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Abstract

A new concept, relativistic time dilation adjusted Effective Age of the Universe
(EAoU), is introduced and is estimated at ~45 Gyr in comparison to the widely
accepted 13.79 Gyr based on the comoving observer framework. Conceptual
ambiguities in the treatment of time and distance on cosmic scales, particu-
larly in the application of General Theory of Relativity (GTR) to accelerated
expansion, matter density, gravitational effects, and relativistic time dilation
are discussed. We categorize the Age of Universe (AoU) into three types, e,
AoU—Type 1: cosmic time, Type 2: elapsed solar years, and Type 3: effective
time corrected for relativistic effects. The EAoU framework reconciles some
key observational paradoxes, particularly regarding the existence of high red-
shift massive galaxies such as MoM-z14. An equation derived from the FLRW
equations (Equation 33) provides the EAoU as an observer-centric, relativis-
tically adjusted time scale. Thermodynamic perspective to EAoU is also dis-
cussed. The revised view of the universe’s timeline offers a plausible resolution
to the rapid formation of massive early galaxies, without invoking exotic phys-
ics.

Keywords

Cosmology, Relativistic-Time-Dilation, FLRW-Metric, Observer-Centric
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1. Introduction

Cosmology is beset with many challenging questions and lacunae, which bring
into question the standard model of cosmology (SMC) [1] [2] itself. Prominent
amongst these challenges are the Hubble tension, dark matter and dark energy,

inflation, accelerated expansion, and high red shift galaxies [3]. In addition, there

DOI: 10.4236/jhepgc.2025.114095  Oct. 24, 2025

1545 Journal of High Energy Physics, Gravitation and Cosmology


https://www.scirp.org/journal/jhepgc
https://doi.org/10.4236/jhepgc.2025.114095
http://www.scirp.org
https://www.scirp.org/
https://orcid.org/0000-0001-8644-7548
https://doi.org/10.4236/jhepgc.2025.114095
http://creativecommons.org/licenses/by-nc/4.0/

J. Hossain

are the horizon and flatness problems [4], baryon asymmetry [5], singularity con-
ditions, etc. Accelerated expansion of the universe [6] [7], often attributed—
somewhat speculatively—to a repulsive dark energy component, further adds to
the mounting number of unexplained phenomena. Recent observations of large
high redshift galaxies by JWST have the scientific community wondering about
the Big Bang and the evolutionary timeline of the universe.

In this paper, we adopt an observer-centric approach to study the evolutionary
time line and age of the universe (AoU). This approach, different from the “co-
moving galaxy” approach widely used, enables us to view space, time, age, and
evolution of the universe in a new light and from the viewpoint of a “present day”
observer on earth. This approach offers a reconciliation of the observational and
theoretical lacunae with respect to the age and allowable evolutionary time for the
observed high redshift galaxies.

JWST (NASA, 2025) [8], since its launch in 2021, while providing a wealth of
cosmological data and revealing many new objects and phenomena in deep space,
to some extent, seems to have further widened the gaps in our understanding of
how the universe works, evolves or exists. A large number of high red shift galaxies
at z> 10 observed [9]-[13] seem to defy the prevalent and widely accepted age and
timeline of the universe. The latest JWST observed galaxy, MoM-z14, which is
nearly 500 million light-years across (Naidu et al, 2025) [13] with the highest con-
firmed redshift of 14.44, corresponding to an assessed epoch just 280 million years
after the Big Bang, is surprisingly luminous for its epoch and challenges conven-
tional models that predict fainter and smaller galaxies in that epoch. It is felt that
such large galaxies will take much longer to evolve (Henriques et al, 2014) [14].
According to the largely accepted cosmic timeline (Figure 1 and Figure 2), the
first stars appeared at around 200 million years after the Big Bang and the first
galaxies after 400 million years [15]. High red shift galaxies such as MoM-z14 raise
fundamental question about galaxy formation in a period of few hundred million
years after the Big Bang. Either the largely accepted timeline of the universe (Fig-
ure 1 and Figure 2) is somewhat misleading, or we are missing something in the
physics of the universe and the Star Formation Rates (SFR) [14].

