interacts
with the stellar radiation. Dust grains absorb and scatter the
starlight and reemit the absorbed energy at infrared, far-infrared
and microwave wavelengths [35–39]. Since galaxies contain
interstellar dust, they lose their transparency and become opaque
[40–42]. Similarly, the Universe is not transparent but partially
opaque due to ambient cosmic dust. The cosmic opacity is very
low in the local Universe [43], but it might steeply increase with
redshift [44–46].

Appreciable cosmic opacity at high redshift is documented by
observations of (1) the evolution of the Lya forest of absorption
lines in quasar optical spectra, (2) the metallicity detected in the
Lya forest, and (3) emission spectra of high-redshift galaxies. In
the Lya forest studies, the evolution of massive Lyman-limit
(LLS) and damped Lyman absorption (DLA) systems are, in partic-
ular, important, because they are self-shielded and serve as reser-
voirs of dust [47,48]. It has been shown that the incidence rate and
the Gunn-Peterson optical depth of the LLS and DLA systems
increase with redshift as (1 + z)4 or more for z < 7 [49–51]. For
higher z, the increase of the optical depth is even stronger. Another
independent indication of dust at high redshifts is a weak or no
evolution of metallicity with redshift. For example, observations
of the CIV absorbers do not show any visible redshift evolution over
cosmic times suggesting that a large fraction of intergalactic metals
may already have been in place at z > 6 [52]. In addition, the pres-
ence of dust in the high-redshift universe is documented also by
observations of dusty galaxies even at z > 7 [16,17] and dusty halos
around star-forming galaxies at z = 5–7 [53]. Zavala et al. [54] mea-
sured a dust mass of � 107 Mʘ for a galaxy at z � 9. Since dust in
high-redshift galaxies can efficiently be transported to halos due to
galactic wind [55] and radiation pressure [56], the cosmic dust
must be present even at redshifts z > 7–9.

The fact that the Universe is not transparent but partially opa-
que might have fundamental cosmological consequences. Neglect-
ing cosmic opacity produced by intergalactic dust may lead to
distorting the observed evolution of the luminosity density and
the global stellar mass density with redshift [46]. Non-zero cosmic
opacity affects the interpretation of the Type Ia supernova (SNe Ia)
dimming as a result of dark energy and the accelerating expansion
of the Universe [55,57–60], because the cosmic opacity can dim the
SNe Ia luminosity. The cosmic microwave background (CMB) can
be produced by cosmic dust instead of being relic radiation of
the Big Bang [61,62]. For example, it has been shown that thermal
radiation of dust is capable to explain the spectrum, intensity and
temperature of the CMB including the CMB temperature/polariza-
tion anisotropies [39].

http://creativecommons.org/licenses/by-nc-nd/4.0/


Václav Vavryčuk Journal of Advanced Research 46 (2023) 49–59
If cosmic opacity and light-matter interactions are considered,
the Friedmann equations must be modified and the radiation pres-
sure caused by absorption of photons by dust grains must be incor-
porated. This was done by Vavryčuk [106], who assumed the
standard FLRWmetricwhenderiving themodified Friedmann equa-
tions. Since Vavryčuk [34] showed that the standard FLRWmetric is
inconsistent with observations of the cosmological redshift, the
Friedmann equations based on the conformal FLRW metric are
derived in this paper. It is demonstrated that the radiation pressure
due to light absorption by cosmic dust is negligible at the present
epoch, but it could be significantly stronger in the past epochs. Sim-
ilarly as inVavryčuk [106], themodified conformal Friedmannequa-
tions avoid the Big Bang and lead to a cyclic model of the Universe
with repeating expansion/contraction epochswithin a limited range
of scale factors. As a consequence, the age of theUniverse is not finite
as predicted by the BB theory but infinite. The predicted parameters
of the cosmic dynamics are, however, slightly different from those
presented in Vavryčuk [106]. The redshift of the Universe with the
minimum volume is about 15–17 and the maximum volume of the
Universe is defined by the scale factor a of about 11. The presented
model avoids dark energy and removes several fundamental ten-
sions of the standard cosmological model.

The paper is organized as follows. The paper starts with section
Theory, where novel equations for the expansion of the Universe
are developed by assuming that the cosmic dynamics is driven
not only by gravity but also by radiation pressure produced by
interaction of light with cosmic dust ambient in the Universe. Sec-
tion Results presents numerical tests, which show plausible sce-
narios of the evolution of the Universe. These scenarios predict a
cyclic cosmology with no Big Bang, when the Universe is repeat-
edly expanding and contracting within a limited range of scale fac-
tors. Finally, sections Discussion and Conclusions summarize the
most important cosmological consequences of the obtained results
and recommendations for future research.