On the other hand, Hubble tension [15]-[17], which is the discrepancy in the
assessed value of the Hubble constant by different methodologies, remains a bone
of contention. Two of the most important studies in cosmology are the Planck
Collaboration 2018 [16] using the ACDM with cosmic microwave background
(CMB) [18] and the Cepheid Variable study [19]. CMB is believed to be the earli-
est relic of the universe, detected by us, from an estimated time of almost 380,000
years after the Big Bang. The two studies have come up with a significant 50 ten-
sion in Hubble constant values.

Measurements arrived at through 42 local Type Ia supernovae (SNe Ia) cali-
brated by Cepheid variables [20] yielded Hy = 73.0 £ 1.0 km/s/Mpc, and the
Planck observations of the CMB [16] [21] predicted A, = 67.4 £ 0.5 km/s/Mpc
[22]. Riess et al (2023) [23], through JWST observations, revalidate the accuracy
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Figure 1. Timeline of the Universe based on ACDM Cosmology. Credit: Adapted from NASA/WMAP Science Team—Public Do-
main. https://commons.wikimedia.org/w/index.php?curid=11885244
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Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe
dark matter cradles

Figure 2. Cosmic Evolution from the Big Bang to the Present Epoch. Credit: Courtesy of NASA (https://science.nasa.gov/re-
source/history-of-the-universe/).
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of Hy derived earlier by them at 74.03 + 1.42 km/s/Mpc [24]. Both studies estimate
age of the universe at around 13.79 Gyrs and both appear to be the most compre-
hensive studies with little room for bridging the gap or tension, unless something
very different is assumed at a fundamental level.

A fundamental underlying aspect of the cosmology, early universe dynamics,
and the age of the universe (AoU) has to do with our understanding of the flow
or passage of time as we assess age of stars and galaxies at 10+ Gyrs or examine
near singularity conditions. If the passage of time is not properly understood and
not treated well, there can be implications on SFRs or the Galaxy Formation Rates
(GFR).

In this paper, we delve deeper into concepts of time and distance and examine
if, in the context of General Theory of Relativity (GTR), these parameters have
been treated correctly and appropriately from the perspective of an observer on
earth.

2. Age of the Universe (AoU)

An important question in modern cosmology and the standard model (SMC) is
the age of the universe (AoU). By most of the different methods, AoU has been
assessed and reported at around 13.79 Gyr, as can be seen in Table 1. A funda-
mental question that arises with respect to the AoU is that given the relative nature
of “time” in GTR, is it being treated in a manner that gives us the correct perspec-
tive on the AoU from the viewpoint of an observer on earth in the present time
and if AoU, pegged at 13.79 Gyr, is the same “time” or the “proper time” that we
perceive or is it something different?

For aray oflight emitted at the dawn of the universe, reaching us through many
epochs under accelerated expansion of the universe, varying matter density, time
dilation, length contraction, and many other known and unknown effects such as
gravitational lensing, quantum effects and entanglement, influences of dark mat-
ter, and dark energy—are we able to correctly assess the passage of time and the
distances involved for this ray of light? In our opinion, there remains lack of con-
ceptual clarity on “AoU” and treatment of “time” and “distance”, which we have
dealt with in subsequent sections of this paper.

AoU time assessed at 13.79 Gyrs is not necessarily in the same unit of time that
an observer assesses on earth now. The unit of measurement of AoU, also termed
as “The Cosmic Time”, which in a homogeneous and isotropic universe, described
by the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, is the “proper
time” experienced by a comoving observer who is at rest relative to the average
motion of the cosmos. For such an observer, “cosmic time” and “proper time”
coincide. In reality, however, no such observer exists; it remains only a theoretical
construct.

When we look back from the current time, which is the “proper time” for an
observer on earth, it is not necessarily equivalent to the “cosmic time.” There is

also no mathematical proof establishing equivalence of “cosmic time” and the
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Table 1. Different methods of AoU determination.

Method of Age Description of the Method AoU (Gyr) Reference Assessment

Determination Type

FLRW Equations in  Uses the Friedmann equations to model the expansion of ~13.79 Planck (2018) [21] Type 1

ACDM the universe based on observations of cosmic expansion.

Cosmic Microwave  Analyzes temperature fluctuations in the CMB to infer  ~13.79 Planck (2018) [21] Typel

Background (CMB) the universe’s expansion history and age.

Metallicity Studies the chemical composition of the oldest starsto ~ ~13.79 Chaboyer et al. Type 2
estimate their formation time relative to the Big Bang. (1996)/(2021) [28] [29]

Cepheid Variables ~ Measures the luminosity of Cepheid stars to determine  ~13.79 Riess et al. (1998) [7]  Type2

Stellar Evolution
Models

distances and infer the Hubble constant.

Estimates the age of the oldest star clusters using ~13.79 Harris (1996) [30] [31] Type 2
theoretical models of stellar life cycles.

White Dwarf Models the cooling rates of white dwarfs to estimate ~11-14 Winget et al (1987) Type 2
Cooling their ages, providing a lower limit on the universe’s age. [32] [33]
Nucleocosmochronol Studies the abundance of radioactive isotopes in stars to ~13.7 Timmes et al. (1996)  Type 2
ogy estimate the time since their formation. [34] [35]

Gravitational Wave
Observations

Galaxy Evolution
Models

Type Ia Supernovae

Baryon Acoustic
Oscillations (BAO)

Uses data from merging binary systems to estimate ages ~10-14 Abbott et al (2016) Type 2

of their progenitors and cosmic timescales. [36]

Analyzes the formation and evolution of galaxies over ~ ~13.79 Behroozi et al (2013)  Type 1
cosmic time to infer the age of the universe. [37] [38]

Uses these supernovae as standard candles to measure =~ ~13.79 Perlmutter et al (1999) Type 2
distances and understand cosmic expansion. [39]

Study of BAO in the distribution of galaxies can enable ~13.79 Dawson, K. et al. Type 2
measurement of the expansion history of the universe. (2013) [40]

“proper time.” It is important to keep in mind that in order to perceive “time” and
“distances”, in general in GTR, an observer is must and such an observer has to
be in the present. The concept of the “existence of the observer” and what consti-
tutes an observation is essential and fundamental aspect of physics [25] and theo-
retical constructs that by-pass observation and the observer can at best be termed
as “speculative.” Therefore, because the AoU assessed at 13.79 Gyrs is based on
comoving framework, it should be seen as a speculative number and should be
critically examined under the GTR framework.

We, as the present observers on earth, can look at time lapse in AoU in three
ways—AoU (type 1)—The “cosmic time” assessed at 13.79 Gyr, which is the pre-
vailing concept and largely accepted; AoU (type 2)—In the units and measures of
the time elapsed ie, in the “number” of solar years or solar Gyrs irrespective of
the fact that these years in the past epochs would have been longer due to time
elongation, and the Effective AoU (type 3)—In the units that are corrected to cur-
rent proper time taking into account time elongation. We find that in literature,
however, while referring or reporting AoU, no distinction is made amongst the
different types and the AoU is assumed to be (type 1). In both type 1 AoU and
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type 2 AoU, each unit of time considered is equal, be it at 1Gyr epoch or 12 Gyr
epoch in the timeline. It is as if time is recorded on a counter and each value of
the counter is same. With homogeneity and isotropy assumptions of the universe,
type 1 and type 2 should be nearly equal and this is how type 1 AoU is justified.
Type 1 AoU is calculated using the scale factor in FLRW equations as described

here.

3. Theoretical Background

Scale factor for comoving objects and observers is a part of SMC, also known as
the Lambda-Cold Dark Matter (ACDM) model, which describes the evolution of
the universe from the moment of Big Bang to its present state.

In SMC, Einstein’s General Theory of Relativity (GTR) [26] [27] forms the main
underlying basis of the four-dimensional ACDM model given by:

G +Ag,uv — Sz;GT#v (1)

where:

G*" is the Einstein Tensor, T*' is the Energy Momentum Stress Tensor,
g* is the metric tensor, and A is the cosmological constant.

The metric that satisfies both the cosmological principles of homogeneity and
isotropy with time dependent scale factor a(¢) is given by the Robertson and
Walker metric, as:

2

rZ

ds? = —c?dt? +a(t)2Ldr +r2da)2} (2)

where,
dw? =d@? +sin? 6d¢? (3)
r, 0,and ¢, are the spherical coordinates for the metric. The parameter & =

+1, 0, —1 denotes closed, flat, and open geometries, respectively.