Theory

Standard and conformal FLRW metrics

The standard FLRW metric reads [63,64]

ds2 ¼ �c2dt2 þ a2 tð Þ dr2

1� kr2
þ r2dX2

 !
; ð1Þ

where c is the speed of light, ds ¼ cds is the spacetime element, s is
the proper time, t is the coordinate time, k is the Gaussian curvature
of the space, r is the comoving distance, X is the solid angle, and
function a(t) is called the scale factor and describes the expansion
history of the Universe.

The conformal FLRW metric [65–67] assumes the same scale
factor a(t) for the space expansion as well as for time dilation,

ds2 ¼ a2 tð Þ �c2dt2 þ dr2

1� kr2
þ r2dX2

 !
; ð2Þ

where time t has a different physical meaning than in Eq. (1) being
often denoted as g. We can see that Eq. (2) is obtained from Eq. (1)
by a simple transformation

dt ¼ a tð Þdg ; ð3Þ
where g is called the comoving time or the conformal time.

Obviously, Eqs (1) and (2) define two physically different uni-
verse models. Eq. (1) assumes the cosmic time being invariant of
the space expansion, but Eq. (2) assumes the cosmic time being
dependent on the space expansion. Consequently, the proper speed
of light is invariant in Eq. (1) but it depends on the scale factor a(t)
51
in Eq. (2). In addition, Eq. (2) predicts cosmological redshift and
time dilation in accordance with observations, while no such phe-
nomena are predicted by Eq. (1), see Vavryčuk [34].

Conformal Friedmann equations for the transparent universe

Assuming the standard FLRW metric described by Eq. (1), the
Friedmann equations for the perfect isotropic fluid read [63,64]

_a
a

� �2

¼ 8pG
3

q� kc2

a2
; ð4Þ

€a
a
¼ �4pG

3
qþ 3p

c2

� �
; ð5Þ

where G is the gravitational constant, q is the mean mass density, p
is the pressure, k/a2 is the spatial curvature of the universe, and c is
the speed of light at present.

In order to express the Friedmann equations for the conformal
FLRW metric, we have to substitute time t by the conformal time

g and time derivatives _a ¼ da
dt and €a ¼ d2a

dt2
by a0 ¼ da

dg ¼ a _a and

a
0 0 ¼ d2a

dg2
¼ a2€a. Hence, the conformal Friedmann equations read

a
0

a

� �2

¼ 8pG
3

qa2 � kc2; ð6Þ

a
0 0

a
¼ �4pG

3
qþ 3p

c2

� �
a2; ð7Þ

where a
0 denotes the derivative with respect to the conformal time.

Considering a mass-dominated universe, we get

8pG
3

q ¼ H2
0 Xm a�3: ð8Þ

Eq. (6) is rewritten as

H2 að Þ ¼ H2
0 Xm a�1 þXk
� � ð9Þ

with the condition

Xm þXk ¼ 1 ; ð10Þ
where H að Þ ¼ a0=a is the Hubble parameter, H0 is the Hubble con-
stant, Xm is the normalized matter density, and Xk is the normal-
ized space curvature.

For a comparison, the Hubble parameter for the common
KCDM model based on the standard FLRW metric reads

H2 að Þ ¼ H2
0 Xm a�3 þXK

� �
; ð11Þ

which describes a flat matter-dominated universe. The universe is
transparent, because no interaction of radiation with matter is con-
sidered. The vacuum termXK is called dark energy and it is respon-
sible for the accelerating expansion of the universe. The dark energy
is introduced to fit the KCDM model with observations of the Type
Ia supernova dimming [9,10]. By contrast, Eq. (9) fits observations
of the Type Ia supernova without the necessity to introduce dark
energy [34].

Light-matter interaction

The basic drawback of Friedmann equations is their assumption
of transparency of the universe and the neglect of the universe
opacity caused by interaction of light with intergalactic dust.
Absorption of light by cosmic dust produces radiation pressure act-
ing against the gravity, but this pressure is ignored in the Fried-
mann equations.
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Let us consider light emitted by a point source with mass M (in
kg) and luminosity L (in W) and absorbed by a dust grain with
mass MD, see Fig. 1. The light source produces the energy flux I
(in Wm�2) and the radiation pressure pD, which acts on the dust
grain. The acceleration of the dust grain produced by the light
source reads

€RK ¼ SD
MD

L
4pv

1
R2 ; ð12Þ

where SD is the absorption cross-section of the grain, L is the lumi-
nosity of the source, R is the distance of the dust grain from the light
source, and v is the proper (rest-frame) speed of light. The ratio SD/
MD in Eq. (12) can be expressed as

SD
MD

¼ 3
4

Q abs

RDqD
¼ j; ð13Þ

where SD ¼ nDQ abspR2
D is the absorption cross-section of the dust

grain, MD ¼ nD
4
3pR

3
DqD is the mass of the grain, RD is the grain

radius, Qabs is the grain absorption efficiency, qD is the specific mass
density of grains, and j is the mass opacity (in m2kg�1). Inserting
Eq. (13) into Eq. (12), and taking into account that dust mass forms
just a fraction d of the total mass of the universe, we write