With Equations (1) and (2), the Friedmann equations are obtained:

. \2 2 2
a 8nG kc®  Ac
2= = p-— 4
(a) ( 3 jp 22 3 @
and,
a  4nG 3p) Ac?
—=——| pt+— |+— 5
a3 (p CZ] 3 )

Equation (4) can be rewritten in terms of the Hubble’s parameter as:

8nG ke?
s ©

HZ

Ac?
8nG

In terms of dimensionless densities, the Friedmann equations can be written as:

where, p, =
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Q Q Q
2 2 ,0 ,0 K.,0
H :Ho( a"; +a_r4+QA’°+?J (7)
At present a = 1, therefore:
Q0 =1-Q,,-Q,,-Q, (8)

where,
H, is the Hubble’s constant at present time and () are the dimensionless den-
sities corresponding to matter (baryonic + dark), radiation, and dark-energy as

given below:

o la
Q, (a)- 2212 ©
pcrit (a)
a
0, ()= 2 (10)
pcrit (a)
o, (a
a, (a)-22(3) (1)
Perit (a)
Qno» Qo,and Q,  are the present values and
P € a’ (12)
poca’t (13)
The critical density of the universe, for it to be flat at any time #is given by:
3H?
L= — 14
P = g5 (14)

If the actual density p is greater than p,, , the universe is closed and will
eventually stop expanding and re-collapse.

If p isequalto p, ,the universe is flat and will continue to expand forever
at a decreasing rate.

If p islessthan p, ,the universe is open and will expand forever at an in-
creasing rate.

In a flat universe, The matter density p,, scales with the expansion of the uni-

verse as:
Pr = Pmo (1+ Z)3 (15)
Assuming dark energy density as constant we have from Equation (7)
H? = H} (@, (1+2)" +0, | (16)

« _»

The Hubble parameter can also be expressed in terms of the scale factor “a”:

a
Hig = (17)
Now,
147=2 (18)
a
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where a is the scale factor at present, set at a, = 1. Therefore:

2:1—1 (19)
a

On substituting this into the Friedmann equation, we get:

3
HZZHS[Qm[ij +QA] (20)

His then given by:
Qm
H=H 0 ? + QA (21)
or
3
H= HO\/(Qm (L2 +9,) (22)
AoU, “4”, which is the age of the universe at present, can be calculated with the
integral:
1
da
t, = 23
= LaH) .
Using Equation (21) we have
1
da
t, = j = (24)
0
aHy, [ —-+Q
0 a3 A
On substituting “a” from Equation (17) we have:
da=—— % (25)
(1+2)
Thus AoU in terms of zis given by:
175 dz
t, = R - (26)
00(1+2)yQ, (1+2) +Q,
Time elapsed from any epoch at z will be given by:
T 1
T(z)=|—+———d7 27
Ol )

where z'is the integration variable.

The standard cosmological framework expresses the age of the universe at a
given redshift z through the integral of the inverse Hubble parameter, weighted
by (1 + z)™', as shown in Equation (27). While this provides a proper time for a
co-moving observer since the Big Bang, it does not account for the relativistic time
dilation experienced by observers at different epochs. In particular, during earlier
cosmic times, the universe expanded significantly faster, and physical processes

(such as star formation, cooling, and gravitational collapse) occurred under sub-
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stantially dilated time intervals when viewed from the present epoch.

Effective Age of Universe

The popular concept of the passage of time is based on our observations and ex-
perience from Earth in present times. Therefore, when we consider AoU, it is as-
sumed that the unit of measurement is the same solar “years” that we have meas-
ured in present, going backwards many times till the beginning of the universe or
the Big Bang in accordance with standard model. This would indeed be the case if
Q were constant, particularly Qu,. In reality, however, something else must be hap-
pening in accordance with GTR. As we go backwards to Big Bang, time elongation
happens due to increase in density, therefore every “year” is not the same, it be-
comes longer and longer when compared with a “year” today. Therefore, though
AoU can be said to be 13.79 Gyrs, the first giga-year after the Big Bang is more
elongated than the next giga-year and so on and so forth till the current giga-year
when elongation or time dilation should be negligible.

Thus while the AoU is 13.79 Gyr, in relation to our proper time and our position
as observer at present, there should also be, what we term as Effective AoU (EAoU),
which can be approximately assessed by applying a time dilation factor to AoU in
different epochs. Though, a straightforward conclusion from GTR, to the best our
knowledge, EAoU is not found in contemporary literature or research.