€RK ¼ djL
4pv

1
R2 ¼ �jL

4pv
1
R2 ; ð14Þ

where j
� ¼ dj is the fractional (or effective) mass opacity. Express-

ing the gravitational acceleration €Rg as

€Rg ¼ �GM

R2 ; ð15Þ

the total acceleration of a dust grain is

€R ¼ €Rg þ €RK ¼ 1
R2 �GM þ �jL

4pv

� �
: ð16Þ

Dividing Eq. (16) by distance R and substituting mass M (in kg) and
luminosity L (in W) by mean mass density q (in kgm�3) and mean
luminosity density j (in Wm�3), we get

€R
R
¼ �4

3
pGqþ �j j

3v : ð17Þ
R MD

R SD  , MDL

M

Gravity

Radia�on pressure

a)

b)

Fig. 1. The scheme of gravitational forces (a) and radiation pressure (b) acting on
dust grains. The blue and red arrows indicate a direction of the acting attractive and
repulsive forces, respectively. The point source is characterized by mass M and
luminosity L. The dust grains have mass MD and the cross-section SD.
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Consequently, we obtain a Poisson equation for the scalar
potential /, which involves potentials for both gravitational and
radiation-absorption fields

D/ ¼ 4pGq� �j j
v : ð18Þ

Hence, the radiation-absorption term can be incorporated into
the Friedmann equations in a very analogous way as the gravity.
Its effect will be, however, opposite.

Conformal Friedmann equations for the opaque universe

Next, the Friedmann equations valid for the transparent uni-
verse will be modified for the universe with cosmic opacity caused
by absorption of light by cosmic dust. Incorporating the radiation-
absorption field into the Friedmann equations comprises several
steps. First, we must modify the Einstein equations by incorporat-
ing a non-gravitational field Klm described as a perfect isotropic
fluid producing repulsive force acting against the gravity (see
Appendix A)

Glm þ 1
c4

Klm ¼ 8pG
c4

Tlm ; ð19Þ

Klm ¼ qK þ pK
c2

� �
UlUm þ pKg

lm ; ð20Þ

where qK ¼ 2 j
�
j
v is the density and pK is the repulsive pressure of

the non-gravitational field produced by the light-matter interac-
tion. Second, we assume the spacetime geometry described by
the FLRW metric and density qK dependent on the scale factor
a as qK ¼ qK0a

�b. Consequently, the Friedmann equations for
the opaque universe in the standard FLRW metric read (see
Appendix A)

_a
a

� �2

¼ 8pG
3

q� kc2

a2
� 2
3
j
�
j
v ; ð21Þ

€a
a
¼ �4pG

3
qþ b� 2

3
j
�
j
v : ð22Þ

Third, the Friedmann equations for the opaque universe in
the standard FLRW metric will be transformed into the equa-
tions based on the conformal FLRW metric. The procedure is
similar to that for the transparent universe. We just substitute
time t in Eqs (21) and (22) by the conformal time g and time

derivatives _a ¼ da
dt and €a ¼ d2a

dt2
by a0 ¼ da

dg ¼ a _a and a0 0 ¼ d2a
dg2

¼ a2€a,

see Eqs (6) and (7). Hence,

a
0

a

� �2

¼ 8pG
3

qa2 � kc2 � 2
3
j
�
j
v a2 ; ð23Þ

a
0 0

a
¼ �4pG

3
qa2 þ b� 2

3
j
�
j
v a2 : ð24Þ

Consequently, the Hubble parameter in the conformal FLRW
metric is obtained by modifying Eq. (9) for the Hubble parameter
in the standard FLRW metric as

H2 að Þ ¼ H2
0 Xm a�1 þXa a2�b þXk

� � ð25Þ
with the condition

Xm þXa þXk ¼ 1 ; ð26Þ
where Xm, Xa and Xk are the normalized matter density, normal-
ized radiation-absorption density and normalized space curvature,
respectively,
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Fig. 2. The mass opacity j as a function of wavelength for the so-called MRN dust
model [68] defined by the power-law grains-size distribution with lower and upper
size limits between � 5 and � 250 nm, see Tables 4–6 of Draine [37]. The red
dashed line shows the power law with the spectral index c of 1.3.
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Xm ¼ 1
H2

0

8
3
pGq0

� �
; ð27Þ

Xa ¼ � 1
H2

0

2
3
j
�
j
v

 !
; ð28Þ

Xk ¼ � kc2

H2
0

: ð29Þ

The minus sign in Eq. (28) means that the radiation pressure
due to the light-matter interaction acts against the gravity. Consid-
ering a ¼ 1=ð1þ zÞ, the comoving distance is expressed from Eq.
(25) as a function of redshift as follows

dr ¼ c
H0

Xm 1þ zð Þ þXa 1þ zð Þb�2 þXk

h i�1=2
dz : ð30Þ

This relation is needed for transforming observations of redshift for
distant objects to their distance.