Linked to relativistic time elongation is the corresponding reinterpretation of
spatial separation. In addition to time, spatial intervals too are influenced by
spacetime curvature in the early universe. This motivates the introduction of a
complementary concept—an Effective Distance of the Universe (EDoU)—defined
in the observer’s frame and adjusted for relativistic effects across epochs. Although
stellar parallax methods [41] [42] and standard candle-based cosmic ladder tech-
niques are employed to estimate distances across different regimes, these meth-
ods ultimately rely on calibration standards anchored in the observer’s local
spacetime.

In the dense, early universe, significantly higher matter-energy density leads to
stronger spacetime curvature—even in a spatially flat universe—resulting in con-
tracted effective intervals from the observer’s frame. Therefore, the inferred dis-
tances to high-redshift galaxies—when evaluated through the lens of present-
frame measurements—are effectively shorter than what traditional metrics sug-
gest. This observer-centric EDoU complements the Effective Age of the Universe
(EAoU) and supports a relativistically coherent reinterpretation of both cosmic
time and distance within a unified framework.

We measure distance in lightyears but as we go into a distant past of 12 Gyr,
each lightyear is also not same as the one we measure today in terms of present or
proper kilometres.

Our understanding of “time” on a cosmic scale is linked to the speed and fre-
quency of light and the rate at which the space-time is expanding. For a very dis-

tant cosmic object, it is assumed that if we know the distance of that object from
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earth at the time light observed by us was emitted, we can figure out the time
elapsed from the moment the light left the star and its observation by us on earth.
The more distant an object, farther back in time it is. In an expanding universe, as
we go back in time, distances and time separations are subject to general relativ-
istic time dilation and length contraction effects. These effects may be miniscule
till some epochs in the past, say 2 billion years from now. However, beyond a
certain point in the past, these effects cannot be ignored.

It is important to factor in the behaviour of spacetime and the passage of a ray
of light in an epoch, say 12 Gyr ago (12 Gyr epoch). In the 12 Gyr epoch, we will
have time dilation and spatial contraction due to higher gravity and higher matter
density in comparison with that in the present.

The Time Dilation Factor, D can be computed in terms of redshift zand H(z)
at an epoch 2z, by the integral derived from FLRW equations (Equation (27)) as

follows:

Z dz
D=["— <= 28
v o@my) (28)
where,
z, is Redshift of the epoch in the past we are considering.
Z,: Current redshift ~0.
H(2): Hubble parameter as a function of redshift.

In FLRW framework, H(2) in terms of the cosmic density parameters is given
by:

H(2)= HoyQ, (1+2)° + €, (1+2)' +Q, (29)

Using Equations (28) and (29) for Planck 2020 parameters and Riess parame-
ters given in Table 2, the time-dilation factor was evaluated by integrating the
Friedmann equation from the Big-Bang limit (2 > 0) to the present cosmic time,
%, in each cosmology: % = 13.87 Gyr for the Planck 2018 ACDM parameters
(Planck Collaboration VI 2020) [16] and £ = 12.6 Gyr for the SHOES H, = 74
km-s-Mpc™ solution (see Riess et al, 2019 for the age— H, scaling) [24].

Table 2. Parameters for AoU and EAoU determination.

Parameter Planck 2020 Riess
HO 67.36 km/s/mpc 74 km/s/mpc
Mass Density Om 0.3153 0.315
Dark E QA 0.6847 0.688
Curvature Density Qk 0 0

Baryon Density Qb 0.0486 0.0486
Spectral Index 0.965 0.965

Premordial Amplitude 2.1E-09 2.1E-09
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To incorporate the relativistic effects of cosmological time dilation into the per-
ception of evolutionary time across different epochs, we define the Effective Age
of the Universe (EAoU) as a modified cumulative time. In this framework, each
epoch contributes to the integral not merely by its duration in proper time (as
measured by a co-moving observer and as shown in equation 28), but is weighted
by the time dilation factor 1 + z; which reflects how much slower the passage of
time would appear when viewed from the present epoch.

Physically, the factor 1 + z'arises because all causal processes experience
stretching of time intervals in an expanding universe. At earlier epochs (high 2),
clocks appear to tick slower by a factor of 1/(1 + z) when viewed from today.
Conversely, from our present-day perspective, each unit of time at high redshift
contains effectively more proper-time capacity when scaled by 1 + z: This means
that events unfolding at z'= 10 evolve over what appears, from our frame, to be a
much longer duration than the same amount of co-moving time at z~0.