Redshift dependence of the light-matter interaction

The radiation-absorption term j
�
j
v in Eq. (23) is redshift depen-

dent. Under the assumption that the number of sources (global
stellar mass) and their luminosity conserves in time in the Uni-
verse, the rest-frame luminosity density j depends on redshift as

1þ zð Þ3. Since the proper speed of light is v ¼ c=ð1þ zÞ in the con-
formal FLRW metric [34], we get

j
v ¼ j0

c
1þ zð Þ4 ; ð31Þ

where subscript ‘00 corresponds to the quantity observed at present.
The assumption of the independence of the global stellar mass in
the Universe looks apparently unrealistic but it is fully consistent
with observations if corrections to the opacity of the Universe are
applied [39,46].

Also, the effective mass opacity j
� ¼ dj in the radiation-

absorption term j
�
j
v in Eq. (23) depends on redshift. Based on the

extinction law, the mass opacity j depends on the wavelength k
of absorbed radiation as k�c, where c is the spectral index ranging
between 1.0 and 1.5 for grains with size of 0.2 lm or smaller
[38,68] and for wavelengths lower than 10 lm, see Fig. 2. Hence,
if radiation changes its wavelength due to the redshift as

1þ zð Þ�2 [34], the mass opacity j depends on redshift as

1þ zð Þ2c. Consequently, the coefficient b describing the redshift-

dependent radiation-absorption term j
�
j
v in Eqs (25) and (30) is

b ¼ 4þ 2c and ranges from 6 to 7. By contrast, the mass opacity
is wavelength independent for large grains with size larger than
wavelength k and the radiation-absorption term depends on z as

1þ zð Þ4 only.

Limits of the scale factor a

Next, we assume that the mean spectral index c characterizing
the absorption of light by mixture of grains of varying size is 1.
Consequently, the radiation-absorption term depends on a as a�6.
The scale factor a of the Universe with the zero expansion rate is
defined by the zero Hubble parameter in Eq. (25), which yields
the following algebraic equation in a

Xk a4 þXm a3 þXa ¼ 0 : ð32Þ
Assuming Xka4 ffi 0 for a � 1 and taking into account that

Xm > 0 and Xa < 0, Eq. (32) has one real positive root
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amin ffi
ffiffiffiffiffiffiffiffiffiffi
Xa

Xm

				
				3

s
: ð33Þ

Assuming Xa ffi 0 for a � 1 and taking into account that Xm > 0
and Xk < 0 (closed universe), Eq. (32) yields

amax ffi Xm

Xk

				
				 ffi 1�Xk

Xk

				
				 : ð34Þ

Hence, Eq. (25) describes a closed universe with a cyclic expansion/
contraction history and the two real positive roots amin and amax in
Eqs (33) and (34) define the approximate minimum and maximum
scale factors of the Universe. Consequently, the maximum
redshift is

zmax ¼ 1
amin

� 1 : ð35Þ
Results

Parameters for modelling

For calculating the cosmic dynamics of the Universe, we need
observations of the mass opacity of intergalactic dust grains, frac-
tion of the dust mass to the total mass, the galaxy luminosity den-
sity, and the expansion rate and curvature of the Universe at the
present time.

The size d of dust grains is in the range of 0.01 – 0.2 lm with a
power-law distribution d�q with q = 3.5 [68], but silicate and car-
bonaceous grains dominating the scattering are typically with
d � 0.1 lm [38]. The grains of size 0.07 lm � d � 0.2 lm are also
ejected to the IGM most effectively [69]. The grains form compli-
cate fluffy aggregates, which are often elongated or needle-
shaped [70]. Considering the density of carbonaceous material
q � 2.2 g cm�3 and the silicate density q � 3.8 g cm�3 [38], the
average density of porous dust grains is � 2 g cm�3 or less [71].
Consequently, the standard dust models [72] predict the
wavelength-dependent mass opacity. For example, Draine [37]
reports the mass opacity of 855 m2kg�1 at the V-band and the mass
opacity of 402 m2kg�1 for a wavelength of 1 lm, which corre-
sponds to the maximum intensity of the EBL. Since grains in the
dust models are assumed to be of a spherical shape, the real mean
cross-section of dust grains can be significantly different from



Fig. 3. Maximum redshift as a function of Xm and Xa.
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theory. This effect can be included by introducing parameter e as
the ratio of the spheroidal to spherical dust grain cross-sections.

The fraction d of the dust mass to the total mass is roughly esti-
mated by measurements of the so-called dust-to-gas mass ratio in
galaxies. Bohlin et al. [73] found that the ratio of the total hydrogen
column density to the colour excess E(B-V) is roughly constant
with value 5.8 	 1021 cm�2 mag-1. By fitting the extinction curve
with various mixtures of the silicate and carbonaceous dust grains,
it is possible to find the total volumes VS and VG of carbonaceous
and silicate grain populations per H atom. For example, Weingart-
ner & Draine [72] report for the silicate grains (their case B) VS = 3.
9 	 10-27 cm3 H-1 and for the carbonaceous grains VG = 2.3 	 10-27

cm3 H-1, provided RV = 3.1. This yields the dust-to-gas mass ratio of
0.01 for the Milky Way. A similar or lower value is presented also
by other authors and for other galaxies [36,74–78]. Here, the frac-
tion d of the dust mass to the total mass is assumed to vary from
0.3 % to 1.0 %.

The galaxy luminosity density j is determined from the Schech-
ter function [79]. It has been measured by large surveys 2dFGRS
[80], SDSS [81] or CS [82]. The luminosity function in the R-band
was estimated at z = 0 to be (2.6 ± 0.3)	 108h Lʘ Mpc-3 for the SDSS
data [81] and (1.9 ± 0.6) 	 108h Lʘ Mpc-3 for the CS data [82]. The
Hubble constant H0 is measured by methods based on the
Sunyaev-Zel’dovich effect [83], gravitational lensing [84], gravita-
tional waves [85] or acoustic peaks in the CMB spectrum provided
by Planck Collaboration et al. [15], and they yield values mostly
ranging between 66 and 74 km s�1 Mpc-1. Here, we use an estimate
H0 = 69.8 ± 2.5 km s�1 Mpc-1 obtained by Freedman et al. [86] using
the SNe Ia with a red giant branch calibration.

Assuming the KCDM model, the CMB and BAO observations
indicate a nearly flat Universe [15]. This method is not, however,
model independent and ignores an impact of cosmic dust on the
CMB. A model-independent method proposed by Clarkson et al.
[87] is based on reconstructing the comoving distances by Hubble
parameter data and comparing with the luminosity distances or
the angular diameter distances [88]. The cosmic curvature can also
be constrained using strongly gravitational lensed SNe Ia [89] and
using lensing time delays and gravitational waves [90]. The
authors report the curvature term Xk ranging between �0.3 to
�0.1 indicating a closed universe, not significantly departing from
flat geometry.

Numerical results

Estimating the required cosmological parameters from observa-
tions, we calculate the upper and lower limits of the volume of the
Universe and the evolution of the Hubble parameter with time
using Eqs (25-29). The mass density of the Universe higher than
the critical density is considered, and subsequently Xm is higher
than 1. The Hubble constant is H0 = 69.8 km s�1 Mpc-1, taken from
Freedman et al. [86]. The mass opacity j0 of 402 m2kg�1 is taken
Table 1
Maximum redshift and scale factor in the cyclic model of the opaque universe.

Model Input parameters

d (%) e Xm Xa

A 1.0 20 1.2 �8.3x10
B 0.3 10 1.2 �1.2x10
C 0.7 15 1.2 �4.3x10
D 0.7 15 1.1 �4.3x10
E 0.7 15 1.3 �4.3x10

Note: Parameter d is the fraction of the cosmic dust mass to the total mass, e is the ratio of
radiation-absorption and curvature terms, b is the power-law exponent describing a dec
zmax are the maximum scale factor and redshift, respectively. Models A, B and C predic
optimum values of amax.
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from table 4 of Draine [37]; which characterizes the opacity of dust
at a wavelength of 1 lm. The mass opacity is further multiplied by
factor e ranging between 10 and 20 and reflecting that dust grains
are not spherical but rather prolate spheroids having a larger effec-
tive cross-section. The fraction of the cosmic dust mass to the total
mass d ranges from 0.3 % to 1.0 %. The luminosity density is j0 = 2.
6 	 108h Lʘ Mpc-3 [81]. The exponent b of the power-law decay of
the radiation-absorption term in Eq. (24) ranges from 6.5 to 6.7.
The results of modelling are summarized in Table 1.

As seen in Fig. 3, the maximum redshift of the Universe depends
on Xm and Xa, and ranges from 12 to 22 for b = 6.6. In contrast to
amin depending on bothXm andXa, the maximum scale factor amax

of the Universe depends primarily onXk only, see Eq. (34). The lim-
iting value isXk = 0, when amax is infinite. ForXk = �0.1, �0.2, �0.3
and �0.5, the scale factor amax is 11.0, 6.0, 4.3 and 3.0, respectively.