Figures 3(a)-(f) and Figures 4(a)-(f) illustrate the computed evolution of key
cosmic parameters under the Planck and SHOES (Riess) scenarios, respectively. Un-
der the Planck configuration, EAoU rises exponentially beyond 13 Gyr of Lookback
time, reaching 44.06 Gyr at 13.87 Gyr. This behaviour, seen in Figure 3(a), reflects
a state of extreme time dilation in the early universe. The divergence between EAoU
and the standard AoU becomes more pronounced with redshift, as highlighted in
Figure 3(b), where the gap grows to ~30 Gyr near the origin of the universe (13.78
Gyr Lookback). Figure 3(c) captures the steep increase in incremental time-dilated
intervals, indicating that relativistic effects intensify closer to the Big Bang.

Other simulations show that by the time the Lookback reaches 13.87 Gyr, the
universe had contracted to only 0.62% of its current size (Figure 3(d)), with red-
shift rising sharply to ~158 (Figure 3(e)). The relationship between Lookback
time and the Time Dilation Factor is plotted in Figure 3(f), reinforcing the expo-
nential distortion in effective time near high redshifts.

For the SHOES scenario, the same parameters are plotted in Figures 4(a)-(f).
The trends are broadly similar, though the cutoff Lookback time is slightly earlier
at 12.57 Gyr. EAoU in this case reaches approximately 40.6 Gyr, and the AoU-
EAoU gap peaks near 28 Gyr. The corresponding minimum size of the universe
is computed as 0.51% of its current scale. The differences between Planck and
SHOES outcomes arise from their respective Hubble constant values, which affect
the shape and slope of the derived functions.

According to GTR we will have gravitational time dilation in regions of high
matter density. Since the early universe was significantly denser (p(2)<(1 + 2)*),
clocks at higher redshifts ran slower from our present-day perspective. This grav-
itational dilation further supports the inclusion of a 1 + z'factor in our integral,
reflecting the deeper gravitational wells experienced by early cosmic structures.
Together with expansion-driven time dilation, this further forms the physical ba-
sis for defining the Effective Age of the Universe (EAoU).

We have from (27),
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(a) Lookback Time vs Redshift (Planck) (b) Lookback Time vs (EAoU — AoU) (Planck - Updated)
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Figure 3. (a) Lookback Time v/s EAoU (Planck); (b) Lookback Time v/s (EAoU-AoU) (Planck); (c) Lookback Time v/s % Incre-
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dz’
G “‘”

Weighting by gravitational time dilation,

dt =(1+2")dt (31)

effective

From (30), we substitute the differential form of proper time, into Equation
(31), yielding a cancellation of the dilation factor and leading to equation (32) and

then the integral in Equation (33).
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, dz' 1 ,
R A" (2

dt

effective

Now integrating Equation (32), we have EAoU

EAoU(z)=|" 1

TH(2)

where H(z) is the redshift-dependent Hubble parameter. This formulation effec-

dz’ (33)

tively rescales the cosmic timeline, amplifying early epochs in proportion to their
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Table 3. List of high redshift galaxies.

cosmological dilation, and thereby provides a more physically meaningful meas-
ure of the time available for processes like early galaxy formation. While analytic
approximations exist in the high-redshift limit (neglecting dark energy), we retain
the full form of H(Z2) to preserve accuracy across all epochs.

While the standard Age of the Universe (AoU) is computed using the integrand
1/(1 + z) H(z), which accounts for redshift and time dilation from the perspective
of a comoving observer, in the derivation of the Effective Age of the Universe
(EA0U) factor (1 + z) is eliminated and instead 1/H(z) is used in the integrand.
This modification leads to significantly larger values of EAoU at high redshifts,
reflecting a different physical interpretation: EAoU represents an intrinsic or
“structure-effective” time scale. Thus, EAoU serves as a more appropriate metric
for assessing how early galaxies and massive structures could plausibly have evolved
so rapidly in the early universe, particularly in the context of observations by
JWST.

An examination of metallicity route to AoU assessment [43] shows that here
also time elongation correction is not applied and thus it is Type 2 AoU and ap-

proximately Type 1 AoU.