The history of the Hubble parameter, H(z), and its evolution in
future, H(a), calculated by Eq. (25) is shown in Fig. 4 for five scenar-
ios summarized in Table 1. The form of H(z) in Fig. 4a is controlled
by Xa and the power-law exponent b, while the form of H(a) in
Fig. 4b is controlled by Xk. The Hubble parameter H(z) in Fig. 4a
increases with redshift up to its maximum that is lower than
300 km s�1 Mpc-1. After that the function rapidly decreases to zero.
The drop of H(z) is due to a fast increase of light attenuation pro-
ducing strong repulsive forces at high redshift. The maximum red-
shift zmax predicted by the considered scenarios ranges from 12 to
26. The maximum redshift for the optimum model is about 16. For
future epochs, function H(a) in Fig. 4b is predicted to monoto-
nously decrease to zero. The rate of decrease is controlled just by
gravitational forces; the repulsive forces originating in light atten-
uation are negligible. The maximum scale factor amax depends on
Output

b Xk amax zmax

-5 6.7 �0.200 6.0 12.2
-5 6.5 �0.200 6.0 25.7
-5 6.6 �0.200 6.0 16.1
-5 6.6 �0.100 11.0 15.7
-5 6.6 �0.300 4.3 16.5

the spheroidal to spherical dust grain cross-sections,Xm,Xa, andXk are the matter,
ay of the radiation-absorption term with the scale factor a in Eq. (25), and amax and
t low, high and optimum values of zmax. Models E, D and C predict low, high and
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Fig. 4. The evolution of the Hubble parameter with redshift in the past and with the scale factor in future (in km s�1 Mpc-1). (a) The blue dashed, dotted and solid lines show
Models A, B and C in Table 1. (b) The blue solid, dashed, and dotted lines show Models C, D and E in Table 1. The black dotted lines mark the predicted maximum redshifts (a)
and maximum scale factors (b) for the models considered. The red solid line shows the flat KCDM model described by Eq. (11) with H0 = 69.8 km s�1 Mpc-1, taken from
Freedman et al. [86] and with Xm = 0.3 and XK = 0.7.
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the curvature of the Universe. Plausible values of amax are in the
range between 4 (Xk ¼ �0:3) to 11 (Xk ¼ �0:1).

For a comparison, Fig. 4 (red line) shows the Hubble parameter
H(a) for the standard KCDM model [15], which is described by Eq.
(11) withXm = 0.3 andXK = 0.7. The behaviour of H(a) and H(z) for
the standardKCDMmodel is quite different from that for the cyclic
model of the opaque universe. The Hubble parameter H(z) raises
with redshift very steeply (Fig. 4a, red line) and goes to infinity
when approaching the initial singularity with z ! 1. For future
epochs, the model predicts no maximum scale factor (Fig. 4b, red
line), because it is continuously expanding for all times (flat
universe).

The distance-redshift relation of the proposed cyclic model of
the Universe is quite different from the standard KCDM model
(see Fig. 5). In both models, the comoving distance monotonously
increases with redshift, but the redshift can go possibly to 1000
or more in the standard model, while the maximum redshift is
likely 15–17 in the optimum cyclic model. The increase of distance
with redshift is remarkably steeper for the cyclic model than for
the KCDM model.
A C B

ΛCDM model

Op�mum 
model

Fig. 5. Comoving distance as a function of redshift z. The blue dashed, dotted and
solid lines show Models A, B and C in Table 1. The black dotted lines mark the
predicted maximum redshifts for the models considered. The red solid line shows
the flatKCDMmodel described by Eq. (11) with H0 = 69.8 km s�1 Mpc-1, taken from
Freedman et al. [86] and with Xm = 0.3 and XK = 0.7.
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Discussion

The radiation pressure as a cosmological force acting against the
gravity has not been proposed yet, even though its role is well
known in the stellar dynamics [91,92], in supernovae stellar winds
and in galactic wind dynamics [56]. The key role of the radiation
pressure in cosmic dynamics was overlooked, because the Universe
was assumed to be transparent. In the opaque universe model, the
role of radiation pressure is essential. Since the cosmic opacity and
luminosity density steeply rise with redshift, the radiation pres-
sure becomes significant at high redshifts and stop the universe
contraction driven by gravity. Small dust grains will probably be
more important in this process, because the mass opacity respon-
sible for the radiation pressure rapidly increases with decreasing
size of grains. Similarly, the emission of high-energy photons will
affect the universe dynamics more distinctly than the CMB,
because they are absorbed more efficiently compared to the CMB
photons, which are absorbed by dust very weakly.

Hence, the cyclic evolution of the Universe with repeating
epochs of expansion and contraction might be produced by imbal-
ance of gravitational forces and radiation pressure. If the global
stellar and dust masses are independent of time with minor fluctu-
ations only, the evolution of the Universe will be stationary. The
age of the Universe is unconstrained and galaxies can be observed
at any redshift less than zmax. The only limitation is high cosmic
opacity, which can dim light of the most distant galaxies. Hypo-
thetically, it could be possible to observe galaxies from previous
cycle/cycles, if their distance is higher than that corresponding to
zmax � 15–17. However, the identification of galaxies from the pre-
vious cycles will not be easy, because distance will not be a unique
function of redshift.

Obviously, a role of recycling processes is more important in the
cyclic cosmological model than in the BB theory. The processes of
formation/destruction of galaxies should play a central role in this
model [93,94]. Similarly, the formation of metals in nuclear fusion
and their destruction should be balanced in the long term. For
example, quasars might be recycling engines having an enormous
destructive power. Indications supporting the recycling scenario
are provided by studies of metallicity with cosmic time, when
observations do not show convincing evidence of the metallicity
evolution. By contrast, they point to an ambient metal pollution
of the intergalactic medium in the early Universe [47,95] and a fail-
ure to detect a pristine material with no metals at high redshifts.
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Conclusions

The presented cosmological equations are novel in two basic
aspects: (1) They incorporate light-matter interactions into the
Friedmann equations similarly as done by Vavryčuk [106], and
(2) they are based on the conformal FLRW metric, because the
standard FLRW metric used in Vavryčuk [106] appeared to be
inconsistent with observations of the cosmological redshift [34].
The model predicts a cyclic expansion/contraction evolution of
the Universe within a limited range of scale factors with no initial
singularity. The model avoids dark energy and removes some other
tensions of the standard KCDM model, namely:

The model does not limit the age of stars in the Universe, being
consistent with observations of a nearby star HD 140283 [14] with
age of 14.46 ± 0.31 Gyr. By contrast, the existence of this very old
star is in conflict with the age of the Universe, 13.80 ± 0.02 Gyr,
determined from the interpretation of the CMB as relic radiation
of the Big Bang [15]. The presented model predicts the existence
of very old mature galaxies at high redshifts. The existence of
mature galaxies in the early Universe was confirmed, for example,
by Watson et al. [16] who analyzed observations of the Atacama
Large Millimetre Array (ALMA) and revealed a galaxy at z > 7 highly
evolved with a large stellar mass and heavily enriched in dust. Sim-
ilarly, Laporte et al. [17] analyzed a galaxy at z � 8 with a stellar
mass of � 2x109 Mʘ and a dust mass of � 6x106 Mʘ. A large
amount of dust is reported by Venemans et al. [96] for a quasar
at z = 7.5 in the interstellar medium of its host galaxy. In addition,
a remarkably bright galaxy at z � 11 was found by Oesch et al. [97]
and a significant increase in the number of galaxies for 8.5 < z < 12
was reported by Ellis et al. [98].

The model is capable to explain the SNe Ia dimming discovered
by Riess et al. [9] and Perlmutter et al. [10] without introducing
dark energy as the hypothetical energy of vacuum [34], which is
difficult to explain under the quantum field theory [99]. Moreover,
dark energy models predict different speeds of light and of gravita-
tional waves [12,13]. However, observations of the binary neutron
star merger GW170817 and its electromagnetic counterparts
proved that both speeds coincide.

The model avoids a puzzle, how the CMB as relic radiation could
survive the whole history of the Universe without being distorted
[100]. Also, why non-Gaussianity [101,102] and a violation of sta-
tistical isotropy and scale invariance are observed in the CMB.
Instead, theory of the CMB as thermal radiation of cosmic dust pre-
dicts the CMB temperature with the accuracy of 2% [39]. Anisotro-
pies in the CMB temperature are satisfactorily explained by the
presence of large-scale structures in the Universe and anisotropies
in the CMB polarization are caused by dust grains aligned by mag-
netic fields around clusters and voids.

In summary, the BB theory and the cyclic cosmological model
are essentially different concepts of the Universe. In contrast to
the BB theory, the cyclic model of the eternal universe with high-
redshift cosmic opacity is based on the standard physics, it is less
speculative and predicts current observations comparably well
with no free parameters such as dark energy or dark matter. Nev-
ertheless, this model opens other questions, which need to be
resolved. For example, the origins and role of recycling processes
of stars, galaxies and other objects in the Universe should be clar-
ified in detail. Essential progress in understanding the evolution of
the Universe will bring the James Webb Space Telescope launched
on December 25, 2021, which will be focused on observations of
the early Universe [103–105]. This telescope can probe high-
redshift galaxy populations and properties of the IGM including
the distribution of the galactic and intergalactic dust at high
redshifts. In particular, information on the high-redshift cosmic
opacity will be the key for a more accurate modelling of the evolu-
tion of the Universe in future studies.
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Appendix A. Considering light-matter interactions in Einstein
equations of general relativity

The Einstein equations of general relativity read

Glm þKglm ¼ 8pG
c4

Tlm ; ðA1Þ

where Glm is the Einstein tensor,K is the cosmological constant, glm

is the metric tensor, G is the gravitational constant, c is the speed of
light, at present and Tlm is the energy–momentum tensor. The Ein-
stein tensor Glm describes the curvature of the spacetime associated
with gravity produced by the presence of matter and/or energy
described by the energy–momentum tensor Tlm. The cosmological
term was introduced into the equation by Einstein as a non-
gravitational term, which acts against the gravity.