4. EAoU implication on High Redshift Galaxies

Identifying 10 spectroscopically confirmed and robustly identified high-z galaxies
(z=10 - 20), we mapped their redshifts to EAoU times, spanning approximately
9 to 14.5 Gyr (See Table 3 and Table 4). For comparison, standard cosmic ages at
these redshifts are merely 0.3 - 0.5 Gyr post-Big Bang. The EAoU framework thus
provides significantly extended evolutionary clock time, supporting the assembly
of ~10° Mo stellar masses and vigorous SFRs (= 20 - 100 Me/yr). Notably, HD1
and HD2 (z = 13) emerge at EAoU = —11.5 Gyr, a window consistent with sus-

tained star formation rates needed to build ~10° Mo in stellar mass.

Galaxy z
GN-z11 10.603
UDF;j-39546284 11.58
CEERS2-588 11.04
HD1 13.27
HD2 12.7
UHZ1 10.1
F200DB-045 20.4
JADES GS-z14 14.18
GLASS-z11 11.1
GHZ1 10.6

Stellar Mass (Mo) SFR (Mo/yr) Reference(s)
~1x10° ~20-24 Bunker et al, 2023 [44]
~1x10° — Robertson et al, 2023 [45]

~10° ~30 CEERS2-588 [46]
~5x 108 - 10° 110 Harikane 2022 [47]
~5%10% - 10° 170 Harikane 2022 [47]

~4 x 107 — Natarajan et al., 2024 [48]

— — Adams et al, 2022 [49]

— <120 Schouws et al, 2025 [50]
~1x10° ~20 - 60 Chakraborty et al [51]
log M* =9.1 £0.3 36 (—26/+54) Schouws et al., 2025 [50]
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Table 4. Assessed EAoU for high redshift galaxies.

Galaxy z EAoU (Gyr) Stellar Mass (x10° M,) SFR (M.,/yr)
GN-z11 10.6 -9 ~1.0 ~20-24
UDFj-39546284 11.58 -9.5 ~1.0 —
CEERS2-588 11.04 -9.2 — —
HD1 13.27 -11.5 0.5-1.0 =100
HD2 13 -11.5 0.5-1.0 =100
UHZ1 10.1 -8.8 — —
F200DB-045 20.4 —-14.5 — —
GS-z14 14.18 -12.5 — <120
GLASS-z11 11.1 -9.3 ~1.0 ~40
GHZ1 10.6 -9 ~1.3 ~36 (£30)

These 10 representative high-redshift galaxies, spanning z= 9 - 16, exhibit star
formation rates (SFRs) from ~20 Mo/yr up to ~120 Mo/yr and stellar masses of
~10° Mo—remarkably high given their young cosmic ages under standard cos-
mology (=300 - 500 Myr post-Big Bang). Interpreting their timelines within the
EAoU framework (with EAoU, = 45 Gyr) yields effective ages of ~36 - 44 Gyr,
significantly extending their effective growth time. This extended timescale alle-
viates the tension between observed high SFRs/stellar masses and limited cosmic
time in ACDM. For instance, GN-z11 (z = 10.60, SFR =24 Mo/yr, M = 10° Mo)
has an EAoU-derived age of ~38 Gyr, as opposed to only ~430 Myr in conven-
tional terms. Similarly, HD1 and GS-z14-0—at z = 13 - 14 and boasting SFRs of
~100 - 120 Mo/yr—attain EAoU ages of ~42 - 43 Gyr, offering a plausible evolu-
tionary window for their observed properties. These findings directly support our
thesis that an EAoU ~45 Gyr can naturally accommodate the early assembly of

massive, star-forming galaxies without invoking exotic astrophysics.

4.1. Thermodynamic Interpretation of EAoU

Recent developments in gravitational thermodynamics suggest that the large-scale
evolution of the universe may be understood not just geometrically, but also as a
manifestation of thermodynamic principles [52] [53]. The concept of Effective
Age of the Universe (EAoU), as introduced in this paper, can be extended or sup-
ported by considering the thermodynamic arrow of time, entropy generation, and

horizon thermodynamics.