Since Glm
;m ¼ 0 and Kglm ;m ¼ 0, we get

Tlm ;m ¼ 0 ; ðA2Þ
which expresses the energy–momentum conservation law. Obvi-
ously, the validity of the field equation (A1) is kept, if the cosmolog-
ical term Kglm is substituted by a more general term 1

c4 K
lm,

Glm þ 1
c4

Klm ¼ 8pG
c4

Tlm ; ðA3Þ

for which

Klm
;m ¼ 0 : ðA4Þ
Eq. (A4) expresses the energy–momentum conservation law

for the non-gravitational field described by tensor Klm and
produced by the light-matter interactions. Formally, tensor Klm

can be considered as a part of the energy–momentum tensor
Tlm, but it is useful to treat it separately, in order to emphasize
its non-gravitational nature similarly as done by Einstein in the
case of the original cosmological constant K. In this way, tensor
Tlm is allocated for gravitational effects of mass and other phys-
ical fields only, but it does not reflect other non-gravitational
forces. Obviously, both approaches are mathematically equiva-
lent, because if Klm is considered as a part of Tlm, matching
the field equations for a weak non-relativistic field leads finally
to decoupling of Klm and canceling the factor 8pG

c4 standing at
the term with Klm.

For a perfect isotropic fluid, the energy–momentum tensor Tlm

reads

Tlm ¼ qþ p
c2

� �
UlUm þ pglm ; ðA5Þ

where q is the density, p is the pressure, and Ul is the four-velocity.
In analogy to Eq. (A5), the isotropic cosmological tensor Klm can be
described as
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Klm ¼ qK þ pK

c2

� �
UlUm þ pKg

lm ; ðA6Þ

where qK is the density and pK is the pressure of the non-
gravitational field produced by the light-matter interaction. Assum-
ing the weak-field non-relativistic approximation, Eq. (A3) should
yield the Poisson equation (18), which can be split into the equa-
tions for the gravitational potential /G and for the potential of the
light-matter interaction /K as follows

D/G ¼ 4pGq ; ðA7Þ

D/K ¼ �j
�
j
v : ðA8Þ

Taking into account that K00 ¼ qKc
2 and matching Eq. (A3) in the

weak-field non-relativistic approximation with Eq. (A8), we get

qK ¼ 2j
�
j

v : ðA9Þ

Introducing the standard FLRW metric of the space defined by
its Gaussian curvature k and by the scale factor a(t) [64,65]

�c2ds2 ¼ �c2dt2 þ a2 tð Þ dr2

1� kr2
þ r2dX2

 !
ðA10Þ

into Eqs (A3), (A5) and (A6), we get a modified form of the Fried-
mann equations, which involve effects of the non-gravitational field
Klm

_a
a

� �2

¼ 8
3
pGq� 1

3
qK � kc2

a2
; ðA11Þ

€a
a
¼ �4

3
pG qþ 3p

c2

� �
þ 1
6

qK þ 3pK

c2

� �
: ðA12Þ

Considering q and qK depending on the scale factor a(t) as
q ¼ q0a

�a and qK ¼ qK0a
�b, the equations of state for Tlm and Klm

yield

p ¼ a� 3
3

c2q ; ðA13Þ

pK ¼ b� 3
3

c2qK ; ðA14Þ

and Eq. (A12) reads

€a
a
¼ �4

3
pG a� 2ð Þqþ b� 2

6
qK : ðA15Þ

Specifying Eq. (A15) for the pressureless fluid (a = 3) and taking
into account Eqs (A9) and (A14), the final form of the standard
Friedmann equations for the opaque universe is expressed as

_a
a

� �2

¼ 8
3
pGq� 2

3
j
�
j
v � kc2

a2
; ðA16Þ

€a
a
¼ �4

3
pGqþ b� 2

3
j
�
j
v : ðA17Þ
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Václav Vavryčuk Journal of Advanced Research 46 (2023) 49–59
[102] Cruz M, Martinez-Gonzalez E, Vielva P, Cayon L. Detection of a non-Gaussian
spot in WMAP. Mon Notices Royal Astron Soc 2005;356:29–40.

[103] Gardner JP, Mather JC, Clampin M, Doyon R, Greenhouse MA, Hammel HB,
et al. The James Webb Space Telescope. Space Sci Rev 2006;123:485–606.

[104] Zackrisson E, Rydberg C-E, Schaerer D, Östlin G, Tuli M. The spectral evolution
of the first galaxies. I. James Webb Space Telescope detection limits and color
criteria for Population III galaxies. Astrophys J 2011;740(13).
59
[105] Bromm V, Yoshida N. The first galaxies. Annu Rev Astron Astrophys
2011;49:373–407.
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