4.1.1. Entropy and the Temporal Flow

According to the second law of thermodynamics, the entropy of a closed system
increases over time. In cosmology, entropy is dominated by contributions from:
(i) the cosmic microwave background (CMB), (ii) relic neutrinos, (iii) supermas-

sive black holes, and (iv) large-scale structure formation [54] [55]. This progres-
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sive entropy increase is believed to define a natural arrow of time, and its integral
over cosmic history provides a form of entropic timekeeping. If cosmic epochs are
compared not by coordinate time but by entropy generation in a comoving frame,
we find that early epochs were entropically compressed—somewhat mirroring the

relativistic time dilation described in EAoU.

4.1.2. Emergent Gravity and Thermodynamic Expansion

Building on Jacobson’s interpretation of Einstein’s field equations as an emergent
thermodynamic identity (6Q = 7dS) [56], several researchers have proposed that
cosmic expansion itself may be viewed as a thermodynamic process [57]. Within
this perspective: (a) the Hubble expansion rate, H(2), can be interpreted as a mac-
roscopic manifestation of thermodynamic flux, and (b) the flow of time emerges
as a byproduct of entropy increase and the dynamical unfolding of spacetime. This
view reinforces the EAoU framework, wherein early cosmic epochs—character-
ized by high time dilation—are perceived from our present frame as being effec-
tively older. Furthermore, it follows logically that in such highly time-dilated
epochs, the rate of entropy change would also be suppressed, implying lower en-
tropy generation per unit proper time and consistent with the lower entropy states

hypothesized for the early universe.

4.1.3. Toward an Effective Thermodynamic Age
A further development of EAoU could involve defining an Effective Thermody-
namic Age of the Universe (ETAoU), by integrating entropy change over redshift:

ETAoU(z):J'wdS(Z’)

t T(2') (34)

where dSis entropy growth in a comoving volume and 7{z) is a temperature func-
tion (e.g., of the CMB). While this remains speculative and model-dependent, it
opens a path toward embedding EAoU in a thermodynamic framework.

5. Conclusions and Discussions

We have categorized and redefined the Age of the Universe (AoU) under three

distinct types:

e AoU (Type 1)—The standard cosmic time framework, widely accepted and
measured at 13.79 Gyr;

e AoU (Type 2)—The elapsed time in terms of the number of solar years, with-
out correction for relativistic time elongation in earlier epochs;

e AoU (Type 3)—The Effective Age of the Universe (EAoU), adjusted to current
proper time by incorporating relativistic time dilation.

Using Friedmann-Lemaitre-Robertson-Walker (FLRW) equations, we estimate
the EAoU to lie in the range of ~40 - 45 Gyr, depending on the chosen cosmolog-
ical scenario. These estimates correspond to epochs when the scale factor was only
0.005 - 0.0062 (about 0.5% - 0.62% of its present value), implying that the uni-

verse’s linear dimensions were smaller by a factor of roughly 160 - 200.
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The revised understanding of AoU directly impacts our interpretation of cos-
mic evolution, particularly the rates of star and galaxy formation (SFR/GFR). While
the EAoU framework does not challenge the foundations of the ACDM model, it
augments it with a relativistically consistent temporal metric, offering an alterna-
tive perspective more aligned with observational anomalies such as high-redshift,
evolved galaxies seen in JWST and Hubble data.

This paper does not dispute any existing cosmological theory but introduces
EAoU as a supplementary parameter, potentially resolving the paradox of early
massive galaxy formation without invoking exotic physics.

Viewed through a thermodynamic lens, the EAoU framework links cosmic time
to the irreversible growth of entropy and the scaling of temperature with expan-
sion. While speculative, this perspective suggests a deeper connection between
spacetime evolution and the second law of thermodynamics, pointing to an en-
tropic foundation for cosmic chronology.

That said, a certain level of uncertainty remains—especially regarding the rate
of natural processes under extreme time dilation. For example, it is unclear whether
1 Gyr at a Time Dilation Factor (TDF) of 50 is functionally equivalent to 1 Gyr at
TDF =1 in terms of entropy progression, star formation, or structure growth. This
has broader implications not only for the early universe but also for environments
near black holes and other regions of intense gravitational curvature.

No empirical studies have yet addressed how process rates vary under extreme
relativistic conditions, and such experimentation is inherently difficult. Nonethe-
less, this is an open domain of inquiry deserving serious theoretical and concep-
tual attention.

A related preprint elaborating the observational consequences of EAoU is avail-
able at Hossain, J. (2025) [58]. Effective Age of the Universe: Application of Rela-

tivistic Time Dilation. ResearchGate.
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